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Abstract: One major environmental concern is the lead (Pb) pollution from automobile
traffic, especially in highway-side grazing areas. Sheep grazing in Pb-contaminated areas
are particularly vulnerable because Pb exposure from soil, water, and feed can have harm-
ful effects that impair their general health, reproductive capability, and immune systems.
Long-term hazards to cattle from persistent Pb exposure include neurotoxicity, hemato-
logical abnormalities, reproductive health problems, and immunosuppression. These can
have serious consequences, such as reduced productivity and even mortality. Additionally,
through the food chain, Pb bioaccumulation in lamb tissues directly endangers human
health. Pb poisoning is caused by a variety of intricate mechanisms, including disturbances
in calcium-dependent processes, oxidative stress, and enzyme inhibition. To mitigate these
risks, an interdisciplinary approach is essential, combining expertise in environmental
science, toxicology, animal husbandry, and public health. Effective strategies include rota-
tional grazing, alternative foraging options, mineral supplementation, and soil remediation
techniques like phytoremediation. Additionally, the implementation of stringent regulatory
measures, continuous monitoring, and community-based initiatives are vital. This review
emphasizes the need for comprehensive and multidisciplinary methodologies to address
the ecological, agricultural, and public health impacts of Pb pollution. By integrating
scientific expertise and policy measures, it is possible to ensure the long-term sustainability
of grazing systems, protect livestock and human health, and maintain ecosystem integrity.

Keywords: lead contamination; highways; sheep grazing; public health; livestock management;
soil remediation

1. Introduction

Animals grazing mostly near highways consume lead (Pb)-contaminated vegetation
and soil, posing health risks to animals and humans as their consumers [1]. Leaded gasoline
has historically been a major source of Pb pollution in the environment [2—4]. Although
it has been phased out in many countries, its emissions have left long-lasting deposits
in soil. Sheep that graze close to busy roads are therefore especially susceptible to high
Pb concentrations.

Heavy metal pollution, including Pb contamination is significantly influenced by
other anthropogenic sources, including mining operations, waste disposal, industrial
emissions, and submarine discharges [5-7]. Almost 19 countries are severely impacted
by Pb contamination near lead mining areas, lead smelting areas and due to vehicular
emissions of Pb, as shown in Table 1. Pb-exposure routes in these countries differ slightly
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but most of the countries have similar Pb-exposure sources and routes. Severe cases of Pb
poisoning have been reported in Nigeria, which have affected 40% of children, causing
nearly 400 deaths [8]. It has been reported that these children were exposed to Pb while
coming into contact with Pb-based paints and batteries. Around the world, in various
places like Norway and Switzerland, sheep are exposed to Pb in unfenced shooting range
areas near animal grazing fields [9]. A study showed that not only were high Pb contents
found in these animals but the maximum amounts of copper were also present in blood,
causing severe changes in physiology and increased death rates.

Ingested Pb can interfere with enzymatic processes, cause neurological disorders, lead
to anemia, and reduce reproductive capabilities [10]. It has also been reported that chronic
lead exposure at low levels negatively impacts growth rates and the quality of meat [11].
Pb content is found in the muscles and livers of sheep grazing near highways contaminated
with Pb. Many studies have reported that the levels of Pb in various organs in lead-exposed
sheep have crossed reference ranges [12].

Effective management strategies are necessary to mitigate the risks of Pb contam-
ination; these mitigation strategies include monitoring food and water sources for Pb
contamination [13] along selected grazing areas near highways and industrial zones [14].
Some other strategies include nutritional interventions, like incorporating chelating agents
and ensuring adequate dietary calcium and phosphorus, which can reduce the absorption
of Pb in lambs [15,16].

In this review, we have critically examined the various sources of Pb contamination
on the sides of highways; we have also reported how pollutants affect sheep production in
contaminated grazing areas. This review aims to identify the sources of Pb pollution near
roads and the routes via which it reaches grazing areas and report the effects of Pb exposure
on lamb productivity and health. We also discuss approaches to mitigation to minimize Pb
ingestion and its impact on consumers. The factors influencing Pb distribution, including
the density of traffic along roads with grazing areas, industrial activities, and soil and
vegetation characteristics, are explored to provide insights into Pb contamination patterns.

Table 1. List of countries with different sources of lead contamination and its impact.

Country Sources of Lead Impact Most Affected References
Contamination Area
40% of children Zamfara State
Nigeria Artisanal mining affected, over (Bagega [8]
400 deaths (2010) village)
Industrial Up .to 30%. of
.. children in
China smeelrtriI;SSKI):asc,le d industrial areas Hunan, Henan [17]
& with elevated lead
gasoline levels

. Elevated lead in
Industrial waste .
water and soil

Sweden management, . . Ronnskar [17]
leaded gasoline near industrial

areas
Industrial Elevated lead
activities, levels in urban Northern
France . . [18]
smelting, waste soils near France

disposal industrial sites
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Table 1. Cont.
Count Sources of Lead Impact Most Affected References
Yy Contamination P Area
Vehicular High lead
emissions, concentrations in
Germany industrial urban areas with Ruhr area [19]
activities heavy traffic
United V\ifigess}:;gis’ Flint water crisis
. affected over Flint, Michigan [20]
States emissions, 100.000 people
lead-based paints AT peop
Battery 25% of children in
. manufacturing, industrial areas .
India e-waste recycling, with elevated lead Delhi, Kolkata [21,22]
leaded gasoline levels
Industrial, 33% of children
. . Rural areas
Mexico artisanal sources with elevated (potter [23]
(pottery with lead  blood lead levels pottery
. production)
glazes) in rural areas
97% of children in
Lead mining and La Oroya with
Peru smelting elevated blood La Oroya [24,25]
lead levels
Port Pirie children
Australia Mining, smelting  frequently exceed Port Pirie [26]
blood lead limits
. Mining, industrial Ele\{ated lead . Santo Amaro
Brazil levels in urban soil . [27]
processes da Purificacao
and water systems
Industrial Elevated lead
Iran emissions, levels in industrial Isfahan [28]
smelting cities
Vehicular
. emissions ..
Saudi . ) Rising lead levels .
Arabia industrial in urban areas Riyadh [29]
processes,
plumbing systems
.. e Elevated lead
Mining activities, . .
Jordan . concentrations in Zarqa [30]
lead smelting .
soil and water
Industrial Lead
Ira emissions, oil contamination Basra, [31]
4 industry pollution,  near industrial Baghdad
leaded gasoline facilities
?rfglirsltiir:li High lead levels in
Lebanon ) urban soil and Beirut [32]
pollution, lead
. water
pipes
Industrial Rising lead
Oman emissions, metal contamination in Sohar [33]
industries industrial zones
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Table 1. Cont.

Count Sources of Lead Impact Most Affected References

Ty Contamination p Area
Vehicular Legd .
emissions contamination Dubai, Abu

UAE . . from past use of o [34]
industrial ) Dhabi
leaded gasoline,

processes

industrial

2. Sources and Pathways of Lead Contamination

Pb contamination can arise from both natural and anthropogenic sources. Natural
sources include lead sulfide (PbS) deposits in the earth’s crust and the weathering processes
of rocks. Conversely, anthropogenic sources are human made, encompassing mining ac-
tivities (e.g., Pb poisoning incidents in Zamfara State, Nigeria), vehicle emissions (notably
from leaded gasoline), smelting industries, electrical waste dismantling, and various man-
ufacturing processes, including paint and glass production, agricultural practices, waste
disposal, and plumbing fixtures containing Pb. Table 1 mentions some countries with
different sources of Pb contamination and its impact on human health [5].

2.1. Vehicular Emissions

Pb is a universal environmental pollutant that poses significant risks to both ecosys-
tems and human health. It enters the environment through various sources, including
industrial, domestic, and commercial activities. Major contributors to Pb contamination
include leaded gasoline, diesel exhaust, mining, smelting, battery manufacturing, paint
production, improper disposal of electronic waste, and waste incineration [35]. Histori-
cally, automobile emissions were a major source of Pb deposition, primarily due to the
widespread use of leaded gasoline [36].

Leaded gasoline, in the form of tetraethyl lead (TEL), was once extensively used
to enhance engine performance by preventing knocking and was a significant source of
environmental soil pollution in the 20th century [37]. However, as evidence of the health
risks associated with Pb exposure mounted, many countries began phasing out leaded
gasoline in the latter half of the 20th century [38]. Studies from that period revealed
elevated blood lead levels in children living near heavily trafficked areas [39]. Pb particles
released from car engines during combustion were deposited on roadsides in soil, water,
and vegetation [36]. Due to the recognized health dangers, the global phase-out of leaded
gasoline began in the 1970s [40].

Diesel exhaust has also contributed to airborne lead emissions. Pb and other heavy
metals are released through diesel combustion and lubricating oil additives [41]. Although
regulations on low-sulfur diesel and the use of catalytic converters have significantly re-
duced heavy metal emissions [42], diesel exhaust remains a source of Pb. Studies have
found that both the particulate matter in diesel exhaust and its associated organic compo-
nents contain trace amounts of environmental contaminants, including Pb [43,44]. While
the cessation of leaded gasoline use has drastically reduced airborne lead emissions [19],
diesel exhaust continues to contribute to the problem. In Table 2 we have provided some
details of Pb contamination through various sources like mining and smelting, lead—acid
batteries, paint production, and waste incinerations.
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Table 2. Major sources and details of lead contamination.

Source Details References

Widely used in the past, phased out due
Leaded Gasoline to health concerns, major source of soil [37]
pollution.

Incomplete fuel combustion and oil
Diesel Exhaust additives release lead; regulations have [41]
reduced emissions, but traces remain.

Waste rock, tailings, and smelter
Mining and Smelting  emissions contribute significantly to soil [45]
contamination.

Lead particles released during
production travel long distances before
settling on soil and water bodies like
lakes and ponds.

Lead-Acid Batteries

Lead-based pigments and drying agents
Paint Production released during production contaminate [46]
surrounding soil.

Lead in batteries and e-waste volatilizes
during incineration and contaminates
surrounding areas via atmospheric
deposition.

Waste Incineration

Factors Influencing Lead Dispersion and Accumulation near Highways

The dispersion and accumulation of Pb near highways are driven by multiple environ-
mental pathways and influenced by various factors. Wind transports Pb-contaminated dust
over long distances before depositing it on the surface of soil, water, or vegetation [48]. Pb
particles settle directly on plant leaves or plant roots, can absorb Pb through soil, and may
be ingested by animals [49]. These processes create multiple exposure routes for humans,
including inhalation, ingestion, and dermal contact [35]. The severity of Pb dispersion
near highways depends on factors such as traffic density, vehicle type, emission control
technologies, meteorological conditions, and land use. Amato et al. reported that the most
important determinant of Pb dispersion near highways is high traffic density [50]. Due to
higher traffic density, emissions of Pb from vehicles into the atmosphere increase, which in
turn results in greater dispersion and accumulation of Pb [51]. It has also been reported
that older vehicles which are using leaded gasoline are responsible for emitting higher
levels of Pb [52]. Vehicle type also plays a critical role in Pb dispersion. Older vehicles or
those with poor maintenance tend to emit higher levels of Pb [19,52].

