
© 2025 European Society of Medicine 1 

 

 
 

 

 
 

1 Professor, Department of Biology, Colorado 
State University Pueblo, 2200 Bonforte Blvd, 
Pueblo, CO 81001 

 

OPEN ACCESS 
 
PUBLISHED 
31 January 2025 
 

CITATION 
Diawara, MM., 2025. Pharmacogenetics of 
Lead Toxicity. Medical Research Archives, 
[online] 13(1). 
https://doi.org/10.18103/mra.v13i1.6268 

 
COPYRIGHT 
© 2025 European Society of Medicine. This is 
an open- access article distributed under the 
terms of the Creative Commons Attribution 

License, which permits unrestricted use, 
distribution, and reproduction in any medium, 
provided the original author and source are 
credited.  
DOI 

https://doi.org/10.18103/mra.v13i1.6268 
 
ISSN 
2375-1924  

 
 
 

 

ABSTRACT 
Despite the phasing out of leaded gasoline, lead-based paint and 
leaded plumbing, lead (Pb) remains a public health risk. Toxicity of Pb 
occurs primarily due to its inhibition of key enzymes in biosynthesis of 
heme, a compound required for oxygen biding in bloodstream. One of 

these enzymes is δ-aminolevulinic acid dehydratase (ALAD), the main 

binding ligand for Pb in erythrocytes. The ALAD enzyme is encoded by 
the ALAD gene. This gene has two co-dominant alleles (ALAD1 and 
ALAD2), three genotypes (ALAD1-1, ALAD1-2 and ALAD2-2) and dozens 
of detected single nucleotide polymorphisms. The G to C transversion in 
nucleotide 177 in ALAD2 is the difference between ALAD1 and ALAD2 
genotypes. This mutation changed the enzyme activity and is the reason 
it is suggested that individuals with the less common ALAD2 allele tend to 
experience a greater susceptibility to Pb toxicity than individuals with 
ALAD1. However, the association of ALAD polymorphism with Pb toxicity 
remained inconclusive when Pb exposure resulted in blood Pb level < 10 

μg/dL, though numerous studies showed that blood Pb level > 10 μg/dL 

compromised heme synthesis, with the ALAD activity inversely correlated 
with blood Pb. This review suggests that use of specific combinations of 
ALAD single nucleotide polymorphisms as biomarkers for susceptibility to 
Pb exposure and toxicity might contribute to a better understanding of 
Pb association with ALAD polymorphism. Based on evidence reviewed 

herein, the current blood lead reference value of 3.5 μg/dL should be 

further reduced to 0 μg/dL. 
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Introduction 
Lead (Pb) is a natural chemical element that occurs in the 
earth’s crust. The phasing out of leaded gasoline in 19961 
coupled with the phasing out of lead-based paint and the 
replacement of leaded plumbing in construction 
dramatically reduced the public health risks associated 
with environmental Pb exposure.2-7 However, Pb is 
persistent and remains in the environment due to historical 
activities such as mining, smelting, and use of lead in 
paint, gasoline, pipes, solder, and ceramics that date 
back centuries.8-10 Due to occupational exposure and 
deposits from past industrial activities such as smelting 
operations that resulted in contamination of land, air and 
water, Pb remains at great health risks even decades 
after cessation of these activities.4-6,8,9,11,12 
 
As a simple chemical element, Pb is not further broken 
down once in the body, and no studies have shown its 
biological requirement as a micronutrient. Population 
exposure to Pb occurs mainly through inhalation and 
ingestion, and through the skin to a lesser extent. 
Regardless of the route of exposure, nearly every organ 
and organ system of the human body can be adversely 
affected by Pb,6,7,13-15 and no exposure level has proven 
to be safe for Pb, especially in children.6,7,14,16,17 This 
broad range toxicological profile of Pb may be 
explained by the fact that one of its main targets is the 
hematopoietic organ system. Blood lead (BPb) is 
reported to have a half-life of 30 days18 and is the 
primary biomarker used to screen for environmental Pb 
exposure in children because it scores for more recent 
exposure than Pb in bones.19 However, the Pb that is 
deposited in multiple bone sites accounts for 90-95% of 
the total body Pb burden in adults and this Pb can have 
a recirculating half-life of 20-25 years.20-23  
 
Epidemiological studies show that Pb adversely affects 
the central nervous system in both children and adults,24-

26 the reproductive system,27,28 the immune system,29 the 
musculoskeletal system, the endocrine system,13 the 
gastrointestinal system, the respiratory system, the 
cardiovascular system, the hepatic function, the ocular 
function, as well as growth and development.6,10 
Exposure to Pb has also been linked to cerebral edema 
and encephalopathy,30,31 anemia,32,33 hypertension,34-37 
kidney damage,38-40 and to various types of cancer.41,42 
However, the impacts of Pb on the central nervous, 
especially in children, have been the most widely 
reported concerns.6,7,43,44 The effects of Pb on the nervous 
system are expressed as decreased cognitive function, 
learning deficits, neuropathy and encephalopathy at 
even low doses, in both children and adults. It has also 
been reported that Pb causes oxidative stress through the 
reduction of antioxidants and production of reactive 
oxygen species, and it disrupts calcium homeostasis, ion 
transport, mitochondrial and protein functions in the cell; 
these can all lead to apoptotic cell death.6,10 The adverse 
effects can lead to seizures, coma, and even death.6,7 
 
This broad toxicity of Pb has caused the Center for 
Disease Control and Prevention (CDC) to consistently 
update the blood lead reference value (BLRV), which was 
decreased from 60 micrograms of Pb per deciliter of 

blood (μg/dL) in 1960 to 40 μg/dL in 1970, 30 μg/dL 

in 1975, 25 μg/dL in 1985, 10 μg/dL in 1991, and 5 

μg/dL in 2012 in order to minimize health risks 

associated with exposure to Pb sources.17 On May 2021, 
the Lead Exposure and Prevention Advisory Committee 

further recommended the use of the 3.5 μg/dL BLRV by 

the CDC based on 2015-2016 and 2017-2018 National 
Health and Nutrition Examination Surveys.19  
 
As a result of these regulations, the percentages of U.S. 
children aged 1-5 years with the BLRV of 5 µg/dL 
declined from 99.8% in 1976-1980 to 33.2% in 1988-
1991, 20.9% in 1991-1994, 8.6% in 1999-2002, 4.1% 
in 2003-2006, and 2.6% in 2007-2010.19,45 The current 
percentage of U.S. children with the BPb over the new 

3.5 μg/dL BLRV is 2.5%.19 Yet, Pb remains a big threat 

to public health due to high level occupational exposure 
as well as various low level environmental contacts. To 
get a better understanding of the factors influencing BPb 
in exposed populations, this review examines the 
pharmacogenetics of Pb toxicity and its implication for 
health risks. 
 

Toxicokinetics of Lead 
Exposure to Pb or any other xenobiotic (foreign to life 
chemical) triggers a series of toxicokinetic reactions in the 
body that include the absorption, distribution, 
metabolism, and excretion of the chemical (ADME). The 
ADME impacts the concentration of the xenobiotic in 
various tissues and organs over time. Toxicokinetics is also 
referred to as pharmacokinetics when dealing with 
medical drugs. Toxicodynamics (also known as 
pharmacodynamics for medical drugs) describes the 
dynamic interactions or fate of the xenobiotic in the body. 
Absorption of Pb occurs primarily through the respiratory 
and oral routes for both its inorganic and organic forms, 
in both adults and children. The toxicokinetics and 
pharmacokinetics of inorganic Pb all depend on the dose 
ingested, the age of the exposed population (children 
being at greater risks than adults), the species and 
particle size of Pb ingested.6,46 Nutritional status, 
especially the presence of food in the gastrointestinal 
track, has been shown to decrease toxicity of Pb through 
reduced absorption. The Pb in the body is primarily 
excreted by kidney clearance. Once it is absorbed by 
the body, Pb is distributed in the bloodstream, soft tissues 
(such as the brain, heart, liver, and muscles), and in 
mineralizing bone and dentin tissues. 
 
