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Abstract: This study is to determine the distribution of the delta-aminolevulinic acid 

dehydratase (ALAD) polymorphism among Han subjects of the Chinese population and to 

study whether the polymorphism in the ALAD gene modifies the toxicity of lead in lead-

exposed workers. For this purpose we conducted a cross-sectional study on 156 Chinese 

workers who were exposed to lead in lead-acid battery and electric-flex manufacturing 

plants. The authors found that the allele frequencies of ALAD1 and ALAD2 were 0.9679 

and 0.0321, respectively. Workers with the ALAD 1-1 genotype were associated with 

higher blood lead levels than those with the ALAD 1-2 genotype. Blood and urine lead 

levels were much higher in storage battery workers than in cable workers. The self-

conscious symptom survey showed that the incidences of debilitation, amnesia and 

dreaminess were much higher in those had more than five years of tenure or contact with 

lead on the job within the ALAD 1-1 genotype subgroup. Laboratory examinations showed 

that serum iron and zinc levels in workers’ with the ALAD 1-2 genotype were higher than 

those with the ALAD 1-1 genotype, especially in storage-battery workers. Correlation 

analysis indicated that the blood lead level negatively correlated with serum calcium, iron 
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and zinc level. The data of this study suggest that the ALAD gene polymorphism and 

serum ion levels may modify the kinetics of lead in blood. Therefore, the authors 

recommend that an adequate intake of dietary calcium, iron, and zinc or the calcium, iron, 

and zinc supplementation should be prescribed to Chinese lead exposed workers. 

Keywords: lead poisoning; occupational exposure; polymorphism; delta-aminolevulinic 

acid dehydratase; Chinese  

 

1. Introduction 

Lead is a known toxicant and remains a persistent environmental health threat [1]. Occupational 

exposure to lead is most often encountered at lead smelters and battery manufacturing facilities. 

Exposure to lead can result in significant adverse health effects to multiple organ systems. One of 

lead's primary effects is hematotoxicity, specifically inhibition of heme synthesis. Lead inhibits three 

enzymes in the heme biosynthesis pathway: delta-aminolevulinic acid dehydratase (ALAD), 

coporphyrinogen oxidase, and ferrochelatase, but its effects on ALAD are most profound [2]. ALAD 

catalyses the second step of heme synthesis and is encoded by a gene located on chromosome 9q34 [3]. 

However, exposure markers such as blood/urine lead levels or even bone lead levels could not 

always explain workers’ health status, because individual susceptibilities to lead toxicity may play an 

important role in lead toxicology and physiology. Gene polymorphism is an important factor that 

affects human susceptibility to toxins [4,5]. The human ALAD is a polymorphic enzyme, and ALAD 

gene has many single nucleotide polymorphisms. A certain genetic polymorphism of ALAD gene has 

been suggested to modify the kinetics and distribution of lead [1,6–8]. Wetmur et al. [9] showed that 

this polymorphism results from a G-to-C transversion at position 177 in the coding region of the ALAD 

gene, leading to two alleles (ALAD1 and ALAD2) and three phenotypes, designated ALAD 1-1,  

ALAD 1-2 and ALAD 2-2. The ALAD2 allele contains a substitution of asparagine for lysine. These two 

alleles determine three isozymes, all of which display similar activities but have different charges. 

Asparagine is a neutral amino acid, whereas lysine is positively charged. Therefore, ALAD 1-2 

heterozygotes produce an enzyme that is more electronegative than that of ALAD 1-1 homozygotes, 

and ALAD 2-2 homozygotes produce an enzyme that is more electronegative than that of ALAD 1-2 

heterozygotes. This forms the basis of the electrophoretic technique originally used to identify the 

polymorphism and phenotype individuals [4]. Several studies have suggested that carriers of the 

ALAD2 allele, which is less common than the ALAD1 allele, would have higher blood lead 

concentrations than non-carriers, thereby increasing their susceptibility to lead toxicity [7,8]. 

Nevertheless, Smith et al. [10] suggested that the impact of the ALAD G177C polymorphism on lead 

only occurred at high levels of exposures, becoming insignificant at lower levels. 

Other characteristics, such as race, years of occupational exposure, years of lead exposure and 

serum ion levels may also serve as factors of influence or confounders for lead workers in addition to 

genotype. However, there are few studies regarding these aspects in China. We have been following a 

group of lead workers (Han subjects) for several years. The goal of our work was to explore the 

sensitive factors that contribute to lead toxicity and to add new data of personal hygiene habits that 
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could contribute to understanding the relationship between ALAD gene polymorphisms and lead 

toxicity. 