Emission control technologies are instrumental in bringing down Pb emissions. These
emission control technologies are catalytic converters and exhaust after treatment sys-
tems, which have been important in diminishing Pb emissions from vehicles over recent
decades [53-55]. However, these technologies are not always 100% effective in eliminating
Pb particle emissions. Meteorological conditions also play a crucial role in determining the
dispersion of Pb particles. Factors such as wind direction, wind speed, temperature, and
humidity can affect the range and distance Pb particles travel before settling [56].

Pb released by vehicles near highways has a great effect on patterns of Pb deposition.
The presence of areas of vegetation and green spaces alongside roads can act as barriers that
filter airborne pollutants, such as Pb, reducing its deposition on soil and water surfaces [57].
Trees or other vegetation help to decrease the spread of Pb, while Pb particles are likely to
accumulate over impervious surfaces in commercial or industrial land use. Here, Pb may



Int. J. Environ. Res. Public Health 2025, 22, 311 6 of 30

be washed off by flood and stormwater runoff and lead to the contamination of adjacent
water bodies like lakes and streams. Other activities like smelting and mining also play
a major role in Pb contamination according to researchers [58]. Fine particulate matter
containing Pb can be dispersed by the wind and deposited on soils far from its source.

Contaminated surface soils can act as secondary sources of Pb pollution, affecting
nearby communities. Exposure to Pb contamination may occur through direct contact
with the soil, inhalation of suspended particles, or consumption of plants and water from
contaminated areas [59]. Table 3 provides concise information on the factors influencing
Pb dispersion.

Table 3. Factors influencing lead dispersion near highways.

Factor Impact References

Higher traffic volume results in
Traffic Density increased lead emissions and greater [50]
lead accumulation near roads.

Older vehicles release more lead,

Vehicle Type particularly those using leaded gasoline. [19]
Emission Control Technologies like catalytic converters [55]
Technology reduce emissions, but not completely.
. Wind speed, direction, temperature, and
Meteorological L .
" humidity affect how far lead particles [56]
Conditions . .
are carried and where they deposit.
Land Use Near . Vegeta}tlon can filter out lead, while
. impervious surfaces cause Pb to wash [57]
Highways

off and contaminate rivers.

2.2. Impact of Industrial Activities and Contamination Routes on Lead Pollution in Grazing Areas

Pb pollution from industrial operations significantly impacts animal grazing sites,
threatening both animal and human health. Industrial activities such as mining, smelting,
battery manufacturing, and paint production release substantial amounts of Pb into the
environment, affecting nearby ecosystems and grazing lands [58,60]. These contaminated
grazing areas expose animals to Pb through ingestion of polluted vegetation, water, and soil,
which poses a risk to human health through the consumption of animal-derived products.

One of the most significant contributors to Pb pollution is the mining and smelting of
Pb-containing ores. Mines also contribute significantly to Pb contamination, as Pb often
leaches into surrounding groundwater during mining operations. Mining processes release
Pb into the environment through waste rock, tailings, and smelter emissions [61,62]. Pb is
released into the atmosphere by smelting operations, then it gets deposited on surrounding
soil, which contaminates grazing lands [24,45]. Another major source of environmental
lead pollution is lead—acid battery manufacturing plants. Pb is released from battery
manufacturing plants during the production process; the airborne Pb particles can travel a
long distance, contaminating water resources and soil in nearby grazing areas [22].

Pb is also used in paint factories in pigment and drying agents, and these paint
factories act as sources of Pb in the form of dust and pigments. The dust and particles
settle on the soil, and animals grazing on Pb-contaminated grass take up this Pb, thereby
increasing bioaccumulation of Pb in the food chain [1,5,61].

Pb contamination is also caused by waste incineration. Plastics, batteries, and elec-
tronic waste are all sources of Pb when incinerated; they release it into the atmosphere
as either particulate matter or fumes, which eventually settle on the ground. This depo-
sition results in the contamination of grazing lands, posing a risk to livestock that might
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later consume this Pb through grass without knowing that it is toxic material. Industrial
recycling activities also contribute to Pb contamination, with a notable example being the
informal recycling of electronic waste. Pb leaches from discarded materials into soil and
groundwater, which animals use for feeding and drinking [47]. Smelting also contributes
significantly to Pb contamination in grazing areas. The cumulative effects of industrial
emissions from smelting, paint production, battery manufacturing, and waste incineration
exacerbate the persistence of Pb in grazing areas due to its ability to bioaccumulate in
ecological systems [47,63].

Animals that have been regularly exposed to high levels of Pb are at risk of serious
health issues, such as neurological damage, stunted growth, kidney failure, and some-
times even death [64,65]. The ingestion of such animal products, particularly in children
and pregnant women, is of great concern, as such factors increase health risks among
the population [66,67]. In humans, exposure to Pb is associated with various negative
health issues like cognitive decline, cardiovascular health issues, kidney troubles, and
hypertension [64,68].

Contamination Routes from Industrial Sites to Grazing Areas

The pathways which cause the transfer of Pb contamination from industrial sites to
grazing sites include airborne emissions, waterborne transport, and soil dispersal. The
mechanisms listed below highlight how adjacent operations can transfer pollutants to
nearby ecosystems, affecting animal grazing and human food sources.

Airborne emissions are a major contamination route. Particulate matter and volatile
organic compounds released from industries are transported by wind and deposited on
vegetation and soil in gazing areas [69]. Other means of Pb contamination include airborne
pollutants dissolved in atmospheric moisture, which result in the formation of acid rain,
which further spreads contamination [70,71]. Thus, animals grazing in Pb-contaminated
areas are exposed to pollutants.

Water discharged from the Pb processing industry may enter into groundwater sys-
tems supplying agricultural land, contaminating plants and water sources essential for graz-
ing animals [72-74]. Rainwater runoff from industrial sites may carry lead-contaminated
soil particles to grazing areas, while sometimes soil erosion by wind or heavy rain may
further pollute grazing land [75,76]. Thus, animals grazing on these lands may directly
ingest contaminated soil, leading to bioaccumulation of Pb in their tissues [77,78].

Human actions further aggravate the spread of Pb contamination. Improper storage
of hazardous materials, poor waste disposal, and inadequate transportation management
can also contaminate grazing areas beyond safe limits [79-81]. People mostly dispose of
dangerous materials in open spaces which are close to grazing areas. Table 4 shows short
descriptions of contamination routes from industrial sites to grazing areas.

Table 4. Contamination routes from industrial sites to grazing areas.

Route Description References

Particles emitted by industrial processes
Airborne Transport and dispersed by wind, settling on soil, [69]
water, and vegetation.

Contaminants discharged into water
bodies like streams, rivers and lakes or
Waterborne Transport leached into groundwater spread [74]
through the water cycle, affecting animal
grazing sites.
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Table 4. Cont.

Route Description References

Polluted soil particles carried via runoff
Soil Transport or erosion to nearby areas, including [78]
grazing land.

Improper waste disposal, transportation,
Human Activities and landfill operations contribute to lead [81]
pollution spreading into grazing areas.

2.3. Deteriorating Infrastructure and Lead Pollution in Grazing Areas

A major aspect which causes Pb pollution in grazing environments is the deterioration
of aging infrastructures, predominantly plumbing systems and water pipes made of Pb
or containing Pb-based materials. Corroding structures may release Pb particles into
groundwater and surface water, which contaminates soil and vegetation in nearby grazing
lands [82]. A familiar example is the Flint, Michigan, water crisis, where the absence of
corrosion control in Pb pipes triggered elevated Pb levels in the water supply, resulting in
extensive public health issues [83].

In addition, industrial infrastructures during processing and manufacturing release Pb
from products like batteries or paints, which can degrade over time. Thus, during gradual
breakdown, Pb is released into surrounding environments, contaminating soil and water
sources that grazing animals rely on [84]. Furthermore, poorly kept urban infrastructures,
such as putrefying highways and deserted industrial areas, also contribute indirectly to Pb
pollution from unregulated waste disposal, which increases Pb-based soil contamination in
grazing lands [85].

2.4. Lead-Based Paint and Its Role in Roadside Contamination

Pb-based paint, once frequently used for its robustness, is a chief source of environ-
mental contamination as it depreciates. The cracking and withering of paint on roadside
structures releases lead into the soil and atmosphere, creating health risks for both humans
and animals. Studies have shown a direct link between the close proximity of roadways
with Pb-painted structures and increased Pb concentrations in nearby soil [86,87]. Con-
tact with Pb-contaminated air and soil near these structures has extremely serious health
consequences. For example, children living in zones with high traffic and worsening infras-
tructure exhibit higher blood Pb levels compared to those living further away from such
environments [88,89]. It has also been reported that contamination caused by deteriorating
Pb-based paint disturbs nearby ecosystems, as Pb leaches into water, which is detrimental
to aquatic life and soil organisms [90,91]. Thus, the mechanism of Pb release into grazing
lands and contamination of grazing areas operates through numerous pathways, hence
causing risks to both animals and humans via the food chain [92].

3. Lead Exposure in Grazing Lambs

Researchers and livestock producers are very concerned about Pb exposure in grazing
lambs because of the possible hazards to animal welfare and human health via the food
chain [93]. Many management approaches, such as rotating grazing, obtaining uncontami-
nated feed, and adding minerals that prevent lead absorption to diets, have been put forth
to reduce Pb exposure.

3.1. Pollution of Soil and Vegetation

A significant concern for grazing lambs is the build-up of Pb in roadside vegetation
and soils, which directly affects their health [14]. The main source of Pb exposure is
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contaminated soil, as plants can absorb Pb from these soils, which can then be consumed by
grazing animals [94]. Roadside soil Pb accumulation is mostly caused by human activity,
including industrial and vehicle emissions and atmospheric deposition [95]. When car
exhaust particles land on soil surfaces and link with organic matter or clay, the concentration
of Pb in topsoil where grazing takes place rises [48]. Pb dust and lead-based paints are
released into the environment due to the degradation of buildings and contaminate soil
during heavy rains [1,96].

