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Abstract The documentation of lead toxicity (plumbism)
dates back to the times when man learnt its various appli-
cations. This versatile heavy metal is non-degradable and its
ability to get accumulated in the body that goes undiag-
nosed, makes it a serious environmental health hazard. Lead
is now known to affect almost every organ/tissue of the
human body. With irreversible effects on neurobiological
development of young children and foetus, its toxicity has
lasting implications on the human life. Outlining the
symptoms, diagnosis and treatment therapy for lead poi-
soning, the present review elaborates the pathophysiological
effects of lead on various organs. This will be of immense
help to the health professionals so as to inculcate a better
understanding of the lead poisoning which otherwise is
asymptomatic. With chelation therapy being the classic path
of treatment, new strategies are being explored as additive/
adjunct therapy. It is now understood that lead toxicity is
completely preventable. In this regard significant efforts are
in place in the developed countries whereas much needs to
be done in the developing countries. Spreading the aware-
ness amongst the masses by educating them and reducing
the usage of lead following stricter industry norms appears
to be the only roadmap to prevent lead poisoning. Efforts
being undertaken by the Government of India and other
organisations are also mentioned.
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Abbreviations
ACCLPP Advisory Committee on Childhood Lead
Poisoning Prevention

ALA d-Aminolevulinic acid

ALAD d-Aminolevulinic acid dehydratrase

ALAS d-Aminolevulinic acid synthetase

BBB Blood brain barrier

BLL Blood lead level

CAT Catalase

CDC Centres for Disease Control and Prevention
EP Erythrocyte protoporphyrin

GSH Reduced glutathione

GST Glutathione-S-transferase

HCG Human chorionic gonadotropin

IARC International Agency for Research in Cancer

1Q Intelligence quotient

NAC N-acetyl cysteine

NRCLPI  National Referral Centre for Lead Poisoning in
India

RBC Red blood cell

ROS Reactive oxygen species

SOD Superoxide dismutase

Introduction

The versatile properties of lead such as malleability, duc-
tility, poor conductibility, softness and resistance to cor-
rosion have led to its usage by man for over 6000 years,
resulting in its wide distribution in environment [1].
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Further, its wide industrial and household applicability is
dependent on obvious physico-chemical properties, low
cost and a visibly easy workability [1]. These factors have
been instrumental in involvement of lead in over 900
occupations including smelting, mining and battery man-
ufacturing to name a few [2]. Lead from various sources
finds its way to the inside of the human body. Because it is
non-biodegradable [3] and has a slow rate of elimination
[4], it tends to accumulate in body and this chronic or acute
accumulation of even small quantities of lead leads to the
condition termed as lead poisoning (plumbism). It is a
hazardous occupational and environmental disease that
affects millions of adults and children worldwide.

The history of lead toxicity dates back to the era before
Christ which is beautifully chronicled by Gidlow in the
2015 review citing one of the initial reports by Hippocrates
in 370 BC [5]. Having such ancient history, one may
assume that lead poisoning should effectively have been
controlled by now and the urgent need to study this might
not have been there. Instead, the truth is that lead poisoning
is still a major health hazard around the world and
important steps in this direction are still to be taken, par-
ticularly by the developing countries. With this in view, the
seriousness of lead poisoning was realized and the present
review was framed to develop a better understanding of the
subject and to contribute towards arising the awareness on
the lead associated diseases.

Exposure Routes

Lead is mainly considered as an environmental pollutant. It
finds its entry into the human body through food, water,
soil and air. Besides this, adults also face the occupational
exposure to lead which also accounts to the ‘take home
lead’ with their clothes. Lead has been a metal in the
earth’s crust but became a hazardous health concern due to

Table 1 Common sources of lead exposure.*

mining and other applications. Further, lead pollution was
at peak during the twentieth century, around 1970’s when it
was used as octane number enhancer in the form of tetra-
ethyl lead in gasoline. At that time, the worldwide pro-
duction of tetraethyl lead was of the order of 500,000
tonnes. Since the ban of usage of tetraethyl lead in gaso-
line, the current production of tetraethyl lead has reduced
to ~4500 tonnes [5]. Experts consider that leaded gasoline
alone deposited close to 4-5 million tonnes of lead in soil
in the United States [6]. Earlier lead was used in the paints.
Thus older buildings with paint chipping off or under
renovation contribute to lead dust and expose the inhabi-
tants. PVC pipes used for sanitation and in the
potable water supplies also pose a threat of lead toxicity
due to leaching as these contain high amounts of lead as
impurity [7]. Besides, occupations like refining, smelting,
battery manufacturing and recycling and car repair etc. also
expose the workers to lead [3]. A significant source of lead
toxicity remains the folk medicine such as Ayurveda and
Chinese medicines, cosmetics such as kohl and surma and
painted toys etc. In their review, Kianoush et al. [8] have
provided detailed sources of lead exposure through envi-
ronment, occupations and other sources. A concise list of
the lead exposure is provided in the Table 1.

How Toxic is Lead

For a large period of time, the toxic lead levels remained
undefined. Most of the times, lead toxicity remains
asymptomatic. It was documented that in case of adults,
20-70% of the ingested lead enters the blood while almost
100% of the inhaled lead finds its way into the bloodstream
[10]. Young children (9 months to 3 years) are most vul-
nerable because of their developmental stage and their
exploratory behaviour and frequent hand-to-mouth activity
with 5-10 times more effective absorption in them [11].