2. Methods 

2.1. Study Area and Participants  

The study was carried out in several lead-acid battery and electric-flex manufacturing plants 

distributed in Southwestern China, where workers were monitored since 2002 with regular periodical 

medical check-ups performed by occupational health physicians. We collected data of 156 workers who 

were in contact with lead (51 males, 105 females, range 22–59 years, occupational exposure 1–42 years) 

at the time of their regular periodical medical check-ups. We used simple random sampling to avoid 

potential bias. All these workers were self-reported Han subjects and were observed throughout the 

whole study. Workers were classified into two main groups: the battery-storage workers and the cable 

workers. Workers with diseases such as heart disease, hypertension, diabetes, tumours, arthritis and the 

systolic pressure more than 21.3 kPa (160 mmHg) or the diastolic pressure more than 12.6 kPa  

(95 mmHg) was excluded from this study. The antecubital fossa of each worker was disinfected with 

an alcohol sponge 2–3 times before routine blood work. We obtained 10 mL of venous blood from 

each worker with disposable needles. Five mL of the venous blood sample from each worker used for 

determination of lead and analysis of gene polymorphism was blended with ethylene diamine 

tetraacetie acid (EDTA) in the anticoagulation tube. The rest of the blood samples were kept for 

conventional biochemical tests. Biochemical tests were carried out to detect serum calcium, iron, and zinc 

levels. Normal laboratory reference values for serum calcium, iron, and zinc were 2.25–2.75 mmol/L, 

9.00–27.00 μmol/L and 7.65–22.95 μmol/L, respectively. All testing of blood was completed within  

24 h. We obtained informed consent from all workers, and the study was approved by the West China 

Public Health Institute of Sichuan University. 

2.2. Genotype Determination for the ALAD Polymorphism  

Genomic DNA was extracted from blood samples by a routine phenol–chloroform method. An 

assay based on the polymerase chain reaction (PCR), restriction fragment length polymorphism was 

used to determine the genotype of the ALAD gene. Primer sequences were based on a previous study 

(5′-AGACAGACATTAGCTCAGTA-3′ and 5′-GGCAAAGACCACGTCCATTC-3′) [9]. PCR was 

done using 500 ng of genomic DNA, 0.5 μmol/L of each primer, 10× PCR buffer, 200 μmol/L of each 

deoxynucleotide triphosphate, 2.0 mmol/L MgCl2 and 1.5 units of Taq in a 25 μL reaction volume. The 

PCR program consisted of a 10-min denaturation step at 94 ºC, followed by 32 cycles of denaturation 

at 94 ºC for 30 s, annealing at 55 ºC for 30 s and synthesis at 72 ºC for 1 min. The amplified products 

were digested by restriction endonuclease Msp1 overnight at 37 ºC, and the fragments were separated 

by electrophoresis on an 8% polyacrylamide gel and visualised by silver staining. All genotypes were 

evaluated and agreed on by at least two persons independently. Ten percent of DNA samples were 

selected randomly for repeat analyses and the concordance was 100%. Subjects with the ALAD 1-1 

genotype showed only a 582 bp fragment; subjects with ALAD 1-2 genotype showed 582 bp and  

511 bp fragments; subjects with the ALAD 2-2 genotype showed only a 511 bp fragment.  
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2.3. Determination of Lead in Blood and Urine  

Venous blood was taken from study subjects and drawn into heparin-containing tubes. Urine 

samples were taken in the morning of the exam day. The blood and urine lead levels were measured by 

graphite furnace atomic absorption spectrometry (GFAAS). Normal laboratory reference values for 

lead in blood and urine were 0.00–0.96 μmol/L and 0.00–0.34 μmol/L, respectively.  

2.4. Questionnaire and Clinical Physical Examination  

Short questionnaires were administered before the health examination. The questionnaires were 

then checked and used to collect the personal information at the time of their regular periodical 

medical check-ups. The investigation content included: (1) the general situation of lead exposure 

workers, such as gender, nationality, age, tenure and the lead occupational exposure, length of 

education, smoking history, medical history, drinking history, the family history and so on; (2) the self-

conscious symptom survey, which assessed the performance of the nervous and digestive systems. The 

physical examination project mainly included general medical checks and specialised physical 

examinations for lead toxicity. We used the body mass index (BMI) to calculate the body fat level. The 

computation formula is as follows: BMI (kg/m2) = weight/height2.  

2.5. Statistical Analysis  

Descriptive analysis: To summarise data, descriptive statistics were used to calculate the means of 

continuous variables such as blood-lead levels, age, working duration and biochemistry data. We also 

determined the dispersion of these data and whether the skewed variables were transformed into 

normal distributions. For category variables such as gender, smoking and alcohol consumption, job 

title, rates and proportions were used. 

Comparative analysis: Subjects were divided into groups depending on the genotypes and jobs. 

Analysis of variance was used to examine the difference in the blood and urine lead level, as well as 

other confounders among the groups. The chi-square test was used to show the difference between 

nominal variables among the groups. 

The data were analysed using the commercially available SPSS software (SPSS for Windows, 

version 11.0, SPSS Inc. Chicago, IL, USA). Results are expressed as means±standard deviation (SD). 

P values < 0.05 were considered to be statistically significant.  