High levels of Pb can affect vegetation near roads in particular. Pb can be absorbed
directly from the air or through polluted soil that plant roots can absorb [97]. The intake of
certain plant species by lambs poses a significant health risk because of the physiological
characteristics that make lambs more efficient at absorbing Pb. This has an impact on
the animals and eating the meat from these lambs could be dangerous for people as well.
Furthermore, many studies have reported that phosphorus- and calcium-rich soil improves
Pb solubility, thus enhancing uptake by plants [98]. Therefore, it is essential to identify and
resolve the causes of Pb contamination in grazing areas in order to safeguard food safety
and preserve animal health.

Factors Affecting the Way Grazing Lambs Absorb Lead

One of the main factors influencing Pb accumulation in grazing lambs is soil contami-
nation. The effect of tainted fodder is highlighted by the clear relationship found between
lambs’ Pb levels and soil Pb concentrations [14]. Even seasonal fluctuations also matter
in cases of contamination. During wetter seasons, lead bioavailability is greater, hence
facilitating greater plant uptake [99]. Another important consideration is the age of lambs;
due to their maturing gastrointestinal tracts and higher milk consumption levels, younger
animals absorb lead more easily than adults [92]. Furthermore, ruminant dietary deficits in
calcium and phosphorus might increase absorption of Pb, highlighting the significance of a
balanced diet in reducing Pb uptake [16].

3.2. Ingestion Pathways: Oral Intake of Lead-Contaminated Soil and Vegetation

The primary ingestion pathways of sheep involve consuming plants and dirt from
their surroundings, which can result in the bioaccumulation of hazardous substances like
Pb. Sheep frequently engage in geophagia, or the deliberate ingestion of soil particles,
which can make up between 10 and 30 percent of their daily diet of dry matter. They
also graze close to the ground, increasing their interaction with soil [100,101]. As a result,
any build-up of Pb in soil presents a serious concern because of this dietary pathway.
Elevated Pb levels can be experienced by sheep that graze close to hazardous areas or
eat feed cultivated in contaminated soils [102]. Because of atmospheric deposition and
absorption through plant surfaces, foliage tends to collect larger quantities of Pb than roots,
which makes it a particularly problematic environmental factor [97]. The extent of Pb
accumulation in plant tissues is influenced by various factors, including plant species, age,
growth stage, and environmental conditions [82].

3.3. Roadside Dust Contribution to Lead Exposure

Pb exposure in grazing sheep is largely caused by roadside dust. This dust contributes
to environmental contamination since it contains Pb and other heavy metals [59,103]. Pb
exposure is elevated in rural regions where sheep graze near roadways due to the frequent
intake of contaminated dust and dirt [94]. This mode of administration has a significant
impact on the bioavailability of Pb in sheep.

In addition to tire wear and vehicle exhaust, mining operations, trash disposal, and
industrial production all contribute to contaminated roadside dust [45,58,61]. Pb can enter
the bloodstream after consumption, attach to red blood cells, and reduce oxygen flow, which
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may result in anemia. Additionally, Pb particles can build up in the liver, kidneys, and bone,
among other tissues, which can have harmful consequences on the health and reproductive
capabilities of animals [10]. The possibility of contaminated dust and soil being consumed
by sheep, which can result in a variety of health problems, is increased when grazing areas
are close to busy roadways. Additionally, there is a significant correlation between the
presence of heavy metals in grazing ground and being close to a road, which results in
higher levels of Pb in grazing animals [9,84,104]. When contaminated meat and milk from
affected animals are consumed, there may be health concerns for humans [105].

4. Pathways of Human Exposure
4.1. Pathway of Lead Bioaccumulation: From Contaminated Areas to Humans

A ubiquitous environmental pollutant, Pb can enter the human food chain via a
number of different routes and cause bioaccumulation in both humans and animals. Soil
contamination is a major pathway for Pb exposure, as it can accumulate in the environment
due to both anthropogenic and natural geological sources [106]. Agricultural areas may
be affected by this contamination, especially in areas where Pb concentrations are high,
including mining sites or areas affected by industrial emissions.

More importantly, water is the main way through which Pb enters the food chain, Pb
contamination in water is a serious environmental concern. Aquatic organisms that suffer
from Pb-contaminated water are then eaten by higher trophic levels, such as humans and
animals, resulting in bioaccumulation and biomagnification. Particularly among susceptible
groups, this presents serious health hazards, including neurological and developmental
problems. To protect ecosystems and public health, Pb levels in water must be monitored
and controlled.

4.2. Soil to Plant Uptake

Crops in agricultural soils can absorb Pb, particularly root crops and leafy vegetables
that have a high propensity to collect heavy metals. Plant roots mostly absorb Pb, and
its distribution in plant tissues proceeds as follows: root > leaf > stem > grain [107]. This
suggests that vegetables cultivated in polluted soil, especially those with deep root systems
like potatoes, carrots, and parsnips, may acquire large concentrations of Pb that could be
harmful to human health if ingested. Such crops are routinely grown in arable regions like
those found in the Republic of Ireland, which include counties like Carlow, Wexford, and
Dublin [108]. There have been reports of high Pb concentrations in the soil in several places
there, particularly along the east coast [109].

4.3. Plant to Animal Transfer

Pb also bioaccumulates in livestock that graze on contaminated soils and plants.
Ingesting contaminated feed leads to Pb absorption into the bloodstream of animals such
as lambs. Pb, once ingested, binds with proteins and accumulates in various tissues,
particularly in the bones, liver, and kidneys of animals [110]. Lambs, being herbivores,
are at high risk of bioaccumulating Pb when grazing on contaminated land or ingesting
contaminated water. This process leads to the eventual accumulation of Pb in the edible
tissues of lambs, including muscle and organs, which are consumed by humans.

4.4. Animal to Human Transfer

When humans consume contaminated animal products, including meat or dairy, they
are exposed to Pb. In humans, lead absorption mostly takes place in the gastrointesti-
nal system, where Pb contends for absorption with vital minerals such as calcium and
iron [111]. Because of its ability to imitate molecules, Pb can integrate into biological
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systems. For example, it can attach to proteins’ sulthydryl (-SH) groups, which can alter
enzyme activity, affect cellular metabolism, and increase oxidative stress [112]. Even at low
concentrations, long-term exposure to lead can build up in soft tissues and bones, therefore
causing systemic consequences including nephrotoxicity, neurotoxicity, and decreased
hematopoiesis. Furthermore, because of their growing systems’ susceptibility and higher
rates of absorption, some populations, like children and pregnant women in particular, are
more vulnerable to the harmful effects of Pb. Exposure to lead at important developmental
stages can result in permanent harm to the neurological system, which can manifest as
delayed growth, behavioral problems, and cognitive deficiencies [18].

5. Impact of Lead on Lamb Health and Productivity
5.1. Lead Accumulation and Health Risks

Researchers have determined thresholds that are critical for the negative effects of
Pb exposure on a lamb’s health. Only one liver sample above the 3 mg/kg criterion was
found in a trial with lambs grazing close to a contaminated shooting range, indicating no
immediate health hazards [113]. Conversely, studies conducted in mining areas found
that 73.3% of sheep had blood Pb levels higher than the background norm of 6 pg/dL
and that, in 68% of cases, concentrations in the liver exceeded the dangerous threshold of

5 ug/g [90].

5.2. Bioaccumulation and Productivity

Elevated tissue levels, especially in the kidneys, have been linked to chronic exposure
to Pb pollution from mining, suggesting that the health effects may have an adverse
influence on production [114]. Even though most muscle samples were below the allowable
limit of 1 mg/kg, significant hematological abnormalities were found in a study on Lohi
sheep, demonstrating that even low levels of Pb can have a negative impact on general
health [114]. Thus, chronic exposure to excessive levels of Pb can result in serious health
consequences, even though other evidence indicates that exposure to low concentrations of
Pb may not pose immediate dangers. This highlights the need for continuous monitoring
and risk assessment in contaminated environments.

5.3. Lead Toxicity and Physiological Effects in Lambs

Lead poisoning can have a serious negative impact on the physiology of livestock,
especially grazing sheep. Usually, eating Pb-contaminated grass or soil or drinking con-
taminated water causes Pb poisoning [115]. According to Assi et al., prolonged exposure
to Pb can cause serious health problems, such as stunted growth, impaired reproduction,
neurological abnormalities, and even death [64]. Sheep are particularly susceptible to Pb
poisoning due to their propensity to eat soil while grazing, particularly in areas with a
history of industrial pollution or close to urban areas where environmental contamination
from Pb-based products, like paint or gasoline, may occur [1,35,96]. Because of their vulner-
ability to dietary modifications and electrolyte fluctuations, sheep are especially vulnerable
to increased absorption of Pb through the gastrointestinal tract [16].

After consumption, Pb builds up in the lungs, liver, kidneys, and bones, among other
organs [116]. By blocking vital enzymes, it interferes with the heme production pathway,
resulting in reduced oxygen carrying capacity, distorted red blood cells, and ultimately
anemia [117]. Pb has the ability to pass across the blood-brain barrier, build up in the
central nervous system, and interfere with oligodendrocyte and astrocyte growth and
function. Due to oxidative stress, inflammation, and demyelination brought on by this
impairment, nerve conduction is impaired [118,119].
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Pb affects the function of the intestinal mucosa of the gastrointestinal system, deacti-
vating digestive enzymes and causing malabsorption, diarrhea, and inflammation [120].
Furthermore, alteration of the gut microbiota may have long-term effects on immunological
response and general health [121].

After Pb intake, it mostly attaches to red blood cells after it enters the bloodstream
and builds up in soft tissues like the liver and kidneys. Higher content of Pb found in
bones means past long exposure [122]. Research has indicated noteworthy altered organ
function and elevated markers of oxidative stress after exposure to Pb, including lipid
peroxidation and reactive oxygen species (ROS) [123]. Additionally, increased infant death
rates, reduced fecundity, and reproductive problems have been seen in sheep exposed to
Pb [64,124-126].

5.4. Impact on the Central Nervous, Hematological, and Immune Systems

The central neurological, hematological, and immunological systems of lambs are
greatly impacted by Pb intoxication [127]. The developmental neurotoxicity that resem-
bles symptoms seen in children exposed to Pb in humans is one important cause for
concern [127]. Reactive oxygen species (ROS) produced by lead-induced oxidative stress
damage cells and cause apoptosis, which impairs brain growth and function [128]. Some of
this damage may be mitigated by antioxidants such as vitamin E [129]. Pb interferes with
essential cellular processes in the central nervous system, such as ion transport and neuro-
transmitter production [130]. Pb poisoning can cause headaches, convulsions, cognitive
decline and, in extreme situations, even death [125].