The toxicokinetics of a xenobiotic may be assessed by its 
plasma concentration and its phase 1 and phase 2 
metabolites over time. Phase 1 reactions involve 
oxidation, reduction and hydrolysis by CYP450 enzymes, 
while phase 2 reactions are known as conjugations with 
glucuronic acid, sulfonates, glutathione and amino acids, 
and these reactions involve a wide range of enzymes 
named transferases. Both the phase 1 and phase 2 
reactions are aimed at increasing water solubility and 
subsequent excretion of the xenobiotic from the body. 
Heavy metals such as Pb are directly eliminated or 
sequestrated, or they undergo biomethylation, 
biomineralization, or binding to metallothionein or other 
ligands prior to elimination or sequestration. Although it 
has been reported that Pb can be biomethylated to an 
organic compound, the evidence is limited and the 
chemical process is not well described.47,48 There are 
some proteins analogous to metallothionein that bind Pb 
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in the brain, erythrocytes, liver, lung and kidney.49 As 
discussed in the next section, Pb metabolism involves 
complexing with intracellular and extracellular protein 
and nonprotein ligands.6,49 Gonick provides a 
comprehensive review of Pb-binding proteins in various 
organs including the kidney, brain, liver, intestine, and 
lung during studies involving laboratory animals as well 
as in human subjects.49 
 

Both the toxicokinetics and toxicodynamics of Pb may be 
influenced by the genetic predisposition of exposed 
populations. Pharmacogenetics is the study of how the 
presence of two or more variants of a specific gene 
(polymorphism) in different individuals impacts their 

reactions to xenobiotics. The δ-aminolevulinic acid 

dehydratase (ALAD) enzyme is the main binding protein 
for Pb in the human bloodstream and also plays a key 
role in the synthesis of heme, an important component of 
hemoglobin. This review focuses on the epidemiological 
studies of the ALAD gene polymorphism and the 
implications of this polymorphism for Pb-induced 
pathogenicity. 
 

Blood Lead Sequestering Proteins 
About 99% of the Pb that reaches the bloodstream is 
bound to erythrocytes and 1% to plasma.50 The main Pb 
binding protein in blood was initially thought to be 
hemoglobin.51-54 However, this hypothesis was later 
dismissed when subsequent research showed that the low 

molecular mass (240 kDA) δ-aminolevulinic acid 

dehydratase (ALAD) and two other low molecular weight 
proteins were the binding ligands for Pb in 
erythrocytes.50,55-57 These three proteins were indicators 
of environmental Pb exposure and related toxicity. ALAD 
has the strongest affinity with 35–81% of blood Pb and 
has been the main subject of research aimed at 
examining gene-Pb interactions.55 About 80% of the 
bloodstream Pb is bound to the ALAD enzyme alone.50 
The other two proteins were one protein of 45 kDA with 
12-36% of blood Pb and the other of approximatively 
10 kDA, with less than 1% of blood Pb. These three 
proteins can impact Pb toxicity by sequestering it; some 
studies suggest that this sequestration may be protective 
against Pb toxicity, while other studies report the exact 
opposite effect.15,49,58 At any rate, the ALAD protein is so 
important that hereditary deficiency of this protein has 
been reported to cause acute Pb poisoning in a patient.59 

 

Relationship of δ-aminolevulinic Acid 

Dehydratase Gene Polymorphism and 
Lead Toxicity 
The hematopoietic system is the organ system involved in 
the production of blood cells in the body. Epidemiological 
studies show that this organ system is a target of Pb 
toxicity, making this heavy metal a serious health threat. 
A cross-sectional study of 855 preschool children 3-7 
years of age showed a significant relationship between 

erythrocyte Pb and hemoglobin levels, leading to the 
conclusion that erythrocytes were a primary target of Pb 
toxicity.60 A review article reported that chronic 
background as well as occupational Pb exposure can 
result in altered heme synthesis, anemia and/or 
decreased measures of hemoglobin, decreased platelet 
count, decreased serum erythropoietin and altered red 
blood cell function.6 The Pb toxicity occurs primarily due 
to inhibition of key enzymes in the biosynthesis of heme. 
Heme is an organic, nonprotein portion of hemoglobin 
and some other biological molecules. Heme contains iron 
and is required for oxygen biding in the bloodstream. 

During the first step in heme synthesis, the δ-aminolevulinic 

acid synthase (ALAS) catalyzes the reaction between 

glycine and succinyl CoA by condensing them to yield δ-

aminolevulinic acid (ALA) in the mitochondrion.57,61-63 
Research showed that Pb does not affect the inhibitory 
effect of ALA synthase.64 The second step of heme 
synthesis involves the formation of porphobilinogen (PBG) 
from two molecules of ALA; this reaction occurs in the 
cytoplasm and is catalyzed by ALAD, also known as 
porphobilinogen synthase.65 Four molecules of PBG align 
to form linear hydroxymethylbilane (HMB), a reaction 
enabled by porphobilinogen deaminase (PBGD), also 
known as hydroxymethylbilane synthase.66 The linear 
HMB molecule closes to form uroporphyrinogen III during 
a reaction catalyzed by uroporphyrinogen-III synthase 
(URO3S). The uroporphyrinogen decarboxylase (UROD) 
causes the conversion of uroporphyrinogen III into 
coproporphyrinogen III in the cytoplasm. 
Coproporphyrinogen III is transported back into the 
mitochondria where it is decarboxylated to produce 
protoporphyrinogen IX under the action of 
coproporphyrinogen oxidase (CPO). 
Protoporphyrinogen oxidase (PPO) converts 
protoporphyrinogen IX to protoporphyrin IX. Finally, a Fe 
ion is inserted into protoporphyrin IX by the action of the 
enzyme ferrochelatase (FECH) to yield heme. The 
mechanism of Pb toxicity during heme synthesis is due to 
its disruption of this pathway in both the mitochondrion 
and the cytoplasm by inhibiting three key enzymes: 
ALAD, CPO and FECH (Fig. 1).  
 
The ALAD is a homomultimeric enzyme with eight identical 
protein subunits, each with a Z++ active site.67 The 
enzyme is encoded by the ALAD gene, which is located 
on chromosome 9q34. Lead usually binds to the ALAD 
enzyme and displaces the zinc; this inactivation of ALAD 
results in the pathogenesis of Pb poisoning.68 In addition, 
Pb also strongly inhibits both CPO and FECH, which are 
all involved in the final steps of heme synthesis.57-69 
However, ALAD has the greatest affinity for Pb and has 
been used as biomarker of Pb exposure and for the 
determination of Pb intoxication. Research shows that Pb 
is such a potent intoxicant that a BPb level as low as 15 
pg/dL has been reported to cause 50% inhibition of 
ALAD activity.70  

  



Pharmacogenetics of Lead Toxicity 

© 2025 European Society of Medicine 4 

FIGURE. 1 

 
 

Figure 1: Disruption of heme synthesis by lead. ALAS: δ-aminolevulinic acid synthase, ALA: δ-aminolevulinic acid, PBG: 

porphobilinogen, ALAD: δ-aminolevulinic acid dehydrogenase, HMB: hydroxymethylbilane, PBGD: porphobilinogen 

deaminase, URO3S: uroporphyrinogen-III synthase, UROD: uroporphyrinogen decarboxylase, CPO: coproporphyrinogen 
oxidase, PPO: protoporphyrinogen oxidase, FECH: ferrochelatase. Modified from Wetmur et al.;62 Wetmur;63 Warren 
et al.;57 Fujiwara and Harigae.66 
 
The ALAD gene has two co-dominant alleles, ALAD1 and 
ALAD2, and thus three genotypes: ALAD1-1, ALAD1-2 
and ALAD2-2. The gene has dozens of detected single 
nucleotide polymorphisms (SNPs) although only a few 
SNPs have been studied.15,61,71 Yet, when it comes to 
gene-Pb interactions, the SNP most widely examined has 
been rs1800435, the G to C transversion in nucleotide 
177 in ALAD2, which is the difference between ALAD1 
and ALAD2. The SNP rs1800435 is also known 
as ALAD1 for the common allele and ALAD2 for the 
variant. This mutation resulted in coding for asparagine 
(a neutral amino acid) instead of lysine (a positively 
charged amino acid) at residue 59, changing the enzyme 
activity. This is the reason it is suggested that individuals 
with the ALAD2 allele produce enzymes that have a 
greater electronegativity and binding capacity for Pb 
and tend to experience greater susceptibility to Pb 
toxicity than individuals with the ALAD1 allele.7,15,49,57, 61-