3. Results 

Altogether, we collected data from 156 workers who were in contact with lead at the time of their 

regular periodical medical check-ups. Research found the ALAD 1-1 genotype in 146 people (93.59%) 

and the ALAD 1-2 genotype in 10 people (6.41%); the ALAD 2-2 genotype was not detected. ALAD1 

and ALAD2 allele frequency were 0.9679 and 0.0321, respectively. The distribution of genotypes for 

the ALAD polymorphism showed no deviation from the Hardy-Weinberg equilibrium (P > 0.05). The 

ALAD 1-1 genotype was found in 50 males and in 96 females; the ALAD 1-2 genotype was found in 

one male and nine females. According to Fisher’s exact probability method, there was no notable 

disparity in the distribution of G177C ALAD genotypes with respect to gender (P > 0.05). 
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The lead-exposed workers in this study were 35.2 years old on average with average occupational 
exposure of 9.8 years and lead exposure of 6.9 years. There was no statistically difference (P ＞ 0.05) 

between the two ALAD genotypes with respect to workers’ age, occupational exposure and or lead 

exposure by the Student’s t-test. According to the workers’ age, years of occupational exposure, years 

of lead exposure, smoking history and drinking history, we divided these workers into several 

subgroups. Those subgroups included people older than 30 years or less, occupational exposure of 

more or less than 5 years, lead exposure of more or less than 5 years, smoking history (those smoking 

less than 10 cigarettes per day were excluded) more or less than 2 years daily and drinking history 

(those drinking less than 50 mL per day were excluded) more or less than 2 years daily. For the 

different ALAD genotypes, the chi-square test found no statistical significance (P > 0.05). 

Blood and urine lead levels were determined in all workers during the laboratory examinations. 

Results showed that the blood and urine lead levels in workers with the ALAD 1-1 genotype were 

higher than those with the ALAD 1-2 genotype, and the difference of urine lead level was on the 

margin of statistical significance (Table 1; P = 0.053). In the ALAD genotype stratification, results 

showed that the blood and urine lead levels in battery workers were much higher than those in the 

cable workers, and the differences made statistically significant. 

Table 1. Blood and urine lead levels by genotypes. 

Type of Work Lead Exposure  
ALAD 1-1 Genotype  ALAD 1-2 Genotype 

P  
n Mean±SD (μmol/L)  n Mean±SD (μmol/L) 

Cable Workers Blood Lead  63 0.51±0.10  6 0.44±0.11 0.083 

 Urine Lead  58 0.030±0.096  5 0.026±0.014 0.369 

Battery Storage 

Workers * 
Blood Lead 83 1.91±0.42  4 1.48±0.34 0.052 

* Urine Lead  48 0.63±0.36 * 2 0.38±0.19 0.319 

Total Blood Lead  146 1.31±0.76  10 0.86±0.58 0.040 

* Urine Lead  106 0.30±0.38 * 7* 0.13±0.19 0.053 

* Three urine samples were contaminated and detected later, but the corresponding workers were out of contact. 

The analysis of the self-conscious symptom survey showed that the main symptoms of these lead-

exposed workers were dreaminess (49.4%), insomnia (37.8%), dizziness (33.3%) and amnesia (28.2%). 

The results showed that the self-conscious symptom constituted the same sequence between the two 

ALAD genotypes, but the incidences of dreaminess, insomnia, dizziness and abdominal pain were 

much higher in those with the ALAD 1-2 genotype compared to those with the ALAD 1-1 genotype 

(Table 2). According to the classification of self-conscious symptom frequency, the chi-square test was 

performed and the results showed that the incidences of vivid dreaminess and insomnia were higher in 

those with the ALAD 1-2 genotype than those with the ALAD 1-1 genotype (P < 0.05). 
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Table 2. Self-conscious symptom incidence and rank order with different ALAD genotypes (%). 

Self-conscious Symptom Incidence 
ALAD 1-1 Genotype (146) ALAD 1-2 Genotype (10) 

Incidence Rank order Incidence Rank order 

Dreaminess 49.4 46.6 1 90.0 1 

Insomnia 37.8 36.3 

32.9 

2 60.0 2 

Dizziness 33.3 3 40.0 3 

Amnesia 28.2 28.8 4 20.0 5 

Debilitation 23.1 23.3 5 20.0 5 

Abdominal Pain 22.4 21.9 6 30.0 4 

Headache 21.2 21.2 7 20.0 5 

Limb Pain 20.5 20.5 8 20.0 5 

Numbness 16.7 17.1 9 10.0 6 

Nausea 14.7 15.1 10 10.0 6 

Diarrhea 11.5 11.0 11 20.0 5 

Vomit 9.0 8.9 12 10.0 6 

In the ALAD genotype stratification, self-conscious symptoms were analysed between several 

subgroups according to the workers’ occupational exposure and length of lead exposure (Table 3). The 

results showed that the incidences of debilitation, amnesia and dreaminess were much higher in the 

ALAD 1-1 genotype subgroup with more than 5 years on the job or lead exposure (P < 0.05). 

However, the incidences of self-conscious symptoms did not show statistical significance (P > 0.5) 

between each ALAD 1-2 genotype subgroup. 