The hematological effects of Pb toxicity are mainly caused by its inhibition of impor-
tant enzymes that interfere with heme synthesis, which results in anemia marked by an
increase in immature red blood cells and hemolysis [127,131,132]. Lead has a negative
impact on the immune system as well, causing oxidative stress and altering signaling
pathways like the nuclear factor (NF)-«B pathway that are essential for immunological
function [133]. Reduced immunoglobulin synthesis and impaired immunological responses
are the outcomes of this impairment [134].

5.5. Growth and Developmental Implications

Studies show that exposure to Pb might have a negative impact on the growth and
reproductive health of lambs. Elevated blood Pb levels can impede growth by causing
anemia and obstructing the transport of oxygen to tissues [90,134,135]. Furthermore,
exposure to Pb causes DNA damage and oxidative stress, which further impede cellular
growth and activities [136]. Pb poisoning also impairs reproductive function by upsetting
hormone balance and endocrine function, which leads to irregular estrous cycles, lower
fertility, and a greater rate of abortions [124,126]. Due to placental transfer, pregnant ewes
exposed to Pb may give birth to lambs that are smaller than usual or develop congenital
abnormalities [116,137].

Disruptions in cognitive function and social development are among the long-term
effects on lamb productivity, especially if exposure happens during pregnancy or the early
stages of life [138,139]. Furthermore, exposure to Pb has an impact on the reproductive
systems of both males and females, resulting in decreased lambing percentages and worse
quality sperm [140].

5.6. Transfer to Lamb Products and Consumer Health Risks

Lead bioaccumulation in lamb tissues puts consumers’ health in serious danger. Con-
taminated meat can introduce Pb into the food chain and eating it can result in both
immediate and long-term health problems such anemia, renal failure, and neurological
diseases [10,141]. According to Al Osman et al. and Sahu et al. children who eat lamb
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products contaminated with lead run a higher risk of neurological diseases, which can
hinder cognitive development and result in learning difficulties [142,143]. Adults who
are exposed to long-term high levels of Pb may experience anxiety, memory loss, and
higher chances of developing long-term illnesses including Parkinson’s and Alzheimer’s
diseases [144,145]. Additionally, Pb impairs renal function and may cause renal disorders
and lower glomerular filtration rates [146]. Pb-contaminated lamb products can have a
negative impact on fetal development in pregnant women, which may lead to low birth
weights and long-term cognitive problems in the children [137,147].

5.7. Lead Levels in Blood and Liver: Potential Health Effects for Sheep

Animal cases of Pb poisoning are common, especially for animals that graze in con-
taminated areas [148,149]. Pb levels in the blood and liver can track Pb build up and health
impacts and they are trustworthy markers of environmental exposure [150]. According
to Tesi et al., the geometric mean of Pb levels in ewes from a mining area was 6.7 ug/dL,
indicating subclinical Pb poisoning. In contrast, blood Pb levels in reference animals in the
investigation were within the background range for cattle (<6 pg/dL) [12,151].

Blood Pb levels consistent with subclinical poisoning were found in 77.3% of sheep
from the mining area (100% of rams and 63% of ewes). The sampling location has a
history of active mining, likely exposing the sheep to elevated Pb levels in soil, plants,
and water [152]. Seasonal variations may explain the higher prevalence of subclinical
exposure observed in this study compared to previous reports from the same area. When
sampling was performed during summertime, a period when sheep may ingest more soil
due to limited pasture availability, mean blood Pb levels of 5.15 ug/dL were found in sheep
exposed to Pb-polluted feed [153], while another researcher found a median of 14.7 ug/dL
in sheep grazing in contaminated pastures [154]. A negative correlation between blood Pb
levels and age was noted, suggesting that younger animals may be at higher risk due to
increased gastrointestinal absorption or bone turnover. Liver Pb concentrations in sheep
sampled from the reference site showed Pb concentrations of <0.5 ug/g d.w, while liver
lead concentrations were found of 6.16 pug/g d.w in sheep from a mining area, which is
29 percent higher than the reference site. An alarming 93.8% of sheep from the mining
site had liver Pb levels exceeding this baseline level, with 68.8% surpassing the minimum
toxic threshold (5 nug/g d.w.). Phillips et al. reported that chronic Pb exposure in livestock
could lead to alterations in physiological systems. The mechanisms of Pb poisoning include
enzyme inhibition, oxidative stress, and interference with heme synthesis. Prenatal Pb
exposure at low levels (10-15 pg/dL) is linked to significant developmental issues [153].
Clinical symptoms, such as anemia and weakness, may manifest at blood Pb levels similar
to those found in this study [155].

5.8. Lead Levels in Liver and Muscle: Implications for Public Health

Subclinical chronic Pb exposure in livestock can result in residual levels in animal
products that exceed legal limits, posing risks to human health [156]. The EU has established
Maximum Residue Limits (MRLs) for livestock: 0.5 nug/g w.w. for offal (1.4 ug/g d.w.) and
0.1 pg/g w.w. for meat (0.34 png/g d.w.) (EC 629/2008) as shown in Table 5. Results have
shown that 87.5% of sheep from a mining area had liver Pb levels exceeding the EU MRL
for offal, while muscle samples did not exceed the MRL for meat. However, muscle Pb
levels were double those of a reference farm, with one animal approaching the EU MRL.
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Table 5. Lead levels in sheep from mining vs. reference sites.

Measurement Mining Area Reference Site Percentage
(Mean) (Mean) Exceeding MRL
Blood Pb (ug/dL) 6.7 <6 77.3%
Liver Pb (ug/g d.w.) 6.16 <0.5 93.8%
None exceeded
Muscle Pb (ug/g d.w.) 0.28 0.14 MRL

6. Mitigation Strategies

Lead contamination in roadside grazing lambs poses serious health risks, making
the implementation of effective mitigation strategies essential. Various research findings
suggest several approaches that can significantly reduce lead exposure and its adverse
effects on lamb health.

6.1. Chelation Therapy

Chelation therapy is one of the most effective ways to treat livestock lead toxicity.
Chelation medications are given as part of this treatment to bind to lead and encourage
its elimination from the body [127]. Furthermore, it has been shown that mineral sup-
plementation, especially using commercial mineral blocks, is effective in reducing sheep
blood Pb levels. By increasing Pb excretion in the feces, this technique lowers exposure
levels overall [16]. In order to mitigate Pb exposure in lambs raised on roadsides, certain
fence and grazing management techniques are necessary. According to research, delib-
erate actions can considerably reduce the amount of Pb that animals are exposed to in
contaminated surroundings.

6.2. Use of Mineral Blocks (MBs)

It has been demonstrated that supplementing grazing lambs with mineral blocks high
in calcium and phosphorus can reduce Pb bioavailability by up to 88% in vitro [16]. In
practical applications, MBs significantly lowered blood Pb levels in lambs, demonstrating
their effectiveness in contaminated environments.

6.3. Soil Ingestion Management

Although MBs aid in reducing Pb absorption, they do not lessen soil ingestion, which
continues to be a crucial pathway for Pb exposure [16]. For comprehensive management, it
is therefore recommended to combine MB supplementation with fencing strategies.

6.4. Soil Remediation: Techniques for Reducing Lead Levels in Contaminated Soil

Varieties of strategies to successfully reduce Pb concentrations are required for the
management and cleanup of Pb contaminated soils. Chelation is used to remove heavy
metals from soil by using chemical solutions based on water [157]. Usually, this procedure
includes chelating agents like citric acid, ethylenediaminetetraacetic acid (EDTA), or organic
acids. These substances combine in the soil, enabling solid particles to be separated from
Pb-containing fluid, hence resulting in a soil matrix that is less polluted [158]. Although
soil cleaning has been demonstrated to successfully lower Pb levels, it may unintentionally
eliminate vital nutrients and trace elements from the soil [157,158].

Phytoremediation, which uses plants” innate ability to absorb, collect, or change
pollutants, is another successful remediation technique. Some plant species, such as Indian
mustard (Brassica juncea), sunflowers (Helianthus annuus), and reed canary grass (Phalaris
arundinacea) have demonstrated significant potential for removing lead from contaminated
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soils [159]. Over time, the phytoextraction process can progressively lower the amount of
Pb in soil. However, the drawbacks include its sluggish metal removal rates and possible
hazards when disposing of contaminated plant materials [160].

Another approach that shows promise for treating Pb contaminated soils is electroki-
netic remediation. This method uses a direct current electric field to move pollutants
through soil pores and to specified collection locations [161]. Electrolyte buffering or the
addition of chelating agents can improve the process efficiency. Although electrokinetic
remediation has demonstrated promising results in lab environments and pilot programs,
soil heterogeneity and the requirement for careful process optimization may present diffi-
culties [162].

Geomicrobiological treatment is a unique approach to soil remediation that involves
interactions between the physical and biological components of the system [163,164]. This
biological approach makes it possible to treat contaminated soils in situ effectively when
paired with mineral supplements. To improve the effectiveness and usefulness of geomi-
crobiological remediation, more research is necessary.

6.5. Fencing and Grazing Management

In order to protect the health of lambs and ensure the safety of the meat they pro-
duce, fencing is an essential management strategy that keeps them out of contaminated
areas [165,166]. Fencing is a critical component in lowering the amount of hazardous
components lambs are exposed to by keeping them out of Pb-contaminated areas. Farmers
can successfully manage animal movement and grazing patterns, while avoiding distur-
bances to natural behaviors, by strategically implementing fencing. Farmers can greatly
reduce needless exposure risks by establishing fenced-off areas around known or suspected
Pb-contaminated locations and routinely checking soil and plant lead levels. Boundary-line
grazing systems are an additional option that can be used in conjunction with this. They
use hedges or other extra obstacles to help with regulated grazing. This technique lowers
the hazards for lambs kept in specific pasture patches and reduces the spread of parasites.
Fencing can be implemented, but there are drawbacks, such as the cost of upkeep and
installation, especially for large-scale farms that deal with high levels of pollution. Further-
more, worries about animal welfare could surface, which would call for more investigation
into different approaches to controlling Pb exposure in lambs.

6.6. Rotation of Grazing Areas and Alternative Foraging Options

A good management technique to reduce exposure to Pb-contaminated soils is rota-
tional grazing. Sheep are routinely moved between pastures in order to promote fodder
regrowth and reduce the dangers of overgrazing and environmental contamination. Sheep
can spend less time in any one place by moving between smaller paddocks, which re-
duces their exposure to Pb [167]. Rotational grazing, which usually includes splitting a
pasture into smaller paddocks for movement every few days, is dependent on a number of
parameters, including pasture area, carrying capacity, and meteorological conditions [168].