Occupational

Lead mining and refining, plumbing and pipe fitting, auto repair, glass manufacturing, printers, battery manufacturing and recycling

Construction work, firing-range instruction, plastic manufacturing and gas station attendant

Environmental

Lead paint, soil or dust near roadways or lead-painted homes, plastic window blinds, plumbing leachate (from pipes or solder), ceramic ware

and lead-core candle wicks
Hobbies

Glazed pottery making, target shooting at firing ranges, lead soldering, preparing lead shot or fishing sinkers, stained-glass making, painting

and car or boat repair
Other

Folk remedies, gasolinesniffing, costume jewelry and cosmetics

Adapted and modified from Sanborn et al. [9]
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Other high-risk groups include pregnant women and their
foetus [11, 12] and occupationally exposed workers and
artisans and their families [11, 13]. The amount of
absorption can be higher for patients having zinc, iron or
calcium deficiency [14]. Of the various tissues, the rate of
deposition of lead in bones and teeth is almost 95% in case
of adults while 70% in case of children [15]. Generally, the
lead thus deposited is not always toxic. But as the
remodelling of bones takes place in children [15] and
pregnant women and due to larger half-life of lead in these
tissues, the lead from the bones and teeth is mobilised into
the blood stream long after the initial exposure, manifest-
ing its toxic effects [16]. Blood lead level (BLL) is one of
the major criteria to measure the extent of the lead poi-
soning. Another criterion of defining lead toxicity is ‘body
burden of lead’, i.e. the amount of lead which is deposited
in the soft tissues and bones of the body. Between 1960 and
1990, the Centres for Disease Control and Prevention
(CDC) described ‘blood lead level of concern’ were low-
ered incrementally from 60 to 25 pg/dl. In 1991, it was
lowered for individual intervention to 15 pg/dl. By this
time, CDC also implemented community-wide primary
lead-poisoning prevention activities in areas where many
children had BLL > 10 pg/dl [17]. Until 2012, CDC, USA
had set toxic BLL to be above 10 pg/dl including children
[18]. But in 2012 CDC redefined the standards with
BLL > 10 pg/dl for adults and >5 pg/dl for children as a
matter of concern [19].

Lead presents its toxicity by two ways: inorganic lead
and organic lead. Inorganic lead is defined as lead oxides,
metallic lead, and lead salts [20]. The organic lead com-
pounds include the tetra-alkyl lead compounds mainly
tetracthyl lead and tetramethyl lead which have been
incorporated into gasoline as anti-knock additives [21].
Lead toxicity leads to various pathophysiological condi-
tions. Based on the BLL, the different effects of lead on
individuals have been observed that are presented in the
Table 2.

Diagnosis

A proper diagnosis of lead poisoning is a critical step in the
starting of the treatment. Since lead poisoning is asymp-
tomatic and often most of the symptoms are similar to other
disorders, most of the times it goes undiagnosed and
untreated [1]. General awareness and education regarding
lead toxicity can be of significant help in early diagnosis
and possible prevention. A proper diagnosis will start with
a detailed enquiry into the possible routes of exposure,
medical history and clinical signs. Appropriate staff
including clinical toxicologists and medicinal specialists
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should be involved [22]. In case of children, the BLL of
concern be investigated along with possible growth retar-
dation, language or speech dysfunction, anaemia and
behavioural or attentional disorders [23].

The primary test will be to estimate the BLL. Lead
poisoning can also be diagnosed on the basis of haemato-
logical influences showing basophilic stipplings (products
of ribonucleic acid degradation) of red blood cells. These
stipplings are visible as red dots under microscope [16].
Other haematological influences are raised levels of urinary
porphyrins, coproporphyrins, zinc protoporphyrin and
erythrocyte protoporphyrin (EP). But EP levels also rise in
iron deficiency and the use of this investigative method
alone for diagnosing lead poisoning is being discouraged
[3]. All these are due to the alterations in the three enzymes
involved in the biosynthesis of heme [17]. &-aminole-
vulinic acid (ALA) in urine is also an indicator of lead
poisoning [24]. Saturinine gout has also been seen in case
of lead poisoning as urate excretion was detected in the
urine of suffering patients [25]. Lead toxicity has also been
observed to contribute to reduced total haemoglobin, red
blood cell count and plasma T3 and T4 without affecting
the white blood cell count [26]. Acute high-level lead
exposure has also been associated with haemolytic anae-
mia. It is to be noted that the anaemia of chronic lead
intoxication is hypochromic and normocytic or microcytic
with a reticulocytosis [5].

It is important to realize that BLL is just an indicator of
recent lead exposure and does not reflect upon the total
body burden. In order to determine the total body burden,
X-ray fluorescence can be applied as a non-invasive
method to measure whole body lead in bones [27].
Abdominal radiographs are also helpful in revealing lead
containing foreign materials such as paint chips that have
accumulated in the gastrointestinal tract [28, 29]. These are
helpful only in cases of acute ingestion (e.g. lead sinkers,
curtain weights, jewelry, or paint chips) or unusual per-
sistence of high BLL. Longbone radiographs can show
“lead lines”. These are lines of increased density on the
metaphysis growth plate of the bone, showing growth
retardation. This is not a routine procedure to identify lead
poisoning, but a radiological finding of chronic exposure.
Figure 1 provides the long bone radiographs of lead
exposed children showing “lead lines”.

Pathophysiology

Despite the interesting fact that no normal physiological
role for lead could be found, lead toxicology causes
numerous serious pathophysiological manifestations in the
patients [25].
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Table 2 Blood lead levels and their putative impact on health of adults

Blood lead levels (pg) Males Females
<5 Nil Nil
5-10 Possible hypertension and kidney dysfunction Possible hypertension and kidney dysfunction
Possible spontaneous abortion
11-20 Possible hypertension and kidney dysfunction Possible hypertension and kidney dysfunction
Possible subclinical neurocognitive defects Possible subclinical neurocognitive defects
Reduced birth weight
Possible postnatal developmental delay
21-29 Hypertension and kidney dysfunction Hypertension and kidney dysfunction
Possible subclinical neurocognitive defects Possible subclinical neurocognitive defects
Possible spontaneous abortion
Reduced birth weight
Possible postnatal developmental delay
30-39 Hypertension and kidney dysfunction Hypertension and kidney dysfunction
Possible neurocognitive defects Possible neurocognitive defects
Spontaneous abortion
Reduced birth weight
Possible postnatal developmental delay
40-79 Hypertension and kidney dysfunction Hypertension and kidney dysfunction
Subclinical peripheral neuropathy Subclinical peripheral neuropathy
Neurocognitive defects Neurocognitive defects
Anaemia Anaemia
Sperm abnormalities Colic
Colic Possible gout
Possible gout Spontaneous abortion
Reduced birth weight
Possible postnatal developmental delay
>80 Hypertension Hypertension
Nephropathy Nephropathy