Table 3. Self-conscious symptom incidences with different ALAD genotypes, occupational 

exposure and lead exposure stratification (%). 

Symptom 
Occupational exposure 

P 
Length of Lead Exposure 

P 
<5 year (n) ≥5 year (n) <5 year (n) ≥5 year (n) 

ALAD 1-1       

Insomnia 30.9 (17) 39.6 (36) 0.292 26.5 (22) 49.2 (31) 0.005 

Debilitation 12.7 (7) 29.7 (27) 0.019 14.5 (12) 34.9 (22) 0.040 

Amnesia 16.4 (9) 36.3 (33) 0.010 18.1 (15) 42.9 (27) 0.001 

Dreaminess 34.5 (19) 53.8 (49) 0.023 38.6 (32) 57.1 (36) 0.026 

ALAD 1-2       

Insomnia 66.7 (2) 57.1 (4) >0.5 57.1 (4) 66.7 (2) >0.5 

Debilitation 33.3 (1) 14.3 (1) >0.5 14.3 (1) 33.3 (1) >0.5 

Amnesia 0.0 (0) 28.6 (2) >0.5 14.3 (1) 33.3 (1) >0.5 

Dreaminess 100.0 (3) 85.7 (6) >0.5 85.7 (6) 100.0 (3) >0.5 

During the physical examination of these lead-exposed workers, weakness of the tendinous reflex 

was found in two cases (1.3%), and arrhythmia was found in one case (0.6%). Regarding stratification 

with respect to the type of work, the pressure, pulse and BMI of workers were compared between the 

two different genotypes, but Student’s t-test found no statistical significance (P > 0.05). 
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Conventional biochemical tests were carried out to study the relationship of serum calcium, iron, 

and zinc levels to ALAD genotype. Results showed that serum iron and zinc serum levels in workers 

with the ALAD 1-2 genotype were higher than those with ALAD 1-1 genotype. With regard to the 

type of work stratification, the analysis results showed that the serum calcium level in cable workers 

with the ALAD 1-1 genotype was lower than those with the ALAD 1-2 genotype, and the serum zinc 

level was higher in those with the ALAD 1-1 genotype. The serum iron and zinc levels in battery 

storage workers with the ALAD 1-2 genotype were higher than those with the ALAD 1-1 genotype. 

All these differences made statistically significant (Table 4; P < 0.05). 

Table 4. Serum calcium, iron, and zinc levels by genotypes. 

Type of Work Serum Ion 
ALAD 1-1 Genotype ALAD 1-2 Genotype 

P 
n Mean±SD n Mean±SD 

Cable Workers Ca 63 2.40±0.17 (mmol/L) 6 2.47±0.05 (mmol/L) 0.024 

 Fe 63 31.20±2.61 (μmol/L) 6 31.48±2.51 (μmol/L) 0.802 

 Zn 63 19.67±4.62 (μmol/L) 6 17.35±1.84 (μmol/L) 0.031 

Battery Storage 

Workers 
Ca 83 2.20±0.08 (mmol/L) 4 2.13±0.10 (mmol/L) 0.087 

 Fe 83 21.77±9.47 (μmol/L) 4 29.73±2.28 (μmol/L) <0.001 

 Zn 83 8.60±4.45 (μmol/L) 4 14.15±0.90 (μmol/L) <0.001 

Total Ca 146 2.29±0.16 (mmol/L) 10 2.33±0.19 (mmol/L) 0.388 

 Fe 146 25.84±8.70 (μmol/L) 10 30.78±2.46 (μmol/L) <0.001 

 Zn 146 13.37±7.11 (μmol/L) 10 16.07±2.21 (μmol/L) 0.05 

In the ALAD genotype stratification, correlation analysis was performed to determine the 

correlation between serum calcium, iron and zinc with blood lead levels. The results indicated that the 

lead-exposed workers’ blood lead level negatively correlated with serum calcium, iron and zinc level, 

and the correlation coefficients were −0.575, −0.559 and −0.775, respectively (Table 5). 

Table 5. Correlations between serum calcium, iron and zinc with blood lead level by genotypes. 

Variance ALAD 1-1 Genotype ALAD 1-2 Genotype Subgroup Combination 

Ca −0.548 ** −0.763 * −0.559 ** 

Fe −0.572 ** −0.347 −0.575 ** 

Zn −0.779 ** −0.695 * −0.775 ** 
* P ＜ 0.05; ** P ＜ 0.01. 

4. Discussion  

ALAD can catalyse the second step of heme synthesis. Accumulation of aminolevulinic acid results 

when ALAD is strongly inhibited by lead, which produces neurotoxic and genotoxic effects. Early 

studies used the phenotyping technique developed by Battistuzzi et al. [4] to classify individuals as 

having ALAD 1-1, 1-2, or 2-2. In this procedure, whole blood samples are taken and the red blood 
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cells are isolated and lysed. Isolation and electrophoresis of the ALAD protein permits distinction 

between phenotypes because of the charge differences among the isozymes. In 1991, Wetmur et al. [9] 

developed the genotyping technique based on the polymerase chain used by most investigators.  