63,70 

 

The two alleles of the ALAD gene have different 
frequencies in humans. The frequency of the ALAD2 allele 
is reported to be lower (10-20%) than that of the ALAD1 
(80-90%) in non-Hispanic white population and even 

much lower in African and Asian populations.69,72,73 The 
Third US National Health and Nutrition Examination 
Survey (NHANES III) from 1988–1994 found that 13.6% 
of the total population, 15.6% of non-Hispanic whites, 
2.6% of non-Hispanic blacks, and 8.8% of Mexican 
Americans are ALAD2 careers.74 However, these 
frequencies vary depending on the geographical area 
and occupation of the study populations.75 The 
differential allelic distribution coupled with variations in 
population exposure made it hard for researchers to 
establish a strong association between BPb and ALAD 
genetic polymorphism, and the reports from 
epidemiological studies are sometimes conflicting. 
 
Some of the earlier epidemiological studies by Ziemsen 
et al. examined the link between ALAD and BPb in 202 
German adult males occupationally exposed to Pb.76 The 
subjects that were Pb workers had a 50 % decrease of 
ALAD activity in comparison to controls; and this decrease 
was phenotype dependent on the order of ALAD1-1, 
ALAD2-1 and ALAD2-2. The BPb levels showed a reverse 
trend. Almost concurrently, Astrin et al. also tested 1,051 
New York children who were environmentally exposed to 
Pb.70 The study found that subjects with one or two copies 
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of the ALAD2 allele (ALAD1-2 or ALAD2-2) had higher 
BPb than subjects who were homozygous for the ALAD1 
allele (ALAD1-1). Wetmur et al. also examined 202 Pb 
workers in Germany and 1278 New York children with 
elevated free protoporphyrin levels due to environmental 
Pb exposure.62 The authors found that BPb was 9 to 11 

μg/dL higher in ALAD1-2/2-2 individuals than the 

ALAD1-1 homozygous, and concluded a more effective 
Pb binding and susceptibility to poisoning by ALAD2 than 
ALAD1. Fleming et al. examined 381 Pb smelter workers, 
many with a long history of exposure, and reported a 
more efficient uptake of Pb from the blood into the bone 
for subjects with ALAD1-1 compared to the ALAD1-2/2-
2, further confirming the impact of ALAD on Pb 
toxicokinetics.72 
 

Later studies also reported contradictory findings for the 
association between a person’s ALAD genotype and BPb. 
A cross-sectional study examined 120 male workers from 
China, India and Malaysia, exposed to low to medium Pb 

levels (average of 22.1 μg/dL BLb), to determine the 

association between ALAD1 and ALAD2 genotypes and 
neurobehavioral functions.77 No differences were found 
between ALAD1-1 and ALAD1-2/2-2 careers. However, 
urinary buildup of ALA was significantly higher in subjects 
with the ALAD1 allele than the ALAD2, and the ALAD1 
careers had significantly lower neurobiohavioral scores 
that the ALAD1-2/2-2 careers. The authors suggested 
that ALAD2 genotype may have protective effects 
against Pb-induced neurotoxicity. Another study of 691 

construction workers with an average BPb of 7.78 μg/dL 

showed no difference in BPb of ALAD2 carriers 
compared to ALAD1 homozygous.78 Hu et al. also 
observed no association between ALAD genotype and 
BPb in a Boston, Massachusetts population of 726 men 
with no environmental Pb exposure, and with BPb varying 

between 5.7 μg/dL (for ALAD1-2/2-2 careers) and 6.4 

μg/dL (for ALAD1-1 careers).79  Yet, Pérez-Bravo et al. 

tested 93 children from schools near a Pb-contaminated 
area in Chile and observed that children careers of 
ALAD-2 allele tend to have higher BPb (range 6 to 27 

μg/dL) than ALAD1-1 children (range 0 to 26 μg/dL); 

however, the differences were not statistically 
significant.80 A smaller study examined BPb inhibition of 
ALAD among 39 urban male adolescents in India.81 The 

subjects BPb varied between 4.62-18.64 μg/dL and 

were categorized in two groups: those with BPb < 10 

μg/dL and those with BPb > 10 μg/dL. The study found 

a significantly higher inhibition of ALAD activity in subjects 

with BPb > 10 μg/dL compared to those with BPb < 10 

μg/dL.  
 

Basically, since the availability of the first literature on 
the association of Pb-induced toxicity and the ALAD gene 
polymorphism, nearly 40 years ago, researchers have 
yet to reach strong conclusions about the role of the two 
alleles of the gene, especially at low Pb exposure level. 
Some studies have reported reduced bioavailability of 
Pb in ALAD2 careers, resulting in protective effects 
against toxicity to targets organs, while other findings 
lead to the opposite conclusion. A review published by 
Kelada et al. in 2001 argued that the available data 
were conflicting and that susceptibility to Pb 
pathogenicity was not linked with ALAD polymorphism at 
background exposure levels.73 A following meta-analysis 

by Scinicariello et al. in 2007 concluded that 
occupationally Pb exposed adults who are ALAD1-2 or 
ALAD2-2 careers had higher BPb than those who carry 
ALAD1-1.82 A positive correlation was established 
between Pb exposure and rs1800435 polymorphism in 
the ALAD gene. However, consistently with the 2001 
review, the 2007 report also concluded that no effect of 
ALAD on BPb was observed at environmental exposure 
resulting in BPb < 10 µg/dL. 
 
Research on the genetic polymorphism in ALAD since the 
publication of the above two meta-analysis reviews 
follows the same basic trend in the lack of consistency; 
however, the new evidence tends to support that ALAD2 
careers have a greater Pb binding ability and potential 
susceptibility that ALAD1 careers, sometimes even at low 
level exposure. Wang et al. found a reverse association 
between ALAD activity and BPb in people with low BPb 
(6.7 md/dL) in China.83 A similar finding was reported by 
Miyaki et al. who tested a non-exposed Japanese 

population of 101 workers with a mean BPb 3.38 μg/dL 

and still observed a significant association 
between ALAD2 genotype and BPb.84 The NHANES III 
survey from 1988–1994 examined data from over 
6,000 people over 17 years old to determine if ALAD 
genotype influenced the relationship between blood 
pressure and BPb.74 The study found a significant 
relationship between BPb and the ALAD2 allele among 
non-Hispanic whites and non-Hispanic blacks, but not 
among Mexican Americans.  
 
Kayaalti and co-workers examined the relationship 
between ALAD G177C polymorphism (rs1800435) and 
placental Pb levels in 97 healthy mothers, 18-41 years 
old with no history of occupational Pb exposure.85 The 
study found a significant correlation between maternal 
ALAD polymorphism and placental Pb levels; Pb levels 
for ALAD1-1, ALAD1-2 and ALAD2-2 genotypes were 

0.75 μg/dL, 1.18 μg/dL and 1.85 μg/dL, respectively. 

Au contraire, Yang et al. examined 156 men and women 
workers exposed to battery Pb and cable Pb in China, 
and reported that workers with the ALAD1-1 genotype 
had higher BPb than those with the ALAD1-2 genotype 

(21.58 μg/dL vs 16.72 μg/dL for battery workers; and 

5.76 μg/dL vs 4.97 μg/dL for cable workers, 

respectively).86 
 
Diawara and colleagues tested 231 children living near 
Pb contaminated old smelters and other parts of the same 
town in Colorado and found that genetic polymorphisms 
for ALAD1 or ALAD2 alleles were not associated with 
children BPb.9  All the subjects tested had BPb < 10 

μg/dL although some children lived near old smelters. 