Peripheral neuropathy
Neurocognitive defects
Anaemia

Sperm abnormalities
Colic

Gout

Encephalopathy

Peripheral neuropathy

Neurocognitive defects

Anaemia

Colic

Gout

Encephalopathy

Spontaneous abortion

Reduced birth weight

Possible postnatal developmental delay

Adapted from Wani et al. [3]

Ocxidative Stress

Oxidative stress understandably the major mechanism of
lead poisoning is caused when generation of free radicals is
more than ability of the system to readily detoxify the body
from them, as their accumulation results in cellular damage
[30]. Two concurrent pathways of oxidative stress are:
(a) the production of reactive oxygen species (ROS) such
as hydro peroxides (HOO®), singlet oxygen, and hydrogen

peroxide (H,O,) and (b) the exhaustion of naturally
occurring antioxidant reserves of the system [31].

Lead has a strong electron sharing property that helps in
the covalent bond formation. The covalent bonds are
formed between the lead moiety and the sulthydryl groups
in the antioxidant enzymes making them most vulnerable
targets for lead, ultimately making them inactive. Lead also
binds with sulfthydryl groups of reduced glutathione (GSH)
rendering it inactive [32]. Besides, lead inactivates o-
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Fig. 1 Long bone Radiograph showing “lead lines” shown as
increased density on the metaphysis growth plate. a Hands—of the
proximal segments of phalanges and distal segments of ulna and

aminolevulinic acid dehydratase (ALAD), glutathione
reductase, glutathione peroxidase, and GST (Glutathione-
S-transferase) enzymes and further reduces GSH levels
[33]. Other antioxidant enzymes which are inactivated by
lead are superoxide dismutase (SOD) and catalase (CAT)
because of its ability to replace the zinc ions which serve as
co-factors for these antioxidant enzymes. Lead targets
sulfhydryl groups also of these enzymes. Decreased con-
centration of SOD decreases the clearance of superoxide
radical whereas reduced CAT impairs the superoxide rad-
ical (O® ~°) scavenging [34].

The ROS formed due to lead poisoning also causes lipid
peroxidation of red blood cell (RBC) membranes as they
take electrons from the cell membranes and damages the
cell by denaturing lipid that formed the membrane. RBCs
have very limited reservoirs of antioxidant enzymes to
counter the effect of ROS and they are unable to replenish
these enzymes back as they lack rough endoplasmic
reticulum [35]. Moreover, ALA which is increased in the
blood due to inhibition of ALAD by lead also generates
hydrogen peroxide and superoxide radical which goes to
interact with oxy-Hb resulting in the generation of hydro-
xyl radicals making RBCs highly vulnerable to oxidative
stress and resulting in hemolysis [16]. Excessive generation
of ROS is a reason behind reproductive toxicity caused by
lead. A study of the male reproductive system has revealed
positive correlation between seminal plasma lead and
spermatozoa ROS levels [36]. Instead, in people with
extended lead exposure, increased activity of SOD was
established which might have resulted from its property to
clear the burden of increasing ROS production due to lead
exposure [37]. Oxidative stress also seems to be involved
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(b)

radius in a 5 year old male with radiological growth retardation and
blood lead level of 37.7 pg/dl. b Knees—especially in the femur in
3 year 2 month old female with blood lead level of 10.6 pg/dl [10]

in the development of renal toxicity induced by the envi-
ronmental lead exposure that leads to substantial patho-
logical lesions on the renal systems of both men and
animals [38]. ROS also damages nucleic acids and inhibits
the repair of DNA [39]. Oxidative stress was studied by
low level lead exposure in first grade Uruguayan children,
proposing its possible adverse effects on oxidative stress
[40].

Hematological Changes

Lead exposure leads to hematological changes [41] that
result due to the poisoning of three enzymes of heme
biosynthesis pathway: ALAD, ferrochelatase, and o-
aminolevulinic acid synthetase (ALAS) [17]. Also, RBCs
become more fragile as their membrane is damaged
because lead disrupts the maintenance of the cell mem-
brane [42]. The combined effect of these two processes
leads to anemia [43]. Lead poisoning results into two forms
of anaemia: (a) Frank anaemia, is hypochromic and nor-
mocytic or microcytic with a reticulocytosis. It appears
only when there is chronic lead intoxication and
(b) haemolytic anaemia that is related to acute high levels
of lead exposure [44].

Build-up of ALA in plasma and it’s excretion in urine-
due to influence of lead on ALAD is observed even at BLL
of <10 pg/dl. ALAD inhibition by lead occurs at BLL of
10-20 pg/dl. Biosynthesis of heme does not reduce until
BLL reaches about 55 pg/dl as at such high levels the
action of ALAD is restricted by 80-90% [45]. Only as high
as BLL of 50 pg/dl interprets into anaemia besides hema-
tological influences at lower concentrations also.
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Neurological Effect

Most sensitive organ to lead exposure is brain [46]. Neu-
rons may be directly or indirectly harmed by accumulation
of heme precursors such as ALA due to influence of lead
on ALAD [47]. Lead also hinders the development of
neurotransmitters and organisation of ion channels [48].
Fundamental cellular processes such as intra and intercel-
lular signalling, cell adhesion, protein folding and matu-
ration, apoptosis, ionic transportation, enzyme regulation
and release of neurotransmitters have been significantly
influenced by the ionic mechanism of lead action [49] in
which lead substitutes bivalent cations such as Ca”,
Mg>", Fe’* and monovalent cations such as Na™ [50].
Neurological deficits are principally due to this mechanism.
As lead replaces calcium ions, it becomes capable to cross
the blood-brain barrier (BBB) at a considerable rate and is
taken up by the calcium ATPase pump [3]. Once there, it
accumulates in astroglial cells as they contain lead-binding
proteins. However its toxic effects are more pronounced in
immature astroglial cells (developing nervous system) that
lack lead-binding proteins. It damages the astroglial cells
and blocks the formation of myelin sheath, which are both
involved in the development of BBB [41].