A 916-base-pair sequence containing the ALAD-1/2 polymorphic site is amplified and then cleaved with 

Msp 1. The cleavage products are then analysed by agarose gel electrophoresis. Since there was 100% 

genotype-phenotype correspondence, we used this technique during our investigation. Our studies also 

included positive and negative controls to avoid bias. 

The prevalence of the ALAD-2 allele ranges from 0 to 20% depending on the population. 

Generally, Caucasians have the highest frequency of the ALAD-2 allele, with approximately 18% of 

the Caucasian population being ALAD 1-2 heterozygotes and 1% being 2-2 homozygotes [11]. In 

comparison, African and Asian populations have low frequencies of the ALAD-2 allele, with few or no 

ALAD-2 homozygotes being found in such populations [12,13].  

Many of the studies presented that documented genotype or phenotype frequencies gave little detail 

about the study population (e.g., age or source of donors), making it hard to rule out any potential biases 

due to subject selection. Meanwhile, there is little evidence showing interethnic differences in the 

distribution of the ALAD gene polymorphism that result from extensive interethnic crosses between 

peoples from different regions, especially in heterogeneous populations such as the Chinese population.  

The sole population-based study in Chinese was conducted by Hsieh et al. [12] in a Taiwanese 

population (n = 660). They measured blood and found the ALAD 1-1 genotype in 95.5%, the ALAD 1-2 

genotype in 4.4%, and the ALAD 2-2 genotype was detected in 0.2%. ALAD1 and ALAD2 allele 

frequency were 0.976 and 0.024, respectively. In our study, we ensured that all participants were Han 

subjects, and the distribution of ALAD variants were consistent with Hsieh’s reported from Taiwan. 

Early studies conducted on the ALAD polymorphism and lead poisoning focused on differences in 

blood lead levels by genotype in populations with different occupations. Ziemsen et al. [14] were the 

first to describe differences in blood lead levels by genotype. They found that lead-exposed workers 

with the ALAD 1-2 genotype had higher blood lead levels than ALAD 1-1 homozygotes and that 

ALAD 2-2 homozygotes had highest blood lead levels. Wetmur et al. [15] found similar results. 

Schwartz et al. [16] found that the ALAD-2 allele was not clearly associated with higher blood 

levels. Smith et al. [10] found no association between the ALAD genotype and blood lead levels, 

which implied that the ALAD genotype may be a modifier of blood lead level only at high blood lead 

concentrations. However, Shaik et al. [17] reported blood lead levels did not differ significantly among 

ALAD 1-1, 1-2, and 2-2 genotypes. 

In our investigation, results showed that workers’ with the ALAD 1-1 genotype had blood lead level 

that was higher than those with the ALAD 1-2 genotype. The findings should be discussed with 

caution due to the very low number of ALAD 1-2 genotypes present in this population. And most 

ALAD 1-2 individuals (nine out of ten) are females. Thus the lower blood lead levels of ALAD 1-2 

carriers might be related to gender-specific exposure and further study was needed.  

The reason that elevated blood and urine lead were more common in battery storage workers was 

attributed to the more intensive work environment and much poorer protection against lead exposure. 

These issues were quite common among battery storage factories in China, especially in the 

southwestern part.  
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Lead inhibits ALAD stoichiometrically, and ALAD inhibition results in the buildup of 

aminolevulinic acid. Aminolevulinic acid resembles γ-aminobutyric acid and can stimulate γ-amino-

butyric acid receptors in the nervous system; this is thought to be one of the primary mechanisms of 

lead-induced neurotoxicity [18]. Other studies revealed that lead could interfere with 

catecholaminergic and particularly dopaminergic neurotransmission, inducing antioxidant defences 

and oxidative damage in brain [19]. Further research showed that lead may also decrease beta-

adrenergic receptor density and adenylate cyclase activity directly [20,21].  

There have limited studies mentioning about the relationship between self-awareness and ALAD 

genotype [22–24]. Self-reported symptoms may serve as effect markers of lead toxicity. Our study of the 

self-conscious symptom survey showed that the self-conscious symptom constituted the same sequence 

between two ALAD genotype, but the incidences of dreaminess, insomnia, dizziness and the abdominal 

pain were much higher in those with the ALAD 1-2 genotype than those with the ALAD 1-1 genotype. 

Self-conscious symptoms were also analysed by ALAD genotype stratification. The result showed that 

the incidences of debilitation, amnesia and dreaminess were much higher in the ALAD 1-1 genotype 

subgroup especially with tenure or lead exposure greater than 5 years. Schwartz et al. [16] reported 

similar findings. We proposed that the ALAD-2 subunit of the protein could maintain lead in a 

nonbioavailable form, such that these individuals were protected from lead’s effects and could tolerate 

longer exposures to lead than those with ALAD-1 subunit. 