Additionally, a long-term plan for recovering contaminated pastureland can involve
phytoremediation. Using particular plant species that are well known for their capacity
to either accumulate Pb in their tissues or improve metal immobilization in the soil, these
processes take advantage of the Pb-absorbing properties of soil [169].

Furthermore, adding mineral supplements to the diets of sheep could reduce the
amount of Pb that enters their digestive processes. Pb absorption can be reduced by
minerals that compete with Pb for gastrointestinal tract absorption sites, such as calcium
and iron [16].
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For rotational grazing management to be effective, it is important to monitor the
amounts of pollutants in soil and vegetation. Frequent soil and forage testing assist in
identifying high-risk regions where exposure needs to be reduced. This information enables
farmers to choose suitable substitute foraging areas and create well-organized rotational
grazing plans that successfully reduce the hazards associated with Pb exposure.

6.7. Challenges and Effectiveness of Soil Remediation

Soil remediation is essential for dealing with contamination. Various options which can
be employed for soil remediation include stabilization/encapsulation, phytoremediation,
and excavation and disposal [170]. A number of criteria, including cost-effectiveness, site
features, and environmental considerations, play a role in the method selection process.
For example, due to much higher expenses, excavation may not be possible in large,
contaminated areas, such as agricultural fields.

Accurately determining the level of Pb pollution at grazing locations is another diffi-
culty. Depending on the kind of soil and the build-up of pollutants over time, Pb distribu-
tion can change within a location [46]. An extensive sampling plan is essential for doing
an accurate impact assessment. Moreover, Pb mobility and bioavailability are influenced
by soil characteristics such as texture, pH, and organic matter concentration [127,171].
Due to their intricacy, these features must be carefully considered in the remediation
planning stage.

Despite these obstacles, Pb-contaminated soil in sheep grazing areas can be reme-
died using practical methods. One technique that effectively lowers Pb bioavailability is
stabilization/encapsulation, which changes the metal into less soluble forms [169]. Apply-
ing amendments, such as phosphate-rich materials or biochar, can help to reduce Pb soil
contamination [172,173]. Pb ions are less likely to be released or absorbed by plants after
binding with these substances. Another method that is becoming more and more popular
for remediating soil is phytoremediation, especially in agricultural settings. In addition
to its low environmental impact and cost-effectiveness, this approach provides benefits
including soil stabilization and the restoration of ecosystem services [169,174].

7. Monitoring and Risk Assessment
7.1. Development of Monitoring Programs to Assess Lead Contamination

To assess Pb pollution in the soils of sheep grazing locations, monitoring plans and
programs must be established. The main objectives of these projects are to evaluate Pb
concentrations, locate sources of contamination, and reduce the negative health impacts that
eating sheep products can have on both humans and sheep. A crucial stage in developing a
monitoring program is deciding on suitable sampling methods. Because composite soil
sampling provides a representative overview of contamination levels across a greater area,
it is frequently used [175]. In order to account for vertical Pb distribution brought about by
environmental processes such as soil mixing and erosion, samples should be obtained at
different depths [176].

Pb concentrations in soil samples are mostly determined by laboratory analysis. Induc-
tively Coupled Plasma Mass Spectrometry (ICP-MS) is a widely used technology because
of its great sensitivity, accuracy, and precision [177]. Furthermore, using geochemical
indices can make it easier to track temporal and spatial patterns in lead contamination at
various grazing sites [178]. In addition to soil sampling, animal tissue analysis must also
be monitored. Without this investigation, it is difficult to diagnose subclinical Pb toxicity
in cattle. Scientists can determine the Pb concentrations in afflicted animals by evaluating
liver and kidney samples [179]. Sheep blood samples can offer important information
about recent exposure to Pb and its possible health effects. The monitoring process can be



Int. J. Environ. Res. Public Health 2025, 22, 311 17 of 30

greatly improved by the inclusion of latest Geographic Information System (GIS) softwares,
such as ArcGIS Pro (Version 3.4). Prioritizing intervention efforts in impacted grazing
areas is made possible by mapping the spatial distribution of Pb-contaminated soils [180].
Time-series mapping can also assess the efficacy of remediation measures that have been
put in place and uncover seasonal patterns. Throughout a monitoring program’s inception,
communication with pertinent stakeholders, such as government agencies, researchers,
farmers, and veterinarians is very important. This kind of cooperation encourages the
development of best practice and policies meant to protect sheep populations from Pb
contamination. Attaining the intended results of any monitoring program also depends on
effective communication.

7.2. Risk Assessment for Grazing Lambs and Consumers

In order to evaluate Pb pollution in sheep grazing places and ensure the health and
safety of both humans and livestock, risk assessment techniques are important. A number
of techniques can be used, such as soil testing, bioavailability assessment, toxicity reference
values, and Geographic Information Systems (GIS) mapping.

The first step in identifying Pb pollution in grazing areas is soil testing [171]. Scientists
can learn more about the distribution and concentration of Pb on a site by gathering repre-
sentative soil samples. The possible health concerns can then be assessed by comparing
the results to established criteria, such as those issued by the US Environmental Protec-
tion Agency (EPA). While Pb concentrations may be determined through soil testing, Pb
bioavailability must also be considered when evaluating concerns. Bioavailability is the
percentage of a pollutant that an organism may take up from its surroundings [181]. In
order to assess bioavailability, plant samples from grazing sites must be gathered, especially
those eaten by sheep, and their Pb uptake must be examined. Determining the amount
of Pb taken up by these plants and then consumed by sheep is essential for evaluating
possible health hazards and the financial effects on farmers. Reference levels for toxicity
are still another essential element of risk assessment. The toxicity levels of several species
have been established by the EPA, considering their vulnerability to various pollutants,
including Pb. Sheep, for instance, show varying tolerances to Pb exposure in comparison
to people or cattle [182,183]. It is feasible to quantify the prospective health hazards that
sheep in contaminated grazing areas may encounter by comparing these toxicity reference
levels with measured lead concentrations in soil and the findings of bioavailability studies.

Additionally, GIS mapping can be extremely important for risk assessment techniques.
With the aid of this technology, scientists may evaluate potential exposure paths for animals
at grazing areas, analyze the spatial distribution of pollutants, and pinpoint hotspots [180].
Health risk assessments are made more thorough by combining Pb concentration data with
GIS mapping. This helps decision-makers manage cattle movement or put remediation
plans into place to reduce exposure to polluted soils.

7.3. Regulations and Public Health Concerns

Soil contaminated with Pb poses a serious threat to human health, especially in places
where sheep graze. Numerous restrictions have been put in place to combat the negative
impacts of Pb on both the environment and human health [183]. The purpose of these rules
is to protect the health of people who eat sheep products as well as sheep.

To control Pb concentrations in soil and grazing areas, numerous national and interna-
tional rules have been implemented. A guideline value of 400 parts per million (ppm) has
been established by the US Environmental Protection Agency (EPA) for Pb levels in soil in
residential areas where children may be present. However, there are no particular rules for
grazing areas or agricultural grounds. On the other hand, several nations have set legal
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restrictions for agricultural soils. For instance, the European Union has allowed Pb levels
in agricultural soils to range between 50 and 300 mg/kg [184]. A summary of regulations
and limits on Pb levels is provided in Table 6.

Table 6. Summary of regulations and limits on Pb levels.

Category Regulatory Body Limit
Soil in Residential Areas US Environmental Protection Agency 400 ppm
Agricultural Soils European Union 50-300 mg/kg
Beef European Commission 0.1 ppm
Offal European Commission 0.05 ppm
Milk and Dairy Products Codex Alimentarius Commission 0.01-0.02 ppm

Maximum permitted limits for Pb in food and animal-derived products have been
imposed in several countries to protect public health and guarantee food safety. For exam-
ple, the European Commission set limits of 0.1 ppm for beef and 0.05 ppm for offal [184].
Furthermore, the maximum levels of Pb in milk and dairy products, which range from 0.01
to 0.02 ppm, have been defined by the Codex Alimentarius Commission. It is essential to
conduct routine testing on soil and goods obtained from animals to guarantee adherence to
these rules and safeguard public health. Remedial procedures can be used if Pb levels in soil
surpass regulatory thresholds or if they pose a risk to grazing animals and their products.

These techniques could involve removing contaminated soil mechanically, adding
chemical amendments (such as phosphates), or stabilizing the soil with different additives
to immobilize Pb [185-187]. As was already mentioned, by preventing sheep from ingesting
too much dirt, management techniques like switching up grazing sites and providing them
with water and feed supplements can also help to decrease Pb exposure.

7.4. Regulatory Standards

Ensuring sustainability and safety in grazing situations requires adhering to regu-
latory criteria for Pb levels. These regulations are designed to reduce the danger of Pb
exposure in cattle and reduce the amount of Pb that humans may consume. Different
nations have different standards for soil quality, which reflect differences in goals and
approaches. Acceptable Pb concentration levels are often set by environmental agencies
using background data and risk evaluations that consider possible transfer pathways.

Pb regulations in sheep grazing areas are essential for protecting both public health and
animal welfare. Although national frameworks may vary, they consistently aim to preserve
the quality of soil and reduce the dangers of exposure for both people and animals. Around
the world, better management practices and continuous monitoring and assessment are
needed to address Pb contamination in grazing areas.

8. Comparison of Lead Contamination Limits in Livestock Products

The possible harmful consequences of Pb contamination on human health upon
ingestion make it a major public health concern when it comes to cattle products. The
need for agreement to improve public safety is shown by comparing the Pb contamination
limits across different worldwide standards, which emphasizes the disparities in regulatory
systems. For those who handle and process contaminated products, Pb pollution presents
occupational dangers in addition to dietary risks. While exact recommendations frequently
depend on evaluations by regional regulatory agencies, the World Health Organization
(WHO) offers guidance for limiting Pb exposure among agricultural workers [188,189].
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Evaluating the Adequacy of Current Regulations for Consumer Health Protection

Although regulations pertaining to Pb contamination in livestock products have been
put in place to protect consumer health, questions still exist regarding their effectiveness.
This analysis aims to assess the degree to which current regulations protect consumers from
Pb exposure from livestock products. Pb contamination is a serious concern for consumer
health because excessive exposure to this highly toxic heavy metal can lead to serious health
problems, such as neurological disorders and developmental issues, especially in young
children. Therefore, strong regulations are essential for reducing the risk of Pb exposure
through the consumption of livestock products, including among children and expectant
mothers. Regulations that are in keeping with these principles can improve consumer
protection. It is also essential that these regulations be implemented and upheld. Enough
surveillance and monitoring systems need to be in place to guarantee adherence to set
guidelines. To detect noncompliance and take appropriate action, it is imperative to conduct
routine Pb contamination testing on cattle products. Furthermore, efficient traceability
and regulatory supervision can be facilitated by animal farmers maintaining accurate
records. Another important factor is consumer understanding of the dangers posed by Pb
contamination in cattle products. Education programs and public awareness efforts can
enable customers to choose these items with knowledge. This includes guidelines for safe
handling and preparation, as well as information on possible sources of Pb contamination
and unambiguous labeling.