Lead has a dual effect on neurotransmitter release:
spontaneous neurotransmitter release is boosted while
stimulated release is inhibited [51]. It inhibits the release of
neurotransmitters such as glutamate which is important for
functions like learning. The main target of lead toxicity is
assumed to be N-methyl-D-aspartate receptors as lead
operates by blocking them and lead exposure also decreases
the amount of gene for this receptor [52]. Protein kinase C, a
key neurotransmitter can also be affected by replacement of
calcium by lead as it regulates long-term neural excitation
and memory storage [51]. Sodium ion concentration is also
affected by lead as it impairs the normal functioning of the
sodium-dependent vital processes such as generation of
action potentials in the excitatory tissues for cell to cell
communication, uptake of neurotransmitters (choline,
dopamine, and GABA) and regulation of uptake and reten-
tion of calcium by synaptosomes [51].

Both arms of the nervous system, peripheral and central
are affected by lead exposure. Yet, the central nervous
system is affected more in children while peripheral ner-
vous system in adults [53]. In central nervous system of
developing child, synapse formation in cerebral cortex is
greatly affected by lead [3]. Magnetic resonance imaging
of the adults which were exposed to increased lead levels
during their childhood shows decreased brain volume
especially in the prefrontal cortex [46]. Lead acetate can be
found stored in the cerebellum disturbing its physiology as
well as causing neurotoxicity, cellular deterioration and
possibly cellular death [54]. In peripheral nervous system it

causes peripheral neuropathy by decreasing motor activity
due to loss of myelin sheath which isolates the nerves,
therefore completely damages the nerve impulse trans-
duction resulting in deficiency of muscular coordination,
fatigue and muscular weakness particularly of the exterior
muscles [55]. Lead poisoning also reduces the number of
neurons and decreases neuronal growth [56].

Many studies were published reporting that very low
BLL may impact children’s cognitive abilities like learning
deficits, lowered intelligence quotient (IQ) and behavioural
problems [25, 55, 57]. As reduced academic performance
was found to be associated with BLL lower than 5 pg/dl
[58], therefore no lower threshold can be set for the dose—
response relationship below which lead exposure is treated
as safe. A higher risk for developmental disabilities is seen
in children with BLL greater than 10 pg/dl. It was also
reported that in BLL between 5 and 35 pg/dl, there is
decrement of IQ of 2—4 points for each pg/dl increase in
lead levels [59]. Winneke et al. [60] in their study argued
that for every 10 pg/dl increase in blood lead, there is a
loss of 4-7 1IQ points. At low level of lead exposure chil-
dren might be hyperactive, easily irritated and non-atten-
tive but at higher levels of lead toxicity they might have
decreased intelligence, delayed growth, hearing loss pos-
sessing only short-term memory and even results in per-
manent brain damage and death [46]. Prenatal and early
childhood exposure to lead has been shown to be associ-
ated with violent crimes in adulthood [57].

Acute encephalopathy can occur in children at BLL of
80-100 pg/dl and in adults at BLL of 100-120 pg/dl. The
symptoms include irritability, agitation, headaches, confu-
sion, ataxia, drowsiness, convulsions and coma [61, 62].
BLL from 50 pg/dl to about 100 pg/dl in adults was found
to be associated with permanent impairment of central
nervous system [63]. Chronic high-level lead exposure
results in peripheral motor neuropathy. There is convincing
evidence of peripheral nerve conduction velocity reduction
at lower BLL with a proposed threshold as low as 30 pg/dl
while other studies have not seen effects below 70 pg/dl
[64, 65]. Neurobehavioural effects including disturbances
in reaction time, visual motor performance, hand dexterity,
1Q, cognitive performance, anxiety and mood have been
observed in lead workers with BLL > 40 pg/100 ml
[66, 67]. Baker et al. [68] showed that after reduction in
BLL, individual improvement in tension, anger, depres-
sion, fatigue and confusion is observed but no substantial
improvement was seen in the subtle neurophysiological test
results.

Bone

Bones are the primary site for the deposition of lead in our
body [69]. Lead is thought to be deposited in two segments
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in the bones. Cortex, the site for deposition of the non-
exchangeable pool is present deep in the bone and the
exchangeable pool is found at the bone surface. Lead from
exchangeable pool is actively re-absorbed and may get
easy access to plasma. After this mobilization, lead from
the non-exchangeable pool is shifted to the surface [16].
After sustained exposure of lead for years, a much slower
clearance takes place due to prolonged buildup of lead in
bones which is re-absorbed into blood over a long period of
time [29]. In adults, stable lead isotope procedure presented
that nearly 40-70% of the re-absorbed lead in the blood is
contributed by bones. Lead mobilization and storage in
bones depends upon number of factors such as age, dose,
rate of pregnancy, exposure to lead, race, and gestation
[41]. Half-life of blood lead is just about 40 days in
humans which is increased in the case of pregnant women
and children whose bones are in a developing stage. The
developing bones in children which go through remodeling
allow the lead to be constantly reinstated into the blood
stream [15].