Interactions between calcium and lead were previously documented [25,26]. Competition for  

Ca-binding proteins may underlie a mechanism for lead absorption. Pires et al. [27] reported that 

calcium supplementation during lactation appeared to blunt the lactation-induced increase in maternal 

blood lead. Ettinger et al. [28] reported similar findings. Varnai et al. [29] also concluded that higher 

calcium intake might be a way of efficient reduction of lead absorption during the suckling period. 

However, Markowitz et al. [30] found that calcium supplementation had no significant effect on the 

change in blood lead levels. 

There is evidence that iron could be a neuroprotective factor in lead-induced attention deficit 

disorder with hyperactivity [31]. Muwakkit et al. [32] found that iron deficiency was associated with 

elevated blood lead levels. Wang et al. [33] reported that iron supplement among lead-exposed rats 

maintained the normal ultra-structure of the blood-brain barrier and restored the expression of 

occluding to normal levels. Kim et al. [34] confirmed the effectiveness of dietary iron intake as a 

secondary preventive intervention against lead toxicity. However, Kordas et al. [35] found that iron 

and zinc supplementation did not improve behaviour in children exposed to lead. Serwint et al. [36] 

reported there was no difference in iron status between children with low or moderate lead exposure. 

Zinc is an important element that can prevent lead poisoning [37]. The protective effect may be due 

to competition between lead and zinc or displacement of lead by zinc. Batra et al. [38] found that zinc 

supplementation ameliorated lead-induced testicular damage both at the cellular and subcellular level. 

However, Rico et al. [39] revealed that daily supplementation with iron and/or zinc might be less 

effective in improving cognition in school children than in younger children.  

We evaluated the interaction of serum calcium, iron, and zinc levels with blood lead levels in our 

study. In the ALAD genotype stratification, correlation analysis indicated that the lead-exposed 

workers’ blood lead levels negatively correlated with serum calcium, iron and zinc levels, and was 
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consistent with earlier studies [40]. Furthermore, the interactions between zinc and lead would be 

significant when blood lead levels are relatively high.  

5. Conclusions  

In conclusion, the distribution of G177C ALAD variants in Han subjects of the Chinese population 

is consistent with Hsieh’s reported from Taiwan [12]. Workers with the ALAD 1-1 genotype were 

associated with higher blood lead level than those with the ALAD 1-2 genotype. The self-conscious 

symptom survey showed that the incidences of debilitation, amnesia and dreaminess were much higher 

in those had more than five years of tenure or contact with lead on the job within the ALAD 1-1 

genotype subgroup. The lead-exposed workers’ blood lead level negatively correlated with serum 

calcium, iron and zinc levels. Therefore, we recommend that an adequate intake of dietary calcium, 

iron, and zinc or the calcium, iron, and zinc supplementation should be routinely prescribed to prevent 

toxic effects of lead exposure in Chinese lead workers. Moreover, the work environment and 

protection against lead exposure should be improved and ensured, especially in Southwestern China.  

Acknowledgments 

The authors wish to express many thanks to Ming Zhou in the Department of Neurology of the 

West China Hospital and Meng Lei in the Department of Public Health of Harvard University (Boston, 

MA 02115, USA) for their help with the data collection and for valuable suggestions and discussion.  

Conflict of Interest 

The authors declare that they have no conflict of interest.  

References 

1. Yedjou, C.G.; Milner, J.N.; Howard, C.B.; Tchounwou, P.B. Basic apoptotic mechanisms of lead 

toxicity in human leukemia (HL-60) cells. Int. J. Environ. Res. Public Health 2010, 7, 2008–2017.  

2. Kelada, S.N.; Shelton, E.; Kaufmann, R.B.; Khoury, M.J. Delta-aminolevulinic acid dehydratase 

genotype and lead toxicity: A HuGE review. Am. J. Epidemiol. 2001, 154, 1–13. 

3. Jaffe, E.K. The porphobilinogen synthase family of metalloenzymes. Acta Crystallogr. Biol. 

Crystallogr. 2000, 56, 115–128. 

4. Battistuzzi, G.; Petrucci, R.; Silvagni, L.; Urbani, F.R.; Caiola, S. δ-Aminolevulinate dehydrase: 

A new genetic polymorphism in man. Ann. Hum. Genet. 1981, 45, 223–229. 

5. Onalaja, A.O.; Claudio, L. Genetic susceptibility to lead poisoning. Environ. Health Perspect. 

2000, 108(Suppl 1), 23–28. 

6. Patil, A.J.; Bhagwat, V.R.; Patil, J.A.; Dongre. N.N.; Ambekar, J.G.; Jailkhani, R.; Das, K.K. 

Effect of lead (Pb) exposure on the activity of superoxide dismutase and catalase in battery 

manufacturing workers (BMW) of Western Maharashtra (India) with reference to heme 

biosynthesis. Int. J. Environ. Res. Public Health 2006, 3, 329–337. 

7. Lin-Fu, J.S. Vulnerability of children to lead exposure and toxicity: Part one. N. Engl. J. Med. 

1973, 289, 1229–1233. 