These findings are also consistent with other reports that 
failed to establish association between ALAD 

polymorphism and BPb < 10 μg/dL. However, Mani et 

al. reported an association among an adult population at 
low exposure.71 They examined 878 adults for the effect 
of ALAD polymorphism on BPb in India; 561 were 
occupationally exposed to Pb (BPb range 36.7-53.4 

μg/dL) and 317 were not exposed (BPb range 2.9-4.1 

μg/dL). The authors found that the ALAD2 allele carriers 

had higher BPb levels than the ALAD1 homozygous in the 
population examined, irrespective of Pb exposure level. 
These findings align with a recent study by Sahu and co-



Pharmacogenetics of Lead Toxicity 

© 2025 European Society of Medicine 6 

workers who observed 90 pregnant women in India for 

ALAD polymorhism; 16 with BPb ≥ 5 μg/dL and 74 BPb 

< 5 μg/dL.87 The study found that subjects with the 

ALAD1-2/2-2 genotypes had significantly higher BPb 
and showed higher DNA damage than those with the 
ALAD1-1 genotype. The BPb and DNA damage in the 
infants were positively correlated to those in the mothers. 

Among the 16 participants with BPb ≥ 5 μg/dL, four had 

BPb >10 μg/dL, ranging from 11.7-26.89 μg/dL. 

Clearly, this study shows that the ALAD2 allele is still 
associated with higher Pb binding than ALAD1 even at 
lower, non-occupational exposure level. 
 
In addition to the 2016 report by Kayaalti et al. (85), 
other studies have focused on the relationship between 
BPb and ALAD G177C rs1800435, the most widely 
examined SNP for ALAD polymorphism. This G to C 
transversion in nucleotide 177 in ALAD2 is the difference 
between ALAD1 and ALAD2. The second two most 
studied SNPs are rs1139488 (A > G) and rs1805313 (A 
> G).15 A number of workers have recently focused their 
efforts on these SNPs, in an attempt to better understand 
the ALAD/BPb associations. Palir and colleagues 
examined the association between ALAD polymorphism 
(rs1800435, rs1805313, rs1139488, rs818708) and 
blood Pb effects in 873 Italian women and their 
newborns at low level Pb exposure.88 Despite the low 
maternal peripheral venous blood level of 11.0 ng/g, a 
clear evidence of low exposure, the authors still observed 
a positive association between maternal BPb and ALAD 
rs1139488, and a negative relationship for ALAD 
rs1800435 and rs1805313. Their study certainly 
suggested effects of ALAD on Pb kinetics in women and 
their newborns. 
 
A follow up study by Stajnko and colleagues examined 
the associations between ten ALAD SNPs with blood Pb 
(BPb) and urine Pb (UPb) concentrations in 281 adult men 
between 18-49 years.15 The test subjects resided in both 
Pb-contaminated and non-contaminated areas, with a 

geometric BPb mean of 19.6 μg/dL and a range from 

3.86-84.7 μg/dL. The authors used SNP haplotypes, 

individual SNPs and the combination of two SNPs to 
examine the potential effect of ALAD polymorphism. The 
study found no associations for haplotypes. However, the 
variant alleles of rs1800435 and rs1805312 were 
linked to a decrease in BPb, while presence of 
rs1139488 homozygous was associated with an increase 
in BPb. These findings were consistent with previous 
observations.88 The study also observed a significant 
association with Pb for SNP rs1139488 (A > G), which is 
closely located to rs1800435. Although this later 
observation is also consistent with a previous research,88 
it does not align with a study of occupational workers by 
Rabstein and co-workers who reported a lack of 
association.89 Research by Szymańska-Chabowska et al. 
also examined 101 adult Pb workers and found quite the 
opposite trend, a higher BPb in the ALAD variant 
rs113948 careers.90 

 
During their study, Stajnko et al. found that the 
rs1800435-rs1139488 and rs1139488-rs1805313 
combinations provided the best explanatory power and 
the SNPs-Pb associations were determined by exposure 
level.15 The study showed that individual SNPs only 

explain a small fraction of variations in BPb, while 
combinations of two SNPs can explain a larger 
proportion of the variability. 
 

Conclusion 
Research has certainly shown the implication of ALAD 
polymorphism in Pb bioaccumulation and intoxication; 
however, it is unclear whether the toxicity is due to Pb 
sequestration or lack of sequestration, or to other 
confounding factors that affect both Pb toxicokinetics and 
toxicodynamics. Onalaja and Claudio proposed two 
possible scenarios, given the same level of exposure: 1) 
there is a potential high distribution of Pb in organs such 
as brain and kidney as a result of increased Pb binding 
to ALAD (ALAD2 in particular); 2) the high affinity of 
ALAD2 causes sequestration of Pb in the blood and 
protect other organs; therefore, ALAD2 careers will have 
higher BPb and decreased bone Pb for instance, but 
could experience less toxicity to brain and kidney 
compared to ALAD 1-1 careers.69 The authors suggested 
that Pb-induced organ toxicity could be greater in 
ALAD1-1 careers despite having lower BPb than ALAD2 
careers. It was recently confirmed that the influence of 
ALAD2 on BPb was dose-dependent, with Pb in 
ALAD2>ALAD1 at high exposure and Pb in 
ALAD2<ALAD1 at low exposure.15 Interestingly, the 
ALAD2 careers had lower levels of both BPb and UPb 
than ALAD1 careers at low exposure, suggesting that Pb 
was sequestered in other cells and tissues different from 
erythrocytes in these ALAD2 careers. The scenario 
changes at high exposure with limited sequestration in the 
other cells and tissues and a greater Pb concentration in 
the bloodstream of ALAD2 careers than ALAD1. 
 
The impact of ALAD polymorphism on buildup of ALA is 
also a future research area of interest in understanding 
the pharmacogenetics of Pb toxicity. When plasma ALA 
and urinary ALA were examined in 65 Korean lead 
workers by Sithisarankul et al., it was found that plasma 
ALA was significantly higher in ALAD1-1 careers than 
ALAD2 careers.91 This Pb-induced buildup of plasma and 
urinary ALA is significant, considering that Pb also 
strongly inhibits two other enzymes involved during heme 
synthesis: coproporphyrinogen oxidase and 
ferrochelatase (Fig. 1). Research on the implications of 
buildup of the substrates of these two enzymes 
(coproporphyrinogen III and protoporphyrin IX, 
respectively) in blood and other organs is limited. Future 
investigations on how the upstream Pb-induced inhibition 
of ALAD affects the next two inhibition steps might help 
better understand the mechanism of Pb toxicity and its 
association with ALAD polymorphism. A greater focus on 
research using specific combinations of ALAD SNPs as 
biomarkers for the study of genetic susceptibility to Pb 
exposure and toxicity instead of individual SNPs might 
also contribute to better understand the impact of ALAD 
polymorphism on Pb toxicity. 
 
In summary, the contradictions about the role of the ALAD 
gene polymorphism in Pb pathogenicity might be due 
mainly to exposure level, although the influence of 
demographic factors such as age, ethnicity and related 
genetic as well as epigenetic background, and socio-
economic conditions cannot be dismissed. The associations 
between ALAD gene and BPb are inconclusive at non-
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occupational, low level of exposure. However, at 
occupational and other high environmental exposure 
levels (such as children living in contaminated areas), BPb 
has been shown to be higher in individuals with ALAD2-1 
and ALAD2-2 allelic variants than ALAD1-1 based on the 
vast majority of epidemiological studies. Due to the 
ALAD2 sequestration of Pb, making it less bioavailable, 
studies conflict about the protective effect of this allele 
against Pb toxicity. The current review is consistent with a 
2020 profile of Pb toxicity that found that inhibition of 
ALAD was observed in only a few studies at Pb exposure 

resulting in BPb < 10 μg/dL, while numerous studies 

showed that BPb > 10 μg/dL compromised heme 

synthesis by inhibiting other enzymes in a dose-
dependent manner, with the ALAD activity inversely 
correlated with BPb.6 The ALAD-BPb association is further 

complicated by the fact Pb stored in mineralizing tissues 
such as the bones has a half-life of 20-25 years, during 
which the Pb can be recirculated back in the bloodstream; 
this Pb is hard to account for when scoring for recent 
exposure. 
 