Effect on Reproductive System

In women, lead toxicity leads to miscarriage, pregnancy
hypertension, infertility, premature membrane rupture,
premature delivery and pre-eclampsia [30]. Increased BLL
are associated with delayed puberty in girls [70].
BLC > 10 pg/dl is associated with an increased risk of
spontaneous abortion, premature delivery and low birth
weight [5]. According to another study the risk of sponta-
neous abortion doubled at maternal BLL of 5-9 pg/dl [71].
In a study, Zhang et al. [72] investigated lead interaction
with human chorionic gonadotropin (HCG) and indicated
that lead acetate changed the secondary structure of HCG
by loosening and destruction of the HCG skeleton and by
increasing the hydrophobicity around Tyr residues which
resulted in decreased bioactivities of HCG suggesting a
direct interactions of lead with sex hormones and sug-
gesting a possible mechanism of lead induced reproductive
toxicity at molecular level. Bones store the highest content
of lead, metabolic changes during pregnancy mobilises the
lead from bones into the blood thus increasing the toxic
effects of lead [3]. Pre-natal exposure to maternal BLL of
14 pg/dl may be subjected to increase the possibility of
reduced birth weight and premature birth and may be
related with an increased hazard of minor developmental
abnormalities [57, 73] as higher amount of learning dis-
abilities among school children with biological parents
who were lead-poisoned as children 50 years back, is
observed [74]. Direct effect of lead on the progressive
stages of the foetus was also studied during the gestation
period [75].
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General effects of lead toxicity on reproductive system
in men include: abnormal spermatogenesis (decreased
number and motility), reduced libido, abnormal prostatic
function, chromosomal damage, changes in serum testos-
terone and infertility [41]. Lead directly targets testicular
spermatogenesis and also the sperms in the epididymis
[76]. A number of studies concluded that in men
BLL > 40 pg/dl leads to impairment of reproductive
functions such as low libido, low semen volume and sperm
counts, increased abnormal sperm morphology and
decreased sperm motility [17, 77, 78]. Significant effects
on reproductive capacity are unlikely below a BLL of
around 50 pg/dl but blood lead concentrations > 40 pg/dl
may affect sperm morphology and function [5]. In a study
on samples of semen and blood from battery manufacturing
factory workers, an opposite association between sperm
concentration and volume and BLL was observed [77].

Effects on Kidneys

Environmental lead exposure even at low levels is asso-
ciated with accelerated worsening of chronic renal
insufficiency [79]. Renal tubular damage with glycosuria
and aminoaciduria can arise as a result of exposure to high
lead levels [13]. Energy-dependent processes such as
tubular transport is impaired as lead accumulates in the
mitochondria [5]. There are two types of nephropathies
caused by lead toxicity: Acute and chronic. Morphologi-
cal changes seen in acute nephropathy are the degenera-
tive changes in the tubular epithelium, presence of nuclear
enclosure bodies (which contain lead protein complexes)
and functional change is impaired tubular transport.
Appearance of protein in the urine is not because of these
changes, but it could increase a nonstandard secretion of
amino acids, phosphates and glucose, known as Fanconi’s
syndrome. However irreversible morphological and
functional changes categorized by tubulointerstitial and
glomerular variations resulting in hyperuricemia, hyper-
tension and renal breakdown may be seen in chronic
nephropathy [43]. Carmignani et al. [80] stated that lead
exposure caused pathological changes in the renal system
of both men and animals result in renal toxicity due to
oxidative stress caused by lead. But some studies sug-
gested that clinically significant damage to kidneys takes
place only after long-term exposure and that significant
kidney damage does not usually occur in asymptomatic/
acute cases. Renal toxicity can be reversible or irre-
versible, reversible commonly discovered after short term
serious exposure of lead acetate in children but irre-
versible interstitial nephropathy usually noticed during
chronic exposure to lead [81]. Lead toxicity leads to
histopathological changes in the renal proximal tubular
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epithelium and results in interstitial nephritis which is
usually related to high blood pressure [82].

A study suggests that BLL > 60 pg/dl may cause renal
dysfunction but it may be observed even at a low BLL
(~10 pg/dl) [29]. A linear correlation between BLL and
renal dysfunction was witnessed in the range < 40 to
> 70 pg/dl in a study conducted in South Africa but other
studies including a large study in smelter workers show no
correlation between BLL and sensitive indicators of tubular
and glomerular damage [83, 84]. The lowermost level at
which lead has an adverse consequence on kidney function
is hence not known. Probability of renal damage at lower
BLL is also revealed in population studies. A cross-sec-
tional analysis showed that a 10 pg/dl increase in BLL was
associated with a 9% fall in creatinine clearance and a
longitudinal study projected 0.08 mg/dl increase in serum
creatinine levels for tenfold increase in BLL [85, 86].

Cardiovascular System

Lead is projected to alter the permeability of blood vessels
and collagen synthesis [87]. Acute and chronic lead poi-
soning leads to vascular and cardiac damage along with
possible serious consequences such as cardiovascular ill-
nesses and hypertension [78]. A study on 220 lead battery
workers showed a sturdier association between blood lead
and hypertension in 30% of the study population who
have a particular type of the ATP1A2 gene [88]. But there
is no clear indication of an adverse influence of lead on
workers with BLL below 40 pg/dl. The effect of lead
exposure on blood pressure remains contentious and there
are no relevant new studies to explain this.The studies
which have been reported are relatively on significantly
smaller populations and the findings of these should also
be studied on the larger populations. Many of the
researchers have not taken into account confounding
variables such as alcohol intake, hemoglobin, obesity and
smoking that have a much larger impact on blood pressure
[89]. A correlation between BLL and systolic blood
pressure was reported in black men and women but not in
Caucasians [90].