Int. J. Environ. Res. Public Health 2012, 9         

 

 

2336

8. Ziegler, E.E.; Edwards, B.B.; Jensen, R.L.; Mahaffey, K.R.; Fomon, S.J. Absorption and retention 

of lead by infants. Pediatr. Res. 1978, 12, 29–34. 

9. Wetmur, J.G.; Kaya, A.H.; Plewinska, M.; Desnick, R.J. Molecular characterization of the human 

δ-aminolevulinate dehydratase 2 (ALAD2) allele: Implications for molecular screening of 

individuals for genetic susceptibility to lead poisoning. Am. J. Hum. Genet. 1991, 49, 757–763. 

10. Smith, C.M.; Wang, X.; Hu, H.; Kelsey, K.T. A polymorphism in the δ-aminolevulinic acid 

dehydratase gene may modify the pharmacokinetics and toxicity of lead. Environ. Health 

Perspect. 1995, 103, 248–253. 

11. Benkmann, H.G.; Bogdanski, P.; Goedde, H.W. Polymorphism of δ-aminolevulinic acid 

dehydratase in various populations. Hum. Hered. 1983, 33, 62–64. 

12. Hsieh, L.L.; Liou, S.H.; Chen, Y.H.; Tsai, L.C.; Yang, T.; Wu, T.N. Association between 

aminolevulinate dehydrogenase genotype and blood lead levels in Taiwan. J. Occup. Environ. 

Med. 2000, 42, 151–155. 

13. Miyaki, K.; Lwin, H.; Masaki, K.; Song, Y.; Takahashi, Y.; Muramatsu, M.; Nakayama, T. 

Association between a polymorphism of aminolevulinate dehydrogenase (ALAD) gene and blood 

lead levels in Japanese subjects. Int. J. Environ. Res. Public Health 2009, 6, 999–1009. 

14. Ziemsen, B.; Angerer, J.; Lehnert, G.; Benkmann, H.G.; Goedde, H.W. Polymorphism of  

δ-aminolevulinic acid dehydratase in lead-exposed workers. Int. Arch. Occup. Environ. Health 

1986, 58, 245–247. 

15. Wetmur, J.G.; Lehnert, G.; Desnick, R.J. The δ-aminolevulinate dehydratase polymorphism: 

Higher blood lead levels in lead workers and environmentally exposed children with the 1-2 and 

2-2 isozymes. Environ. Res. 1991, 56, 109–119. 

16. Schwartz, B.S.; Lee, B.K.; Stewart, W.; Ahn, K.D.; Springer, K.; Kelsey, K. Associations of  

δ-aminolevulinic acid dehydratase genotype with plant, exposure duration, and blood lead and 

zinc protoporphyrin levels in Korean lead workers. Am. J. Epidemiol. 1995, 142, 738–745. 

17. Shaik, A.P.; Jamil, K. A study on the ALAD gene polymorphisms associated with lead exposure. 

Toxicol. Ind. Health 2008, 24, 501–506. 

18. Bellinger, D.C. The protean toxicities of lead: New chapters in a familiar story. Int. J. Environ. 

Res. Public Health 2011, 8, 2593–2628. 

19. Kiran, K.B.; Prabhakara, R.Y; Noble, T.; Weddington, K.; McDowell, V.P.; Rajanna, S.; Bettaiya, R. 

Lead-induced alteration of apoptotic proteins in different regions of adult rat brain. Toxicol. Lett. 

2009, 184, 56–60. 

20. NourEddine, D.; Miloud, S.; Abdelkader, A. Effect of lead exposure on dopaminergic 

transmission in the rat brain. Toxicology 2005, 207, 363–368. 

21. Jiang, Y.M.; Long, L.L.; Zhu, X.Y.; Zheng, H.; Fu, X.; Ou, S.Y.; Wei, D.L.; Zhou, H.L.; Zheng, W. 

Evidence for altered hippocampal volume and brain metabolites in workers occupationally 

exposed to lead: A study by magnetic resonance imaging and 1H magnetic resonance 

spectroscopy. Toxicol. Lett. 2008, 181, 118–125. 

22. Krieg, E.F.; Butler, M.A.; Chang, M.H.; Liu, T.; Yesupriya, A.; Lindegren, M.L.; Dowling, N. 

Lead and cognitive function in ALAD genotypes in the third National Health and Nutrition 

Examination Survey. Neurotoxicol. Teratol. 2009, 31, 364–371. 



Int. J. Environ. Res. Public Health 2012, 9         

 

 

2337

23. Rajan, P.; Kelsey, K.T.; Schwartz, J.D.; Bellinger, D.C.; Weuve, J.; Sparrow, D.; Spiro, A.;  

Smith, T.J.; Nie, H.; Hu, H.; Wright, R.O. Lead burden and psychiatric symptoms and the 

modifying influence of the delta-aminolevulinic acid dehydratase (ALAD) polymorphism: The 

VA Normative Aging Study. Am. J. Epidemiol. 2007, 166, 1400–1408. 