Finally, as stated earlier, the CDC recently recommended 

the use of 3.5 μg/dL as BLRV.19 However, the studies 

reviewed herein demonstrate that no detectable BPb 
level is acceptable from population health risk 
management standpoint. For instance, a report by Sahu 
and co-workers showed that even a BPb level as low as 

0.05 μg/dL in a pregnant mother was detectable in the 

baby.87 This is a clear indication that the current BLRV of 

3.5 μg/dL should be further reduced to 0 μg/dL. 

  



Pharmacogenetics of Lead Toxicity 

© 2025 European Society of Medicine 8 

References 
1. US Energy Information Administration. Gasoline 

explained History of gasoline 
https://www.eia.gov/energyexplained/gasoline/his
tory-of-gasoline.php#. Last updated December 22, 
2023. Accessed November 20, 2024 

2. Schwartz J, Pitcher H. The relationship between 
gasoline lead and blood lead in the United States. J 
Off Stat. 1989;5(4):421-431. 

3. Brody DJ, Pirkle JL, Kramer RA, et al. Blood lead 
levels in the US population: Phase I of the third 
National Health and Nutrition Examination Survey 
(NHANES III, 1968-1991). J Am Med Assoc. 
1994;272(4):277-283. 
Doi: 10.1001/jama.272.4.277 

4. Pirkle JL, Kaufmann RB, Brody DJ, et al. Exposure of 
the U.S. population to lead, 1991-1994. Environ 
Health Perspect. 1998;106(11):745-750. 
Doi: 10.1289/ehp.98106745 

5. Jones RL, Homa DM, Meyer PA, et al. Trends in blood 
lead levels and blood lead testing among US children 
aged 1 to 5 years, 1988-2004. Pediat. 
2009;123,e376-e385. Doi: 10.1542/peds.2007-
3608 

6. Agency for Toxic Substances and Disease Registry 
(ATSDR). Toxicological profile for lead. Atlanta, GA: 
US Department of Health and Human Services, 
Agency for Toxic Substances and Disease Registry; 
2020. 
https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.
aspx?id=96&tid=22. Last update August 07, 2020 
(Accessed Nov 25, 2024) 

7. Bergdahl, I.A., Skerfving, S., 2022. Lead, Handbook 
on the Toxicology of Metals, fifth ed. Elsevier B.V. 
https://doi.org/10.1016/B978-0-12-822946-
0.00036-2. 

8. Diawara MM, Litt JS, Unis D, et al. Arsenic, cadmium, 
lead, and mercury in surface soils, Pueblo, Colorado: 
Implications for population health risk. Environ 
Geochem Health. 2006;28(4):97-315. 
Doi: 10.1007/s10653-005-9000-6 

9. Diawara MM, Shrestha S, Carsella J, Farmer S. 
Smelting Remains a Public Health Risk Nearly a 
Century Later: A Case Study in Pueblo, Colorado, 
USA. Int J Environ Res Public Health. 2018;15(5):932. 
Doi: 10.3390/ijerph15050932 

10. Collin MS, Venkatraman SK, Vijayakumar N, et al. 
Bioaccumulation of lead (Pb) and its effects on human: 
A review, Journal of Hazardous Materials Advances. 
2022;7,100094,ISSN 2772-4166. 

11. Landrigan PJ, Gehlbach SH, Rosenblum BF, et al. 
Epidemic lead absorption near an ore smelter: The 
role of particulate lead, N Engl J Med. 
1975;292(3)123-129. 
Doi: 10.1056/NEJM197501162920302 

12. Clark HF, Hausladen DM, Brabander DJ, Urban 
gardens: Lead exposure, recontamination 
mechanisms, and implications for remediation design. 
Environ Res. 2008;107(3):312-319. 
Doi: 10.1016/j.envres.2008.03.003 

13. Balachandar R, Bagepally BS, Kalahasthi R, Haridoss 
M. Blood lead levels and male reproductive 
hormones: A systematic review and meta-analysis. 
Toxicology. 2020;443:152574.  
Doi: 10.1016/j.tox.2020.152574 

14. Gidlow DA. Lead toxicity. Occup Med (Lond). 2015 
Jul;65(5):348-56. Doi: 10.1093/occmed/kqv018. 
Erratum in: Occup Med (Lond). 2015 Dec;65(9):770. 
Doi: 10.1093/occmed/kqv170. 
Doi: 10.1093/occmed/kqv018 

15. Stajnko A, Palir N, Snoj Tratnik J, et al. Genetic 
susceptibility to low-level lead exposure in men: 
Insights from ALAD polymorphisms. Int J Hyg Environ 
Health. 2024 Mar;256:114315. PMID: 38168581. 
Doi: 10.1016/j.ijheh.2023.114315 

16. Mitra P, Sharma S, Purohit P, Sharma P. Clinical and 
molecular aspects of lead toxicity: An update. Crit Rev 
Clin Lab Sci. 2017;54(7-8):506-528. 
Doi: 10.1080/10408363.2017.1408562 

17. Ruckart PZ, Jones RL, Courtney JG, et al. Update of 
the Blood Lead Reference Value — United States, 
2021. MMWR Morb Mortal Wkly Rep 
2021;70:1509–1512. 
Doi: http://dx.doi.org/10.15585/mmwr.mm7043a4 

18. Wang X, Bakulski KM, Mukherjee B, Hu H, Park SK. 
Predicting cumulative lead (Pb) exposure using the 
Super Learner algorithm. Chemosphere. 2023 
Jan;311(Pt 2):137125.  
Doi: 10.1016/j.chemosphere.2022.137125 

19. Center for Disease Control and Prevention. 2024. 
CDC Updates Blood Lead Reference Value. 
https://www.cdc.gov/lead-prevention/php/news-
features/updates-blood-lead-reference-value.html 
Last update April 2024. (Accessed Nov 25, 2024). 

20. Barry PS, Mossman DB. Lead concentrations in human 
tissues. Br J Ind Med. 1970;27(4):339-
51. Doi: 10.1136/oem.27.4.339 

21. Rabinowitz MB. Toxicokinetics of bone lead. Environ 
Health Perspect. 1991;91:33-37. 
Doi: 10.1289/ehp.919133 

22. Oliveira S, Aro A, Sparrow D, et al. Season modifies 
the relationship between bone and blood lead levels: 
the Normative Aging Study. Arch Environ Health. 
2002;57(5):466–472. 
Doi: 10.1080/00039890209601439 

23. Wilker E, Korrick S, Nie LH, et al. Longitudinal changes 
in bone lead levels: the VA normative aging study. J. 
Occup. Environ. Med. 2011;53(8):850–855. 
Doi: 10.1097/JOM.0b013e31822589a9 

24. Bellinger D, Leviton A, Waternaux C, Needleman H, 
Rabinowitz M. Longitudinal analyses of prenatal and 
postnatal lead exposure and early cognitive 
development. N Engl J Med. 1987;316(17):1037-43. 
Doi: 10.1056/NEJM198704233161701 

25. Needleman HL, Gatsonis CA. Low-level lead exposure 
and the IQ of children. A meta-analysis of modern 
studies. JAMA. 1990;263(5):673-8. 