Carcinogenicity

The International Agency for Research on Cancer (IARC)
has classified inorganic lead compounds as Group 2A
carcinogens as they are expected to cause human cancer
[91, 92] and tetraethyl lead (organic lead) as a category 3
carcinogen. There is only a single study so far published to
support this classification of organic lead as carcinogen in
which excess of rectal cancers were observed in production
workers [93]. In order to justify the carcinogen status of
organic lead compounds, it must be noted that these

compounds are metabolized in the body into a number of
metabolites including inorganic lead (Group 2A carcino-
gen) prior to excretion in the urine. The National Toxicity
Programme, USA, stated that lead is reasonably expected
to be a human carcinogen based on inadequate human
studies but ample animal laboratory data and the US
Environmental Protection Agency in 2011 stated that lead
is a probable human carcinogen [94]. Some analyses on
lead-exposed workers have showed variable results with
some showing little association with lung cancers while
there may be bias because of strong confounders like
smoking and arsenic exposure [95]. A study conducted in
Canada has been unsuccessful to show any association
between lung cancer and exposure to inorganic or organic
lead compounds [96]. Some studies have also established
an excess of stomach cancers but again confounders such
as Helicobacter pylori were not considered [94-96]. There
is evidence to suggest an excess of renal cancers but the
extremes have been very small and very close to expected
levels and studies on central nervous system and brain
cancer have failed to show any reliable results. Animal
studies have shown good evidence of renal tumors, mainly
with exposure to lead acetate [5].

Molecular Basis

ALAD gene polymorphisms are known to influence the
BLL and thus directly affect the susceptibility of individ-
uals to lead poisoning. Lead strongly inhibits ALAD
enzyme stoichiometrically and at the molecular level, dis-
placing a zinc ion at the metal binding site producing
inhibition through a change in the enzyme’s quaternary
structure. This results in ALA build-up that can be easily
detected in plasma and urine even at BLL < 10 pg/dl
[97, 98]. Additionally, this accumulated ALA can stimulate
d-aminobutyric acid receptors in the nervous system owing
to its resemblance to d-aminobutyric acid thus accounting
to one of the primary mechanisms of lead-induced neuro-
toxicity [99]. Another genetic polymorphism study was
conducted with respect to vitamin D allele. It was observed
that the subjects with BB or Bb allele had significantly
raised BLL than those having bb allele [100]. In another
study, individuals who were homozygous or heterozygous
for ALAD2, had higher BLL than those with ALADI.
These authors concluded that ALAD and vitamin D
receptor genes modify lead toxicokinetics [101]. The
adverse effects of lead poisoning on the hematopoietic
system are due to impairments in the pathway of hae-
moglobin synthesis disrupting the expression of ALAD,
ALAS and ferrochelatase genes [102]. Lead exposure also
results in DNA strand breaks induced due to ROS pro-
duction. This process further leads to replacement of zinc
in the DNA binding proteins [103].
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Treatment Strategy

Right after the diagnosis of lead poisoning, the first and
most critical step prior to the treatment is the removal of
patient(s) from the site of exposure followed by elimi-
nation of possible sources of lead. The Advisory Com-
mittee on Childhood Lead Poisoning Prevention
(ACCLPP) - CDC, USA has provided a detailed action
plan to fight lead toxicity [19]. Based on the BLL, it has
divided the patients into three categories and emphasis on
education and treatment strategy has been elaborated
(Table 3).

Chelation Therapy

The treatment therapy for lead poisoning includes chelation
therapy. Chelating agents are organic or inorganic com-
pounds capable of binding metal ions to form complex
structures called ‘chelates’ [104]. Thus these agents
specifically remove the lead from desired site resulting in
reduction of body lead burden. The most significant benefit
of the chelation therapy includes the effectiveness against
acute poisoning. Other benefits are that they form non-toxic
complexes, remove lead from soft tissues and that the oral
therapy is available [104]. Some commonly used chelating
agents for treating lead poisoning are provided in Table 4
with details on indication and dosage.

New Strategies in the Treatment

To overcome the side effects of chelation therapy in lead
poisoning, new strategies with alternative or adjunct ther-
apy for the standard pharmacological treatment are being
explored [3, 8, 104]. The commonly observed side-effects
include: redistribution of toxic metal, essential metal loss,
non removal of metal from intracellular sites, hepatotoxi-
city and nephrotoxicity, poor clinical recovery, pro-oxidant
effects, headache, nausea and increased blood pressure.
Either two different chelating agents are used or chelating
agents are supplemented with anti-oxidants, micronutrients
or herbal extracts. In the Table 5, benefits of respective
therapeutic strategies are tabulated.

As discussed at length in pathophysiology, the main
mechanism by which lead imparts its toxic effects is by
enhancing oxidative stress. The main focus of the alter-
native drugs besides removing lead from the body is to
manage oxidative stress caused by lead toxicity. In order to
advocate their safety and efficacy as alternate or adjunct
therapy for standard pharmacological treatment, more
evidences are needed. Following alternative treatments are
used:

Thiamine (25-50 mg/kg/day) along with CaNa,EDTA
(50 mg/kg/day) for 3 days reduces the oxidative damage
[105] in addition to boosting the lead elimination from
liver and kidney [106, 107]. Vitamins C and E are also

Table 3 Recommended action plan by ACCLPP for the treatment strategy for the lead poisoning based on BLL for children

<Reference values >Reference value of 5-<45 pg/dl

>45-<69 pg/dl >70 pg/dl

Lead education Lead education

Dietary Dietary

Environmental Environmental

Environmental Follow-up blood lead monitoring
assessment of pre-1978
housing

Complete history and physical exam
Lab work: iron status

Consider hemoglobin or hemocrit
Environmental investigation

Lead hazard reduction
Neurodevelopmental monitoring

Abdominal X-ray (if particulate lead
ingestion is suspected) with bowel
decontamination if indicated

Lead education Hospitalise and commence
chelation therapy (following
confirmatory venous blood
lead test) in conjugation with
consultation from a medical
toxicologist or a paediatric
environmental health

speciality unit.