Furthermore, cooperation between many stakeholders is essential for handling Pb
contamination successfully. Collaboration between governmental organizations, livestock
farmers, business associations, and academic institutions can promote a thorough grasp of
the issue and result in the creation of practical mitigation plans. Although the present laws
are designed to prevent cattle products from contaminating consumers with Pb, doubts
remain over their effectiveness. It is imperative to guarantee that regulatory restrictions
correspond with health-based guidelines and to carry out efficient implementation, monitor-
ing, and public awareness campaigns. Moreover, promoting cooperation among interested
parties can help create all-encompassing plans to reduce Pb exposure in cattle products.

9. Communication and Awareness
9.1. The Role of Public Awareness Campaigns in Educating Farmers and Consumers

By informing farmers and consumers about the risks involved and offering alternative
solutions, public awareness programs play a critical role in reducing Pb emissions and
contamination along highways [190]. By raising awareness of the causes, consequences,
and pathways of Pb contamination, these programs enable people to make decisions that
minimize environmental pollution.

These kinds of efforts help to create awareness among the public, which can lead to
an understanding of tackling Pb poisoning. In the interest of both farmers and consumers,
various platforms, including social media, print media, radio broadcasts, television com-
mercials, seminars, and workshops can be employed. For example, many farmers might
not be aware that using leaded gasoline in farming equipment adds to Pb pollution in the
atmosphere, which then ends up on plants, soils, and water and nearby residential areas.
Awareness campaigns on these issues can encourage farmers to adopt cleaner technologies,
such as unleaded fuel or electric-powered machinery.

Additionally, these programs encourage cooperation between farmers and customers
in using unleaded items in the pursuit of a common objective. Customers may encourage
understanding and collaboration with farmers by providing them with information about
the health risks associated with Pb exposure, including neurological impairments and
cognitive difficulties. Customers might decide, for instance, to support nearby farmers who
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use organic fertilizers enhanced with vital micronutrients or crop rotation, two examples of
environmentally beneficial farming methods. All parties involved benefit from the mutual
support networks this collaboration builds, which promote healthier behaviors.

Campaigns for public awareness may also have an impact on governmental decisions.
People can put pressure on legislators to pass suitable laws and regulations targeted
at lowering Pb emissions and pollution as they become more aware of the threats that
Pb exposure poses to human health and the environment. For example, greater public
knowledge could result in the implementation of recycling programs, rules governing
agricultural operations, or more stringent car emission regulations.

Lastly, these efforts support continued investigation and creativity in the field of Pb
reduction. They inspire academics and politicians to create innovative technologies, reme-
diation methods, and pollution monitoring plans by drawing attention to the issues around
Pb contamination. An example of how increased awareness might result in workable
solutions against this dangerous metal is the use of biochar soil additives by farmers to
reduce Pb toxicity in crop production [191].

9.2. Initiatives to Reduce Lead Emissions and Contamination Along Highways

Due to the detrimental effects of Pb exposure on human health, particularly in chil-
dren, Pb emissions and contamination along highways represent severe public health
hazards [192]. Below are a number of practical steps that can be taken to address this
problem and lower Pb pollution and emissions.

Phasing out leaded gasoline: In spite of global initiatives to eliminate leaded gasoline,
usage of the fuel still exists in some areas, mainly the Middle East [193]. Leaded gasoline can
be phased out to greatly lower airborne Pb particle pollution from automobiles. Legislators
ought to support measures that encourage the use of only unleaded gasoline.

Green barriers: Planting hedges or vertical gardens beside roadways can aid in the
absorption of Pb particles and other air pollutants. For example, ferns, which are epiphytes,
can absorb nutrients and pollutants directly from the atmosphere, acting as potential
mitigators of pollutants. Their fronds trap particle-bound heavy metals, making them ideal
candidates for biomonitoring and improving air quality. Nephrolepis exaltata (Boston Fern):
known for its high capacity to capture air pollutants, including heavy metals. Pteris vittata
(Chinese Brake Fern): recognized for its phytoremediation abilities, especially for arsenic,
is also effective for Pb [194]. Urbans trees like poplars, willows, and oaks are effective
at filtering airborne heavy metals due to their dense canopies and high transpiration
rates [195]. These barriers improve air quality and enhance the aesthetic appeal of the
environment.

Frequent road dust cleaning: Using vacuum sweeping trucks, roads and highways can
be kept cleaner and less susceptible to Pb-containing dust. A methodical approach to road
upkeep is essential for lowering airborne levels of hazardous metals close to roadways.

Putting traffic management policies into practice: Carpool lanes, congestion pricing,
and enhanced public transit are some of the strategies that can assist in lowering the number
of vehicles on the road close to highways, which will minimize the number of dangerous
emissions, such as Pb pollution.

Using water controls: Since water serves as the main means of transportation of
lead and other heavy metals through ecosystems, water quality controls in grazing areas
near to highways are very important for reducing Pb transmission. Heavy metals can
bioaccumulate from contaminated irrigation or livestock water, affecting animal health and
potentially finding their way into the human food chain. Pb runoff can be considerably
decreased and grazing areas near highways can be protected with regular water quality
controls. This procedure is essential for maintaining consumer safety and the environment.
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Public awareness campaigns: It is important to inform communities next to highways
about the dangers of Pb exposure and to offer practical advice on how to reduce those
hazards. Mass media campaigns, workshops, and community outreach initiatives are
among the tools public health officials can use to increase awareness and educate locals
about steps they can take to minimize exposure, such as using correct cleaning methods
and keeping an eye on soil conditions in their backyards.

10. Prospects for Future Research Paths

The problem of Pb pollution in grazing habitats requires a number of research and
intervention approaches, including improved data collection, monitoring of Pb exposure
mitigation approaches, comprehending the biological pathways of Pb poisoning, manage-
ment techniques for grazing, and implications for public health and policy. We should
plan upcoming studies which develop real-time soil and air quality sensors as well as
monitoring systems to estimate Pb levels in grazing regions. The introduction of these
technologies can help us to identify Pb hotspots, thus early action can be taken to safeguard
cattle. Additional research into the molecular pathways that lead to interference with
lamb’s physiological systems may reveal biomarkers for early detection of Pb poisoning.

The long-term advantages of grazing practices including rotational grazing, pasture
resting, and boundary-line grazing in lowering animal Pb intake require more investigation.
It could also be helpful to investigate cutting-edge methods like bioremediation using
hyperaccumulator plants, which remove Pb from contaminated soil. Participatory research
and teaching programs that involve farmers can improve grazing techniques and encourage
the adoption of more sustainable land-use practices, particularly in areas with high traffic
or industrial activity.

Stricter regulatory criteria for environmental Pb concentrations should be established,
especially in agricultural areas. Maintaining a continuous communication channel among
scientists, policymakers, and industrial stakeholders is crucial for tackling Pb poisoning
at its origin. Public awareness efforts ought to highlight the dangers of Pb poisoning in
food items and encourage the safe handling of livestock in polluted areas. To safeguard
customers, food-labeling transparency may also be required, especially for livestock kept
close to roadways.

11. Conclusions

Pb is a heavy metal responsible for various dangerous diseases; lambs exposed to
Pb pollutants from grazing environments are under significant threat. Pb ingested from
contaminated soil, water, and from foraging in areas near to highways causes toxic effects in
lambs, therefore compromising their productivity, immune function, and overall well-being.
If there is persistence of Pb exposure in lambs, it causes long-term risks to livestock. The
mechanism of Pb toxicity is so complex that it affects most organs, causes many changes,
such as impaired physiological functions, and causes oxidative stress, enzyme inhibition,
and various interferences with calcium-dependent processes. Pb toxicity causes neurotoxic-
ity, hematological impairments, and immunosuppression in lambs, thus causing decreased
productivity, reproductive health issues, and even death in severe cases. Additionally, Pb is
reported to reach the tissues of lambs exposed to contaminated grazing areas and is subject
to bioaccumulation processes, which poses a direct threat to humans.

To mitigate the risks caused by Pb contamination, an interdisciplinary approach is
required involving environmental science animal husbandry, toxicology, and public health
experts. Due to the complex paths leading to Pb contamination, which include industrial
processes, atmospheric deposition, human behavior, and vehicle emissions, complete reme-
dies must incorporate ecological, governmental, and community-based tactics. Prospective
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investigations ought to assign precedence to comprehensive, multidisciplinary methodolo-
gies that consider the intricacies of Pb pollution in grazing habitats. We cannot guarantee
the long-term sustainability and safety of animal production systems, protect human
health, and maintain the integrity of ecosystems unless we integrate environmental science,
toxicology, veterinary medicine, and public policy.

Author Contributions: T.A.A.-S. contributed to the conceptualization, drafting, and supervision
of the manuscript. S.S. contributed to the conceptualization, writing, editing and reviewing of the
manuscript. All authors have read and agreed to the published version of the manuscript.

Funding: This research received funding from Kuwait Institute for Scientific Research (KISR-FA009G).
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: No new data were created.

Acknowledgments: The authors are thankful to Shahnawaz Ahmad Wani, SRF, Biochemist at
the Regional Research Institute of Unani Medicine, Srinagar, Jammu, and Kashmir, India, for his
assistance with the literature survey and editing during the preparation of this manuscript.

Conflicts of Interest: The authors declare no conflicts of interest.

References

1. Meena, V,; Dotaniya, M.L.; Saha, ] K.; Das, H.; Patra, A K. Impact of Lead Contamination on Agroecosystem and Human Health.
In Lead in Plants and the Environment; Springer: Cham, Switzerland, 2020; pp. 67-82.