26. Al-Saleh I, Shinwari N, Nester M, et al. Longitudinal 
study of prenatal and postnatal lead exposure and 
early cognitive development in Al-Kharj, Saudi 
Arabia: a preliminary results of cord blood lead 
levels. J Trop Pediatr. 2008;54(5):300-7. 
Doi: 10.1093/tropej/fmn019 

27. Hu WY, Wu SH, Wang LL, Wang GI, Fan H, Liu ZM. 
A toxicological and epidemiological study on 
reproductive functions of male workers exposed to 
lead. J Hyg Epidemiol Microbiol Immunol. 
1992;36(1):25-30. 

https://www.eia.gov/energyexplained/gasoline/history-of-gasoline.php
https://www.eia.gov/energyexplained/gasoline/history-of-gasoline.php
https://doi.org/10.1001/jama.272.4.277
https://doi.org/10.1289/ehp.98106745
https://doi.org/10.1542/peds.2007-3608
https://doi.org/10.1542/peds.2007-3608
https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.aspx?id=96&tid=22
https://wwwn.cdc.gov/TSP/ToxProfiles/ToxProfiles.aspx?id=96&tid=22
https://doi.org/10.1016/B978-0-12-822946-0.00036-2
https://doi.org/10.1016/B978-0-12-822946-0.00036-2
https://doi.org/10.1007/s10653-005-9000-6
https://doi.org/10.3390/ijerph15050932
https://doi.org/10.1056/nejm197501162920302
https://doi.org/10.1016/j.envres.2008.03.003
https://doi.org/10.1016/j.tox.2020.152574
https://doi.org/10.1093/occmed/kqv018
https://doi.org/10.1016/j.ijheh.2023.114315
https://doi.org/10.1080/10408363.2017.1408562
http://dx.doi.org/10.15585/mmwr.mm7043a4
https://doi.org/10.1016/j.chemosphere.2022.137125
https://www.cdc.gov/lead-prevention/php/news-features/updates-blood-lead-reference-value.html
https://www.cdc.gov/lead-prevention/php/news-features/updates-blood-lead-reference-value.html
https://doi.org/10.1136/oem.27.4.339
https://doi.org/10.1289/ehp.919133
https://doi.org/10.1080/00039890209601439
https://doi.org/10.1097/jom.0b013e31822589a9
https://doi.org/10.1056/nejm198704233161701
https://doi.org/10.1093/tropej/fmn019


Pharmacogenetics of Lead Toxicity 

© 2025 European Society of Medicine 9 

28. Kumar S. Occupational and environmental exposure 
to lead and reproductive health impairment: an 
overview. Indian J. Occup. Environ. Med. 
2018;22(3)128–137. 
Doi: 10.4103/ijoem.IJOEM_126_18 

29. Fischbein A, Tsang P, Luo JC, Bekesi JG. The immune 
system as target for subclinical lead related toxicity. 
Br J Ind Med. 1993;50(2):185-6. 
Doi: 10.1136/oem.50.2.185 

30. Bjørklund G, Mutter J, Aaseth J. Metal chelators and 
neurotoxicity: lead, mercury, and arsenic. Arch 
Toxicol. 2017;91(12):3787-3797.  
Doi: 10.1007/s00204-017-2100-0 

31. Rouzi L, Elhamri H, Kalouch S, et al. Lead poisoning 
with encephalic and neuropathic involvement in a 
child: case report. Pan Afr Med J. 2022 Aug 
12;42:276. 
Doi: 10.11604/pamj.2022.42.276.33007 

32. Kaneko M, Kazatani T, Shikata H. Occupational Lead 
Poisoning in a Patient with Acute Abdomen and 
Normocytic Anemia. Intern Med. 2020;59(12):1565-
1570. Doi: 10.2169/internalmedicine.4176-19 

33. Yang Y, Li S, Wang H, Liu M, et al. Chronic lead 
poisoning induced abdominal pain and anemia: a 
case report and review of the literature. BMC 
Gastroenterol. 2020 Oct 14;20(1):335. 
Doi: 10.1186/s12876-020-01482-x 

34. Kopp SJ, Barron JT, Tow JP. Cardiovascular actions of 
lead and relationship to hypertension: a review. 
Environ Health Perspect. 1988;78:91-9.  
Doi: 10.1289/ehp.887891 

35. Scinicariello F, Yesupriya A, Chang MH, Fowler BA; 
Centers for Disease Control and Prevention/National 
Cancer Institute National Health and Nutrition 
Examination Survey III Genomics Working Group. 
Modification by ALAD of the association between 
blood lead and blood pressure in the U.S. population: 
results from the Third National Health and Nutrition 
Examination Survey. Environ Health Perspect. 2010 
Feb;118(2):259-64. Doi: 10.1289/ehp.0900866. 
Erratum in: Environ Health Perspect. 2010 
Oct;118(10):A426. PMID: 20123609; PMCID: 
PMC2831927. Doi: 10.1289/ehp.0900866 

36. Kennedy DA, Woodland C, Koren G. Lead exposure, 
gestational hypertension and pre-eclampsia: a 
systematic review of cause and effect. J Obstet 
Gynaecol. 2012;32(6):512-7. 
Doi: 10.3109/01443615.2012.693987 

37. Yu YL, An DW, Chori BS, Nawrot TS, Staessen JA. 
Blood pressure and hypertension in relation to lead 
exposure updated according to present-day blood 
lead levels. Kardiol Pol. 2023;81(7-8):675-683. 
Doi: 10.33963/KP.a2023.0142 

38. Chia KS, Jeyaratnam J, Lee J, et al. Lead-induced 
nephropathy: relationship between various biological 
exposure indices and early markers of nephrotoxicity. 
Am J Ind Med. 1995;27(6):883-95. 
Doi: 10.1002/ajim.4700270612 

39. Lim YC, Chia KS, Ong HY, Ng V, Chew YL. Renal 
dysfunction in workers exposed to inorganic lead. Ann 
Acad Med Singap. 2001;30(2):112-7. 

40. Chia SE, Zhou H, Tham MT, et al. Possible influence of 
delta-aminolevulinic acid dehydratase polymorphism 
and susceptibility to renal toxicity of lead: a study of 
a Vietnamese population. Environ Health Perspect. 
2005;113(10):1313-7. Doi: 10.1289/ehp.7904 

41. Flora G, Gupta D, Tiwari A. Toxicity of lead: A review 
with recent updates. Interdiscip Toxicol. 2012;5(2):47-
58. Doi: 10.2478/v10102-012-0009-2 

42. NTP, 2012. NTP Monograph on Health Effects of Low-
Level Lead National Toxicology Program. U.S. 
Department of Health and Human Services. 
https://pubmed.ncbi.nlm.nih.gov/23964424/ 

43. EFSA Panel on Contaminants in the Food Chain 
(CONTAM). 2010. Scientific opinion on lead in food. 
EFSA Journal 2010; 8(4):1570. 
https://efsa.onlinelibrary.wiley.com/doi/pdf/10.29
03/j.efsa.2010.1570 

44. Lanphear BP, Hornung R, Khoury J, et al. Low-level 
environmental lead exposure and children's 
intellectual function: an international pooled analysis. 
Environ Health Perspect. 2005 Jul;113(7):894-9. Doi: 
10.1289/ehp.7688. Erratum in: Environ Health 
Perspect. 2019 Sep;127(9):99001. Doi: 
10.1289/EHP5685. PMID: 16002379; PMCID: 
PMC1257652. Doi: 10.1289/ehp.7688 

45. Pirkle JL, Brody DJ, Gunter EW, et al. The decline in 
blood lead levels in the United States: The National 
Health and Nutrition Examination Surveys (NHANES). 
JAMA. 1994;272(4):284-291.  

46. Mari M, Nadal M, Schuhmacher M, et al. 2014. 
Human exposure to metals: Levels in autopsy tissues of 
individuals living near a hazardous waste incinerator. 
Biol Trace Elem Res. 159(1-3):15-21. 
Doi: 10.1007/s12011-014-9957-z 

47. Jarvie AWP, Whitmore AP, Markall RN, Potter HR. 
Lead biomethylation, an elusive goal, Environmental 
Pollution Series B, Chemical and Physical. Volume 6, 
Issue 2, 1983, Pages 81-94, ISSN 0143-148X. 