Dietary
Environmental

Follow-up blood lead monitoring

Complete history and physical exam

Proceed according to actions of
>45-<69 pg/dl

Lab work: iron status

Free erythrocyte protoporphyrin
Environmental investigation
Lead hazard reduction
Neurodevelopmental monitoring

Abdominal X-ray with bowel
decontamination if indicated

Oral chelation therapy

consider hospitalization if lead safe
environment cannot be assured

Adapted from CDC [19]
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Table 4 Commonly used chelating agents to treat lead poisoning

Sr.  Chelating Indication Dosage
No. agent
1. Dimercaprol BLL > 70 pg/dl (Adjunct with 4-5 mg/kg every 4 h for 3-5 days

CaNa,EDTA if BLL > 100 ng/dl)

BLL > 45 pg/dl or lead
encephalopathy

2. CaNa,EDTA

1000 mg/mzday of 50 mg/kg for 5 days (maximum 1 g/day)
IV (in normal saline or D5 W) over 8-12 h

IM every 8-12 h
Could be repeated after 2-4 day rest period

3. D-
penicillamine

4. DMSA

BLL 45-69 pg/dl

BLL 45-69 pg/dl

Adults: 250 mg every 6 h
Children > 6 months: 10-15 mg/kg for 4-12 weeks
10 mg/kg or 350 mg/m? every 8 h for 5 days: then reduce to every 12 h for

14 days. Could be repeated after a 2-week rest period

30 mg/kg/day for at least 5 days with at least 1-week rest period (more
efficacious)

Not recommended for children <12 months

Adapted and modified from Kianoush et al. [8]

Table 5 Benefits of new therapeutic strategies for treatment of lead poisoning

Sr. No. Therapeutic strategy Benefits

Better therapeutic efficacy

Access to intracellulary bound metals

Lesser adverse drug reactions

Better specificity

Better chelation efficacy

Removal of intra- and extra-cellular metals

Prevents metal redistribution

Reduction in dose

Lesser adverse effects

Metal chelation and protection against ROS

Reestablish pro/antioxidant status

Protects from oxidative stress

Modifies toxicokinetics of metals

Replenish essential metal loss

Cofactors for crucial antioxidant and metabolizing enzymes

1. Development of newer chelating agents

2. Combination therapy with two chelating agents
3. Chelating agent + Antioxidants

4. Chelating agent + Micronutrients

5. Chelating agent + Herbal extract

Plant extracts have been shown to potentiate the efficacy of chelating of agents

Herbal drugs are safer according to traditional claims

Herbal extracts the benefits of natural chelation properties and antioxidant benefits

Adapted and modified from Flora and Pachauri [104]. For detailed examples of drugs, please refer to original article

used to diminish lead-induced oxidative stress [105, 108].
N-acetylcysteine (NAC) (800 mg/kg/day) for 5 weeks
[109] acts as lead chelator but it also has antioxidant
properties as it has reactive groups like amine, thiol and
hydroxyl [109, 110]. Infact, according to an in vitro study,
N-acetylcysteineamide is preferred alternative than NAC
as it has a better cellular permeability, systemic
bioavailability, and binding affinity to lead than NAC
[110]. Taurine (50-100 mg/kg once daily) with a standard

thiol chelator (DMSA 50 mg/kg once daily) for 5 days is
effective treatment against sub-chronic lead poisoning to
reduce lead burden. However single therapy with Taurine
is not able to impart the same effects [111]. Other sulphur
containing compounds such as Alpha-lipoic acid (50 mg/
kg/day), methionine (100 mg/kg/day) and homocysteine
(25 mg/kg/day) administered for 5 weeks are also able to
decrease the oxidative stress in lead-exposed tissues
[109].
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Garlic (Allium sativum) has demonstrated to be signifi-
cantly effective in reducing BLL in patients with chronic
lead poisoning. Dried powdered garlic (400 mg; equivalent
to 1200 pg allicin or 2 g fresh garlic) administrated 3 times
a day for 4 weeks in a controlled double-blind clinical trial
on 117 battery plant workers showed that the neurological
effects of lead such as irritability and headache had
decreased. Even prevalence of adverse effects was signif-
icantly lesser in the garlic group compared to those on
treatment with D-penicillamine (250 mg/3 times daily)
[112]. Treatment with coriander (Coriandrum sativum) was
studied on children having high BLL (163.81 £ 57.19 ng/
L) and it was observed that it significantly decreased BLL
by supposedly causing renal clearance of lead. But it would
be prudent to mention here that more studies are warranted
to see the effect of coriander in human lead poisoning
[113].

Lead Poisoning: Present Status in India

The National Referral Centre for Lead Poisoning in India
(NRCLPI) was established in Bangalore in 2003 to create
awareness amongst the general public and to conduct
research on this preventable social hazard. Realizing the
potential of the outreach of school teachers, NRCLPI with
the support of Quality Council of India has initiated mass
sensitization programs to educate them regarding lead
poisoning. Many national level programmes as mentioned
below have been initiated by NRCLPI supported by
Quality Council of India [114].

1. Lead Awareness Programme (LAP) for the general
public.

2. Lead Educator Programme (LEADer) for school
teachers.

3. Short term undergraduate student research projects to
kindle the scientific tempo in the student community.

Initially in 1997, a very important study conducted by
Dr. T. Venkatesh, now known as ‘The Lead Man of India’,
a Prof. at St. Jones National Academy of Health Sciences
marked the beginning of involvement of state in fight
against lead poisoning. In this study, across the seven
metros, BLL of 23,000 children under 12 yrs of age was
investigated and 51.3% children had >10 pg/dl, levels
which negatively affect the IQ of children [115]. This study
was instrumental in introduction of unleaded gasoline in
India in 2000 that lead to reduction of lead poisoning in
India [116].