2. Brannvall, M.L; Bindler, R.; Renberg, I.; Emteryd, O.; Bartnicki, J.; Billstrom, K. The Medieval Metal Industry Was the Cradle of
Modern Large-Scale Atmospheric Lead Pollution in Northern Europe. Environ. Sci. Technol. 1999, 33, 4391-4395. [CrossRef]

3.  Bindler, R. Contaminated Lead Environments of Man: Reviewing the Lead Isotopic Evidence in Sediments, Peat, and Soils for the
Temporal and Spatial Patterns of Atmospheric Lead Pollution in Sweden. Environ. Geochem. Health 2011, 33, 311-329. [CrossRef]
[PubMed]

4. Lal, R. Soil Erosion and Carbon Dynamics. Soil Tillage Res. 2005, 81, 137-142. [CrossRef]

5. Gottesfeld, P.; Pokhrel, A K. Review: Lead Exposure in Battery Manufacturing and Recycling in Developing Countries and among
Children in Nearby Communities. J. Occup. Environ. Hyg. 2011, 8, 520-532. [CrossRef] [PubMed]

6. Ardila, PA.R.; Alonso, R.A.; Valsero, J.J.D.; Garcia, R.M.; Cabrera, F.A.; Cosio, E.L.; Laforet, S.D. Assessment of heavy metal
pollution in marine sediments from southwest of Mallorca island, Spain. Environ. Sci. Pollut. Res. 2023, 30, 16852-16866.
[CrossRef]

7. Ardila, PA.R,; Alvarez-Alonso, R; Arcega—Cabrera, F; Valsero, ].].D.; Garcia, R.M.; Lamas-Cosio, E.; Oceguera-Vargas, I.; DelValls,
A. Assessment and review of heavy metals pollution in sediments of the Mediterranean Sea. Appl. Sci. 2024, 14, 1435. [CrossRef]

8. Lo, Y.C.; Dooyema, C.A.; Neri, A.; Durant, ].; Jefferies, T.; Medina-Marino, A.; de Ravello, L.; Thoroughman, D.A.; Davis, L.;
Dankoli, R.S.; et al. Childhood Lead Poisoning Associated with Gold Ore Processing: A Village-Level Investigation—Zamfara
State, Nigeria, October-November 2010. Environ. Health Perspect. 2012, 120, 1450-1455. [CrossRef] [PubMed]

9. Johnsen, I.V,; Aaneby, J. Soil Intake in Ruminants Grazing on Heavy-Metal Contaminated Shooting Ranges. Sci. Total Environ.
2019, 687, 41-49. [CrossRef] [PubMed]

10. Collin, M.S.; Venkatraman, S.K.; Vijayakumar, N.; Kanimozhi, V.; Arbaaz, S.M.; Stacey, R.G.S.; Anusha, J.; Choudhary, R.; Lvov,
V.; Tovar, G.L; et al. Bioaccumulation of Lead (Pb) and Its Effects on Human: A Review. . Hazard. Mater. Adv. 2022, 7, 100094.
[CrossRef]

11. Blakley, B.R.; Bell, T.G. Response of Swine to Low Dietary Levels of Lead. Vet. Hum. Toxicol. 1996, 38, 326-329.

12.  Smith, S.R.; Rigby, H. The Significance of Lead Entering the Human Food Chain via Livestock Ingestion from the Agricultural
Use of Biosolids, with Special Reference to the UK. Sci. Total Environ. 2024, 928, 172135. [CrossRef]

13. Zainab, N.; Mehmood, S.; Amna, S.; Adeela, M.; Hassan Javed, C. Health risk assessment and bioaccumulation of potentially
toxic metals from water, soil, and forages near coal mines of district Chakwal, Punjab, Pakistan. Environ. Geochem. Health 2023, 45,
5441-5466. [CrossRef] [PubMed]

14. Bilandzié, N.; Sedak, M.; Varenina, I.; Kolanovi¢, B.S.; Orai¢, D.; Solomun Kolanovié, B. Lead and Cadmium in the Tissues of

Extensively Raised Lambs. Vet. Arh. 2019, 89, 311-324.


https://doi.org/10.1021/es990279n
https://doi.org/10.1007/s10653-011-9381-7
https://www.ncbi.nlm.nih.gov/pubmed/21424772
https://doi.org/10.1016/j.still.2004.09.002
https://doi.org/10.1080/15459624.2011.601710
https://www.ncbi.nlm.nih.gov/pubmed/21793732
https://doi.org/10.1007/s11356-022-25014-0
https://doi.org/10.3390/app14041435
https://doi.org/10.1289/ehp.1104793
https://www.ncbi.nlm.nih.gov/pubmed/22766030
https://doi.org/10.1016/j.scitotenv.2019.06.086
https://www.ncbi.nlm.nih.gov/pubmed/31202012
https://doi.org/10.1016/j.hazadv.2022.100094
https://doi.org/10.1016/j.scitotenv.2024.172135
https://doi.org/10.1007/s10653-023-01531-w
https://www.ncbi.nlm.nih.gov/pubmed/37029254

Int. J. Environ. Res. Public Health 2025, 22, 311 23 of 30

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.
38.

39.

40.

41.

Garzillo, A.; Pucci, M.; Vanacore, D.; Casagrande, C.; Azzolini, V. Chelating Effect of Melilotus Officinalis L.P., Rumex Acetosella L.,
Taraxacum Officinale Weber or Urtica Dioica L.L.W.L1 on Growth Performance and Nitrates Retention in Fattening Lambs Meat.
Small Rumin Res. 2013, 111, 95-99.

Pareja-Carrera, J.; Martinez-Haro, M.; Mateo, R.; Rodriguez-Estival, J. Effect of Mineral Supplementation on Lead Bioavailability
and Toxicity Biomarkers in Sheep Exposed to Mining Pollution. Environ. Res. 2021, 196, 110364. [CrossRef] [PubMed]

Guo, G.; Wu, F; Xie, F; Zhang, X. Heavy Metal Contamination from Industrial Emissions in China: A Review. Environ. Pollut.
2019, 250, 272-280.

European Environment Agency (EEA). Environmental Pollution and Its Impacts in France. In EEA Technical Report; European
Environment Agency: Copenhagen, Danmark, 2018.

von Storch, H.; Costa-Cabral, M.; Hagner, C.; Feser, F.; Pacyna, J.; Pacyna, E.; Kolb, S. Four Decades of Gasoline Lead Emissions
and Control Policies in Europe: A Retrospective Assessment. Sci. Total. Environ. 2003, 311, 151-176. [CrossRef]

Hanna-Attisha, M.; Lachance, J.; Sadler, R.C.; Schnepp, A.C. Elevated Blood Lead Levels in Children Associated with the Flint
Drinking Water Crisis: A Spatial Analysis of Risk and Public Health Response. Am. ]. Public Health 2016, 106, 283-290. [CrossRef]
Tripathi, RM.; Raghunath, R.; Sastry, V.N.; Krishnamoorthy, T.M. Atmospheric and Children’s Blood Lead as Indicators of
Vehicular Traffic and Other Sources of Lead Exposure in Mumbai, India. Sci. Total Environ. 2001, 267, 101-108. [CrossRef]
Singh, B.R.; Steinnes, E. Soil and Environmental Contamination by Lead from Battery Manufacturing and Recycling in India.
Environ. Pollut. 2020, 267, 115-120.

Caravanos, J.; Dowling, R.; Tellez-Rojo, M.M.; Cantoral, A.; Kobrosly, R.; Estrada, D.; Orjuela, M.; Gualtero, S. Blood Lead Levels
in Mexico and Their Association with Lead Exposure from Pottery: A Review. Environ. Res. 2014, 135, 230-238.
Marrugo-Negrete, J.; Pinedo-Hernédndez, J.; Diez, S. Assessment of Heavy Metal Pollution, Human Health Risks and Impact on
Native Biota in the Colombian Caribbean Mining Region. Mar. Pollut. Bull. 2017, 119, 62-70.

Castro-Bedrifiana, J.; Chirinos-Peinado, D.; Rios-Rios, E.; Castro-Chirinos, G.; Chagua-Rodriguez, P.; De La Cruz-Calderén, G.
Lead, Cadmium, and Arsenic in Raw Cow’s Milk in a Central Andean Area and Risks for the Peruvian Populations. Toxics 2023,
11, 809. [CrossRef]

Maynard, E.; Franks, S.; Birch, ].; Calder, I. Blood Lead Levels in Port Pirie Children: An Ongoing Concern. . Environ. Manag.
2014, 134, 213-219.

Santos, M.E,; Barbosa, F.; Tanus, S. Lead Exposure and Health Impacts in the Brazilian Population: Review of Epidemiological
Data and Environmental Policies. |. Environ. Sci. Health Part A 2021, 56, 383-398.

Kermani, M.; Ghaderpoori, M.; Hashemi, H.; Fallahzadeh, H.; Derakhshan, Z. A Comprehensive Review of Lead Pollution in
Iran. Iran. J. Public Health 2015, 44, 803-810.

Al-Saleh, I.; Al-Saed, R. Blood Lead Levels in Urban Saudi Arabia: Impact of Smoking and Anthropogenic Emissions. Environ.
Sci. Pollut. Res. 2015, 22, 3597-3608.

Khatib, IL.M.; Al-Hayek, N.; Samara, M. Levels of Heavy Metal Contamination in Soil and Vegetation in Zarqa, Jordan. Int. J.
Environ. Sci. Technol. 2012, 9, 45-50.

Al-Shawi, A; Salih, F. Lead Exposure in Iraq: Sources, Human Health Impacts, and Policy Recommendations. J. Environ. Sci.
Health Part A 2015, 50, 934-940.

Shaban, A.; Abou Fayad, A.; Najem, W. Lead Contamination in Urban Soils of Beirut, Lebanon: Spatial Variation and Potential
Health Risks. Environ. Pollut. 2018, 237, 701-710.

Al-Rawas, G.A.; Valeo, C. Relationship between Wadi Drainage Characteristics and Peak-Flood Flows in Arid Northern Oman.
Hydrol. Sci. ]. 2010, 55, 377-393. [CrossRef]

Obaid, M.; Almarzooqi, F,; Sultana, M. Heavy Metal Contamination in Urban Soil of Dubai, UAE: Analysis of Lead and Other
Metals. Environ. Monit. Assess. 2015, 187, 117.

Jaishankar, M.; Tseten, T.; Anbalagan, N.; Mathew, B.B.; Beeregowda, K.N. Toxicity, Mechanism and Health Effects of Some Heavy
Metals. Interdiscip. Toxicol. 2014, 7, 60-72. [CrossRef]

Mielke, H.W.; Reagan, P.L. Soil Is an Important Pathway of Human Lead Exposure. Env. Health Perspect. 1998, 106 (Suppl. S1),
217-229.