48. Fatoki OS. Biomethylation in the natural environment: 
A review. South African Journal of Science. 
1997;93:366-370.  

49. Gonick HC. Lead-binding proteins: a review. J Toxicol. 
2011;2011:686050. Doi: 10.1155/2011/686050 

50. Bergdahl IA, Grubb A, Schutz A, et al. Lead binding 
to delta-aminolevulinic acid dehydratase (ALAD) in 
human erythrocytes. Pharmacol Toxicol. 
1997;81:153-158. Doi: 10.1111/j.1600-
0773.1997.tb02061.x 

51. Barltrop D, Smith A. Interaction of lead with 
erythrocytes. Experientia. 1971;27:92-93.  
Doi: 10.1007/BF02137760 

52. Barltrop D, Smith A. Lead binding to human 
haemoglobin. Experientia. 1972;28:76-
77.  Doi: 10.1007/BF01928273 

53. Ong CN, Lee WR. Distribution of lead-203 in human 
peripheral blood in vitro. Br J Ind Med. 1980 
Feb;37(1):78-84. Doi: 10.1136/oem.37.1.78 

54. Lolin Y, O'Gorman P. An intra-erythrocytic low 
molecular weight lead-binding protein in acute and 
chronic lead exposure and its possible protective role 
in lead toxicity. Ann Clin Biochem. 1988 Nov;25 ( Pt 
6):688-97. Doi: 10.1177/000456328802500616 

55. Bergdahl IA, Sheveleva M, Schutz A, Artamonova VG, 
Skerfving S. Plasma and blood lead in humans: 
Capacity-limited binding to delta-aminolevulinic acid 
dehydratase and other lead-binding components. 
Toxicol Sci. 1998;46:247-253. 
Doi: 10.1006/toxs.1998.2535 

56. Xie Y, Chiba M, Shinohara A, Watanabe H, Inaba Y. 
Studies on lead-binding protein and interaction 
between lead and selenium in the human erythrocytes. 

https://doi.org/10.4103/ijoem.ijoem_126_18
https://doi.org/10.1136/oem.50.2.185
https://doi.org/10.1007/s00204-017-2100-0
https://doi.org/10.11604/pamj.2022.42.276.33007
https://doi.org/10.2169/internalmedicine.4176-19
https://doi.org/10.1186/s12876-020-01482-x
https://doi.org/10.1289/ehp.887891
https://doi.org/10.1289/ehp.0900866
https://doi.org/10.3109/01443615.2012.693987
https://doi.org/10.33963/kp.a2023.0142
https://doi.org/10.1002/ajim.4700270612
https://doi.org/10.1289/ehp.7904
https://doi.org/10.2478/v10102-012-0009-2
https://pubmed.ncbi.nlm.nih.gov/23964424/
https://efsa.onlinelibrary.wiley.com/doi/pdf/10.2903/j.efsa.2010.1570
https://efsa.onlinelibrary.wiley.com/doi/pdf/10.2903/j.efsa.2010.1570
https://doi.org/10.1289/ehp.7688
https://doi.org/10.1007/s12011-014-9957-z
https://doi.org/10.1155/2011/686050
https://doi.org/10.1111/j.1600-0773.1997.tb02061.x
https://doi.org/10.1111/j.1600-0773.1997.tb02061.x
https://doi.org/10.1007/bf02137760
https://doi.org/10.1007/bf01928273
https://doi.org/10.1136/oem.37.1.78
https://doi.org/10.1177/000456328802500616
https://doi.org/10.1006/toxs.1998.2535


Pharmacogenetics of Lead Toxicity 

© 2025 European Society of Medicine 10 

Ind Health. 1998;36(3):234-9. 
Doi: 10.2486/indhealth.36.234 

57. Warren MJ, Cooper JB, Wood SP, Shoolingin-Jordan 
PM. Lead poisoning, haem synthesis and 5-
aminolaevulinic acid dehydratase. Trends Biochem Sci. 
1998;23(6):217-21. Doi: 10.1016/s0968-
0004(98)01219-5 

58. Skerfving S, Bergdahl IA. 2015. Lead. In: Nordberg, 
G.F., Fowler, B.a., Nordberg, M. (Eds.), Handbook on 
the Toxicology of Metals. Academic Press, USA, pp. 
911–967. https://doi.org/10.1016/C2011-0-
07884-5. 

59. Doss M, Müller WA. Acute lead poisoning in inherited 
porphobilinogen synthase (delta-aminolevulinic acid 
dehydrase) deficiency. Blut. 1982;45(2):131-9. 
Doi: 10.1007/BF00319941 

60. Liu C, Huo X, Lin P, Zhang Y, Li W, Xu X. Association 
between blood erythrocyte lead concentrations and 
hemoglobin levels in preschool children. Environ Sci 
Pollut Res Int. 2015;22(12):9233-40. 
Doi: 10.1007/s11356-014-3992-3 

61. Wetmur JG, Kaya AH, Plewinska M, Desnick RJ. 
Molecular characterization of the human delta-
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. 

62. Wetmur JG, Lehnert G, Desnick RJ. The delta-
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. 
Doi: 10.1016/s0013-9351(05)80001-5 

63. Wetmur JG. Influence of the common human delta-
aminolevulinate dehydratase polymorphism on lead 
body burden. Environ Health Perspect. 
1994;102(Suppl 3):215-9.  
Doi: 10.1289/ehp.94102s3215 

64. Tomokuni K, Ichiba M, Hirai Y. Elevated urinary 

excretion of baminoisobutyric acid and δ-

aminolevulinic acid (ALA) and the inhibition of ALA-
synthase and ALA-dehydratase activities in both liver 
and kidney in mice exposed to lead. Toxicol Lett. 
1991;59(1-3):169-173. Doi: 10.1016/0378-
4274(91)90069-i 

65. Wetmur JG, Bishop DF, Cantelmo C, Desnick, RJ. 
Human delta-aminolevulinate dehydratase: 
nucleotide sequence of a full-length cDNA clone. Proc 
Natl Acad Sci USA. 1986;83(20):7703-7707. 
Doi: 10.1073/pnas.83.20.7703 

66. Fujiwara T, Harigae H. Biology of Heme in 
Mammalian Erythroid Cells and Related Disorders. 
Biomed Res Int. 2015;2015:278536. 
Doi: 10.1155/2015/278536 

67. Jaffe EK, Salowe SP, Chen NT, DeHaven PA. 
Porphobilinogen synthase modification with 
methylmethanethiosulfonate. A protocol for the 
investigation of metalloproteins. J Biol Chem. 
1984;25;259(8):5032-6.  

68. Goering PL. Lead-protein interactions as a basis for 
lead toxicity. Neurotoxicology. 1993;14(2-3):45-60. 

69. Onalaja AO, Claudio L. Genetic susceptibility to lead 
poisoning. Environ Health Perspect. 2000 Mar;108 
Suppl 1(Suppl 1):23-8.  
Doi: 10.1289/ehp.00108s123 

70. Astrin KH, Bishop DF, Wetmur JG, Kaul B, Davidow B, 
Desnick RJ. delta-Aminolevulinic acid dehydratase 
isozymes and lead toxicity. Ann N Y Acad Sci. 
1987;514:23-9. Doi: 10.1111/j.1749-
6632.1987.tb48757.x 

71. Mani MS, Kunnathully V, Rao C, Kabekkodu SP, Joshi 

MB, D'Souza HS. Modifying effects of δ-

Aminolevulinate dehydratase polymorphism on blood 
lead levels and ALAD activity. Toxicol Lett. 
2018;295:351-356. 
Doi: 10.1016/j.toxlet.2018.07.014 

72. Fleming DE, Chettle DR, Wetmur JG, et al. Effect of 
the delta-aminolevulinate dehydratase polymorphism 
on the accumulation of lead in bone and blood in lead 
smelter workers. Environ Res. 1998;77(1):49-61. 
Doi: 10.1006/enrs.1997.3818 

73. Kelada SN, Shelton E, Kaufmann RB, Khoury MJ. 
Delta-aminolevulinic acid dehydratase genotype and 
lead toxicity: A human genome epidemiology (HuGE) 
review. Am J Epidemiol. 2001;154(1):1-13. 
Doi: 10.1093/aje/154.1.1 

74. Scinicariello F, Yesupriya A, Chang MH, Fowler BA; 
Centers for Disease Control and Prevention/National 
Cancer Institute National Health and Nutrition 
Examination Survey III Genomics Working Group. 
Modification by ALAD of the association between 
blood lead and blood pressure in the U.S. population: 
results from the Third National Health and Nutrition 
Examination Survey. Environ Health Perspect. 
2010;118(2):259-64. Erratum in: Environ Health 
Perspect. 2010;118(10):A426.  
Doi: 10.1289/ehp.0900866 