PVC pipes that are manufactured by not ensuring the
highest quality standards are one of the serious sources of
lead poisoning through water as these are used for
plumbing and irrigation etc. The Bureau of Indian
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Standards has laid down quality standards for the same. But
as there is no law that prohibits the manufacturing of non-
standard products, being cheap, such products find their
easy way into the market. Rampant use of these due to
ignorance and easy availability has resulted in striking
amount of contamination of drinking water with lead in
many Indian cities such as Delhi, Kolkata, Kochi, Mumbiai,
Pune, Nagpur, Nashik and Guwahati [7]. In order to sen-
sitize the health workers about lead poisoning, the National
Rural Health Mission initiated an awareness programme
for doctors, health workers, and local body representatives
across Kerala [117]. According to a 2013 news article
published in Times of India, a study conducted by the
doctors of Kolkata indicated at least 20% of the city’s
children had alarmingly high levels of lead contamination
[118].

Accounting to sensitization programs by NRCLPI and
arising awareness amongst general public, eco-friendly
cultural festivities are now in place. On the advice of
NRCLPI, Government bodies have issued notification
regarding health hazards of leaded paints; the idols for
celebrating Durga Puja or Ganesh Chaturthi are now either
being made with unleaded paints or unpainted water sol-
uble eco-friendly material is being used [114]. Realizing
the significance of unleaded paints in controlling lead
poisoning, Govt. of India, Ministry of Environment, Forest
and Climate Change on November 1, 2016 notified that the
permissible lead content in the household decorative paints
should not exceed 90 ppm under the rule called the Reg-
ulation of Lead Contents in Household and Decorative
Paints Rules, 2016 [119].

In a high profile case, in 2015, some samples of Maggi
noodles from Nestle were found to have almost 17 times
high lead than permissible limits [120]. Following this, the
Food Safety and Standards Authority of India was ordered
by Union Minister to conduct nationwide lab tests on
Maggi samples [120]. These tests confirmed presence of
alarmingly high lead content which resulted in ban of the
Maggi noodles after an intervention from Government and
Supreme Court. This forced Nestle to withdraw and destroy
Maggi worth 320 crores [121]. It was reintroduced in the
markets post a gap of 5 months and only after clearance
through lab tests conducted under the supervision of
Supreme Court [122].

Prevention

The effective and formal control of exposure of lead
workers started only after the pioneering occupational
health work of Ronald Lane in 1949 [123]. What he quoted
in his paper 68 years ago still stands true. He mentioned
that ‘There is only one way to prevent lead poisoning and
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one way only and that is to make the process safe.” He also
stated that “The importance of education of the worker
himself must be stressed. He must understand fully the
dangers of his work. No attempt must be made to hide it or
to minimise it but he must, at the same time be shown his
own responsibilities in any safety programme. This needs
patience and hard work on the part of the doctor. Complete
success will be impossible without the co-operation of the
workman.’

Today also the best approach remains to avoid exposure
to lead and it is relieving yet important to note that this
serious health issue is completely preventable. Preventing
lead poisoning before its occurrence is crucial because
lead-induced neurocognitive deficits amongst young chil-
dren are irreversible. The need for prevention is further
stressed upon by the concerns about lead remobilization
from bones and adverse drug reactions. Children should be
educated to frequently wash their hands, discouraged from
putting their hands in the mouth. They should constantly be
kept under observation if they are residing in old buildings
having leaded paint to keep from ingesting the paint chips.
Frequent vacuuming and eliminating the use of lead con-
taining objects like jewellery and blinds in the house can
also prove helpful. House pipes containing lead or
plumbing solder fitted in old houses should be replaced to
avoid lead contamination through drinking water. Discon-
tinued usage of leaded gasoline and paints has already been
significantly successful in lowering the BLL in America
[17]. To regulate and control occupational lead exposure,
strict adherence to industry safety regulations is necessary
to limit the same. Control of temperature, reduction of
aerosol, dust, or fume production, mechanization of the
workplace and sufficient local and general ventilation
would be helpful in decreasing lead contamination. In
addition, worksite safety and personal hygiene i.e. proper
use of protective clothes and equipment, is critical to the
prevention of occupational lead poisoning. Workers and
family members should also be educated to prevent take-
home lead poisoning [124].

Some dietary deficiencies increase the risk of lead poi-
soning in children. For example, iron deficiency is asso-
ciated with elevated BLL. Therefore CDC recommends
that children with lead poisoning be placed on iron rich diet
[125]. In addition, some studies suggest that iron is able to
decrease BLL in children with or without iron deficiency
[125]. Calcium (1200 mg/day of elemental calcium as
calcium carbonate) inhibits the lead absorption and
decreases its bioavailability [6, 126]. It also decreases the
lead content in mother’s breast milk [127]. Zinc deficiency
worsens the toxicity caused by lead poisoning. Zinc, vita-
min C, protein and phosphorus deficiency increase the
absorption of ingested lead [125, 126]. Thus it is mandated
that these deficiencies be addressed so as to fight the

probable lead toxicity as well. Identification of suscepti-
bility through population-based screening methods based
on susceptible gene polymorphisms can be of prognostic
significance to contain the lead toxicity [128].

Conclusion

Through the plethora of literature discussed in the manu-
script so far, it is clear that lead poisoning is a serious yet
preventable social environmental hazard. Its treatments
though are available but prevention remains most impor-
tant as the negative neurotoxicological effects manifested
in the growing children, pregnant women and foetus cannot
be reversed. Because most of the times it is asymptomatic
or mimics the characters of some other poisonings/defi-
ciencies, thorough investigations are needed to be done.
The most common treatment method i.e. chelation therapy
also has its own drawbacks and in most cases rebound or
requirement of repeated courses become mandatory. Sig-
nificant involvement of the State in educating the citizens,
constant screening for any probable toxicity and imple-
mentation of preventive measures by imparting strict laws
seems to be the most effective method to tackle this hazard.
Commendable significant initiatives have been taken by the
Government of India by enacting the laws against usage of
unleaded petrol restricting the amount of lead in paints and
initiating other programmes. Still we need to cover a long
distance in order to make the environment safe for our
health and for the coming generations.
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