24. Weuve, J.; Kelsey, K.T.; Schwartz, J.; Bellinger, D.; Wright, R.O.; Rajan, P.; Spiro, A.; Sparrow, D.; 

Aro, A.; Hu, H. Delta-aminolevulinic acid dehydratase polymorphism and the relation between 

low level lead exposure and the Mini-Mental Status Examination in older men: The Normative 

Aging Study. Occup. Environ. Med. 2006, 63, 746–753. 

25. Pizent, A.; Jurasovic, J.; Telisman, S. Serum calcium, zinc, and copper in relation to biomarkers 

of lead and cadmium in men. J. Trace Elem. Med. Biol. 2003, 17, 199–205. 

26. Bradberry, S.; Vale, A. A comparison of sodium calcium edetate (edetate calcium disodium) and 

succimer (DMSA) in the treatment of inorganic lead poisoning. Clin. Toxical.(Phila.) 2009, 47, 

841–858. 

27. Pires, J.B.; Miekeley, N.; Donangelo, C.M. Calcium supplementation during lactation blunts 

erythrocyte lead levels and delta-aminolevulinic acid dehydratase zinc-reactivation in women 

non-exposed to lead and with marginal calcium intakes. Toxicology 2002, 175, 247–255. 

28. Ettinger, A.S.; Lamadrid, F.H.; Tellez, R.M.M.; Mercado, G.A.; Peterson, K.E.; Schwartz, J.;  

Hu, H.; Hernandez, A.M. Effect of calcium supplementation on blood lead levels in pregnancy:  

A randomized placebo-controlled trial. Environ. Health Perspect. 2009, 117, 26–31. 

29. Varnai, V.M.; Piasek, M.; Blanusa, M.; Saric, M.M.; Simic, D.; Kostial, K. Calcium 

supplementation efficiently reduces lead absorption in suckling rats. Pharmacol. Toxicol. 2001, 

89, 326–330. 

30. Markowitz, M.E.; Sinnett, M.; Rosen, J.F. A randomized trial of calcium supplementation for 

childhood lead poisoning. Pediatrics 2004, 113, 34–39. 

31. Konofal, E.; Cortese, S. Lead and neuroprotection by iron in ADHD. Environ. Health Perspect. 

2007, 115, 398–399. 

32. Muwakkit, S.; Nuwayhid, I.; Nabulsi, M.; Hajj, R.; Khoury, R.; Mikati, M.; Abboud, M.R. Iron 

deficiency in young Lebanese children: Association with elevated blood lead levels. J. Pediatr. 

Hematol. Oncol. 2008, 30, 382–386. 

33. Wang, Q.; Luo, W.; Zheng, W.; Liu, Y.; Xu, H.; Zheng, G.; Dai, Z.; Zhang, W.; Chen, Y.; Chen, J. 

Iron supplement prevents lead-induced disruption of the blood-brain barrier during rat 

development. Toxicol. Appl. Pharmacol. 2007, 219, 33–41. 

34. Kim, H.S.; Lee, S.S.; Hwangbo, Y.; Ahn, K.D.; Lee, B.K. Cross-sectional study of blood lead 

effects on iron status in Korean lead workers. Nutrition 2003, 19, 571–576. 

35. Kordas, K.; Stoltzfus, R.J.; Lopez, P.; Rico, J.A.; Rosado, J.L. Iron and zinc supplementation does 

not improve parent or teacher ratings of behavior in first grade Mexican children exposed to lead. 

J. Pediatr. 2005, 147, 632–639. 

36. Serwint, J.R.; Damokosh, A.I.; Berger, O.G.; Chisolm, J.J.; Gunter, E.W.; Jones, R.L.;  

Rhoads, G.G.; Rogan, W. No difference in iron status between children with low and moderate 

lead exposure. J. Pediatr. 1999, 135, 108–110. 

37. Winneke, G. Zinc to prevent lead poisoning. Can. Med. Assoc. J. 1996, 154, 1622–1623. 



Int. J. Environ. Res. Public Health 2012, 9         

 

 

2338

38. Batra, N.; Nehru, B.; Bansal, M.P. The effect of zinc supplementation on the effects of lead on the 

rat testis. Reprod. Toxicology 1998, 12, 535–540. 

39. Rico, J.A.; Kordas, K.; Lopez, P.; Rosado, J.L.; Vargas, G.G.; Ronquillo, D.; Stoltzfus, R.J. 

Efficacy of iron and/or zinc supplementation on cognitive performance of lead-exposed Mexican 

schoolchildren: A randomized, placebo-controlled trial. Pediatrics 2006, 117, 518–527. 

40. De Castro, C.S.; Arruda, A.F.; Da Cunha, L.R.; De Souza, J.R.; Braga, J.W.; Dórea, J.G. Toxic 

metals (Pb and Cd) and their respective antagonists (Ca and Zn) in infant formulas and milk 

marketed in Brasilia, Brazil. Int. J. Environ. Res. Public Health 2010, 7, 4062–4077. 

© 2012 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