75. Qader A, Rehman K, Akash MSH. 2021. Genetic 

susceptibility of δ-ALAD associated with lead (Pb) 

intoxication: sources of exposure, preventive 
measures, and treatment interventions. Environ Sci 
Pollut Res Int. 2021;28(33):44818-44832. 
Doi: 10.1007/s11356-021-15323-1 

76. Ziemsen B, Angerer J, Lehnert G, Benkmann HG, 

Goedde HW. Polymorphism of δ-aminolevulinic acid 

dehydratase in lead-exposed workers. Int Arch Occup 
Environ Health. 1986;58:245–247.  
Doi: 10.1007/BF00432107 

77. Chia SE, Yap E, Chia KS. Delta-aminolevulinic acid 
dehydratase (ALAD) polymorphism and susceptibility 
of workers exposed to inorganic lead and its effects 
on neurobehavioral functions. Neurotoxicology. 
2004;25(6):1041-7. 
Doi: 10.1016/j.neuro.2004.01.010 

78. Smith CM, Wang X, Hu H, Kelsey KT. A polymorphism 
in the delta- aminolevulinic acid dehydratase gene 
may modify the pharmacokinetics and toxicity of lead. 
Environ Health Perspect. 1995;103:248-253. 
Doi: 10.1289/ehp.95103248 

79. Hu H, Wu MT, Cheng Y, Sparrow D, Weiss S, Kelsey 
K. The delta-aminolevulinic acid dehydratase (ALAD) 
polymorphism and bone and blood lead levels in 
community-exposed men: the Normative Aging Study. 
Environ Health Perspect. 2001;109(8):827-32. 
Doi: 10.1289/ehp.01109827 

80. Pérez-Bravo F, Ruz M, Morán-Jiménez MJ, et al. 
Association between aminolevulinate dehydrase 
genotypes and blood lead levels in children from a 
lead-contaminated area in Antofagasta, Chile. Arch 

https://doi.org/10.2486/indhealth.36.234
https://doi.org/10.1016/s0968-0004(98)01219-5
https://doi.org/10.1016/s0968-0004(98)01219-5
https://doi.org/10.1016/C2011-0-07884-5
https://doi.org/10.1016/C2011-0-07884-5
https://doi.org/10.1007/bf00319941
https://doi.org/10.1007/s11356-014-3992-3
https://doi.org/10.1016/s0013-9351(05)80001-5
https://doi.org/10.1289/ehp.94102s3215
https://doi.org/10.1016/0378-4274(91)90069-i
https://doi.org/10.1016/0378-4274(91)90069-i
https://doi.org/10.1073/pnas.83.20.7703
https://doi.org/10.1155/2015/278536
https://doi.org/10.1289/ehp.00108s123
https://doi.org/10.1111/j.1749-6632.1987.tb48757.x
https://doi.org/10.1111/j.1749-6632.1987.tb48757.x
https://doi.org/10.1016/j.toxlet.2018.07.014
https://doi.org/10.1006/enrs.1997.3818
https://doi.org/10.1093/aje/154.1.1
https://doi.org/10.1289/ehp.0900866
https://doi.org/10.1007/s11356-021-15323-1
https://doi.org/10.1007/bf00432107
https://doi.org/10.1016/j.neuro.2004.01.010
https://doi.org/10.1289/ehp.95103248
https://doi.org/10.1289/ehp.01109827


Pharmacogenetics of Lead Toxicity 

© 2025 European Society of Medicine 11 

Environ Contam Toxicol. 2004;47(2):276-80. 
Doi: 10.1007/s00244-004-2215-1 

81. Ahamed M, Verma S, Kumar A, Siddiqui MK. Delta-
aminolevulinic acid dehydratase inhibition and 
oxidative stress in relation to blood lead among urban 
adolescents. Hum Exp Toxicol. 2006;25(9):547-53. 
Doi: 10.1191/0960327106het657oa 

82. Scinicariello F, Murray HE, Moffett DB, Abadin HG, 
Sexton MJ, Fowler BA. Lead and delta-aminolevulinic 
acid dehydratase polymorphism: Where does it lead? 
A meta-analysis. Environ Health Perspect. 
2007;115(1):35-41. Doi: 10.1289/ehp.9448 

83. Wang Q, Zhao HH, Chen JW, et al. Delta-
Aminolevulinic acid dehydratase activity, urinary 
delta-aminolevulinic acid concentration and zinc 
protoporphyrin level among people with low level of 
lead exposure. Int J Hyg Environ Health. 
2010;213(1):52-8. 
Doi: 10.1016/j.ijheh.2009.08.003 

84. Miyaki K, Lwin H, Masaki K, et al. Association between 
a polymorphism of aminolevulinate dehydrogenase 
(ALAD) gene and blood lead levels in Japanese 
subjects. Int J Environ Res Public Health. 
2009;6(3):999-1009. Doi: 10.3390/ijerph6030999 

85. Kayaaltı Z, Sert S, Kaya-Akyüzlü D, Söylemez E, 

Söylemezoğlu T. Association between delta-

aminolevulinic acid dehydratase polymorphism and 
placental lead levels. Environ Toxicol Pharmacol. 
2016;41:147-51. Doi: 10.1016/j.etap.2015.11.017 

86. Yang Y, Wu J, Sun P. Effects of delta-aminolevulinic 
acid dehydratase polymorphisms on susceptibility to 
lead in Han subjects from southwestern China. Int J 
Environ Res Public Health. 2012;9(7):2326-38. 
Doi: 10.3390/ijerph9072326 

87. Sahu MC, Upadhyay K, Gupta S, Chanania K, Pati S. 
DNA damage and ALAD polymorphism in high blood 
lead (Pb) levels of pregnant women attending a 
tertiary care teaching hospital. Eur J Obstet Gynecol 
Reprod Biol X. 2024 Mar 27;22:100300. 
Doi: 10.1016/j.eurox.2024.100300 

88. Palir N, Stajnko A, Snoj Tratnik J, et al. ALAD and 
APOE polymorphisms are associated with lead and 
mercury levels in Italian pregnant women and their 
newborns with adequate nutritional status of zinc and 
selenium. Environ Res. 2023 Mar 1;220:115226. 
Doi: 10.1016/j.envres.2023.115226 

89. Rabstein S, Unfried K, Ranft U, et al. Lack of 
association of delta-aminolevulinate dehydratase 
polymorphisms with blood lead levels and hemoglobin 
in Romanian women from a lead-contaminated 
region. J Toxicol Environ Health A. 2008;71(11-
12):716-24. Doi: 10.1080/15287390801985190 

90. Szymańska-Chabowska A, Łaczmański Ł, 
Jędrychowska I, et al. The relationship between 
selected VDR, HFE and ALAD gene polymorphisms 
and several basic toxicological parameters among 
persons occupationally exposed to lead. Toxicology. 
2015 Aug 6;334:12-21.  
Doi: 10.1016/j.tox.2015.05.002 

91. Sithisarankul P, Schwartz BS, Lee BK, Kelsey KT, 
Strickland PT. Aminolevulinic acid dehydratase 
genotype mediates plasma levels of the neurotoxin, 
5-aminolevulinic acid, in lead-exposed workers. Am J 
Ind Med. 1997;32(1):15-20.  
Doi: 10.1002/(sici)1097-
0274(199707)32:1<15::aid-ajim2>3.0.co;2-q 

 

 

https://doi.org/10.1007/s00244-004-2215-1
https://doi.org/10.1191/0960327106het657oa
https://doi.org/10.1289/ehp.9448
https://doi.org/10.1016/j.ijheh.2009.08.003
https://doi.org/10.3390/ijerph6030999
https://doi.org/10.1016/j.etap.2015.11.017
https://doi.org/10.3390/ijerph9072326
https://doi.org/10.1016/j.eurox.2024.100300
https://doi.org/10.1016/j.envres.2023.115226
https://doi.org/10.1080/15287390801985190
https://doi.org/10.1016/j.tox.2015.05.002
https://doi.org/10.1002/(sici)1097-0274(199707)32:1%3C15::aid-ajim2%3E3.0.co;2-q
https://doi.org/10.1002/(sici)1097-0274(199707)32:1%3C15::aid-ajim2%3E3.0.co;2-q