Nriagu, J.O. Global Metal Pollution: Poisoning the Biosphere? Environ. Sci. Policy Sustain. Dev. 1990, 32, 7-33. [CrossRef]
Nriagu, J.O.; Pacyna, ] M. Quantitative Assessment of Worldwide Contamination of Air, Water and Soils by Trace Metals. Nature
1988, 333, 134-139. [CrossRef]

Needleman, H.L.; Gunnoe, C.; Leviton, A.; Reed, R.; Peresie, H.; Maher, C.; Barrett, P. Deficits in Psychologic and Classroom
Performance of Children with Elevated Dentine Lead Levels. N. Engl. . Med. 1979, 300, 689-695. [CrossRef] [PubMed]
Needleman, H.L.; McFarland, C.; Ness, R.B.; Fienberg, S.E.; Tobin, M.]. Bone Lead Levels in Adjudicated Delinquents: A Case
Control Study. Neurotoxicol. Teratol. 2002, 24, 711-717. [CrossRef]

Lough, G.C.; Schauer, ].J.; Park, J.-S.; Shafer, M.M.; DeMinter, ].T.; Weinstein, ].P. Emissions of Metals Associated with Motor
Vehicle Roadways. Environ. Sci. Technol. 2005, 39, 826-836. [CrossRef] [PubMed]


https://doi.org/10.1016/j.envres.2020.110364
https://www.ncbi.nlm.nih.gov/pubmed/33131708
https://doi.org/10.1016/S0048-9697(03)00051-2
https://doi.org/10.2105/AJPH.2015.303003
https://doi.org/10.1016/S0048-9697(00)00770-1
https://doi.org/10.3390/toxics11100809
https://doi.org/10.1080/02626661003718318
https://doi.org/10.2478/intox-2014-0009
https://doi.org/10.1080/00139157.1990.9929037
https://doi.org/10.1038/333134a0
https://doi.org/10.1056/NEJM197903293001301
https://www.ncbi.nlm.nih.gov/pubmed/763299
https://doi.org/10.1016/S0892-0362(02)00269-6
https://doi.org/10.1021/es048715f
https://www.ncbi.nlm.nih.gov/pubmed/15757346

Int. J. Environ. Res. Public Health 2025, 22, 311 24 of 30

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

Liu, Z.G,; Berg, D.R,; Swor, T.A.; Schauer, ].].; Zielinska, B. A Study on the Emissions of Chemical Species from Heavy-Duty
Diesel Engines and the Effects of Modern Aftertreatment Technology. In Proceedings of the SAE World Congress Exhibition (No.
2009-01-1084), Detroit, MI, USA, 9-11 April 2009.

Saran, A.; Much, D.; Vangronsveld, J.; Merini, L. Phytomanagement of Trace Element Polluted Fields with Aromatic Plants:
Supporting Circular Bio-Economies. Int. ]. Phytoremediat. 2023, 26, 169-177. [CrossRef] [PubMed]

Birmili, W.; Allen, A.G.; Bary, F.; Harrison, R.M. Trace Metal Concentrations and Water Solubility in Size-Fractionated Atmospheric
Particles and Influence of Road Traffic. Environ. Sci. Technol. 2006, 40, 1144-1153. [CrossRef]

Qin, M.; Jin, Y.; Peng, T.; Zhao, B.; Hou, D. Heavy Metal Pollution in Mongolian-Manchurian Grassland Soil and Effect of
Long-Range Dust Transport by Wind. Environ. Int. 2023, 177, 108019. [CrossRef] [PubMed]

Sahiti, H.; Bislimi, K.; Abdurrahmani Gagica, N.; Bajra Brahimaj, T.; Dalo, E. Bioaccumulation and Distribution of Pb, Ni, Zn
and Fe in Stinging Nettle (Urtica Dioica) Tissues and Heavy Metal-Contamination Assessment in the Industrial Zone of Smelter
Ferronikeli (Drenas-Kosovo). J. Environ. Sci. Health Part A 2023, 58, 805-810. [CrossRef]

Ferronato, N.; Torretta, V. Waste Mismanagement in Developing Countries: A Review of Global Issues. Int. J. Environ. Res. Public
Health 2019, 16, 1060. [CrossRef]

Grousset, F.E.; Biscaye, P.E. Tracing Dust Sources and Transport Patterns Using Sr, Nd and Pb Isotopes. Chem. Geol. 2005, 222,
149-167. [CrossRef]

Sladkovska, T.; Wolski, K.; Bujak, H.; Radkowski, A.; Sobol, L. A Review of Research on the Use of Selected Grass Species in
Removal of Heavy Metals. Agronomy 2022, 12, 2587. [CrossRef]

Amato, F; Pandolfi, M.; Moreno, T.; Furger, M.; Pey, J.; Alastuey, A.; Bukowiecki, N.; Prevot, A.; Baltensperger, U.; Querol, X.
Sources and Variability of Inhalable Road Dust Particles in Three European Cities. Atmos. Environ. 2011, 45, 6777-6787. [CrossRef]
Manno, E.; Varrica, D.; Dongarra, G. Metal Distribution in Road Dust Samples Collected in an Urban Area Close to a Petrochemical
Plant at Gela, Sicily. Atmos. Environ. 2006, 40, 5929-5941. [CrossRef]

Garg, B.D.; Cadle, S.H.; Mulawa, P.A.; Groblicki, P]J.; Laroo, C.; Parr, G.A. Brake Wear Particulate Matter Emissions. Environ. Sci.
Technol. 2000, 34, 4463-4469. [CrossRef]

Alvarez, R.; Weilenmann, M.; Favez, ].Y. Evidence of Increased Mass Fraction of NO2 within Real-World NOx Emissions of
Modern Light Vehicles—Derived from a Reliable Online Measuring Method. Atmos. Environ. 2008, 42, 4699-4707. [CrossRef]
Keav, S.; Matam, S.K.; Ferri, D.; Weidenkaff, A. Structured Perovskite-Based Catalysts and Their Application as Three-Way
Catalytic Converters—A Review. Catalysts 2014, 4, 226-255. [CrossRef]

Sharma, G.S.; Sugavaneswaran, M.; Prakash, R. NOx Reduction in IC Engines through after Treatment Catalytic Converter. In
NOx Emission Control Technologies in Stationary and Automotive Internal Combustion Engines; Elsevier: Amsterdam, The Netherlands,
2022; pp. 223-253.

Jones, A.M.; Harrison, R.M. The Effects of Meteorological Factors on Atmospheric Bioaerosol Concentrations—A Review. Sci.
Total. Environ. 2004, 326, 151-180. [CrossRef] [PubMed]

Chen, L; Liu, C,; Zou, R.; Yang, M.; Zhang, Z. Experimental Examination of Effectiveness of Vegetation as Bio-Filter of Particulate
Matters in the Urban Environment. Environ. Pollut. 2016, 208, 198-208. [CrossRef] [PubMed]

Landrigan, PJ. Air Pollution and Health. Lancet Public Health 2017, 2, E4-E5. [CrossRef]

Laidlaw, M. A ; Filippelli, G.M. Resuspension of Urban Soils as a Persistent Source of Lead Poisoning in Children: A Review and
New Directions. Appl. Geochem. 2008, 23, 2021-2039. [CrossRef]

Ajibade, FO.; Adelodun, B.; Lasisi, K.H.; Fadare, O.O.; Ajibade, T.F; Nwogwu, N.A.; Sulaymon, 1.D.; Ugya, A.Y.; Wang,
H.C.; Wang, A. Environmental Pollution and Their Socioeconomic Impacts. In Microbe Mediated Remediation of Environmental
Contaminants; Woodhead Publishing: Sawston, UK, 2021; pp. 321-354.

Dudka, S.; Adriano, D.C. Environmental Impacts of Metal Ore Mining and Processing: A Review. . Environ. Qual. 1997, 26,
590-602. [CrossRef]

Li, B; Yu, T,; Ji, W,; Liu, X,; Lin, K,; Li, C.; Ma, X.; Yang, Z. Geochemical Response of Surface Environment to Mining of Sn-Pb-Zn
Sulfide Deposits: A Case Study of Dachang Tin Polymetallic Deposit in Guangxi. Water 2023, 15, 1550. [CrossRef]

Gall, J.E.; Boyd, R.S.; Rajakaruna, N. Transfer of Heavy Metals through Terrestrial Food Webs: A Review. Environ. Monit. Assess.
2015, 187, 1-21. [CrossRef]

Assi, M.A.; Hezmee, M.N.M.; Haron, A.W.; Sabri, M.Y.; Rajion, M.A. The Detrimental Effects of Lead on Human and Animal
Health. Veter-World 2016, 9, 660-671. [CrossRef]

Ullah, S.; Ennab, W.; Wei, Q.; Wang, C.; Quddus, A.; Mustafa, S.; Hadi, T.; Mao, D.; Shi, F. Impact of Cadmium and Lead Exposure
on Camel Testicular Function: Environmental Contamination and Reproductive Health. Animals 2023, 13, 2302. [CrossRef]
Goff, K.; Becker, A. Environmental Public Health. In Public Health Foundations: Concepts and Practices; John Wiley & Sons: Hoboken,
NJ, USA, 2010; p. 197.

Adams, M. Food Forensics: The Hidden Toxins Lurking in Your Food and How You Can Avoid Them for Lifelong Health; BenBella Books,
Inc.: Dallas, TX, USA, 2016.


https://doi.org/10.1080/15226514.2023.2231554
https://www.ncbi.nlm.nih.gov/pubmed/37486171
https://doi.org/10.1021/es0486925
https://doi.org/10.1016/j.envint.2023.108019
https://www.ncbi.nlm.nih.gov/pubmed/37301047
https://doi.org/10.1080/10934529.2023.2236535
https://doi.org/10.3390/ijerph16061060
https://doi.org/10.1016/j.chemgeo.2005.05.006
https://doi.org/10.3390/agronomy12102587
https://doi.org/10.1016/j.atmosenv.2011.06.003
https://doi.org/10.1016/j.atmosenv.2006.05.020
https://doi.org/10.1021/es001108h
https://doi.org/10.1016/j.atmosenv.2008.01.046
https://doi.org/10.3390/catal4030226
https://doi.org/10.1016/j.scitotenv.2003.11.021
https://www.ncbi.nlm.nih.gov/pubmed/15142773
https://doi.org/10.1016/j.envpol.2015.09.006
https://www.ncbi.nlm.nih.gov/pubmed/26385643
https://doi.org/10.1016/S2468-2667(16)30023-8
https://doi.org/10.1016/j.apgeochem.2008.05.009
https://doi.org/10.2134/jeq1997.00472425002600030003x
https://doi.org/10.3390/w15081550
https://doi.org/10.1007/s10661-015-4436-3
https://doi.org/10.14202/vetworld.2016.660-671
https://doi.org/10.3390/ani13142302

Int. J. Environ. Res. Public Health 2025, 22, 311 25 of 30

68.

69.

70.

71.

72.

73.

74.

75.
76.

77.

78.

79.

80.
81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

Habeeb, E.; Aldosari, S.; Saghir, S.A.; Cheema, M.; Momenah, T.; Husain, K.; Omidi, Y.; Rizvi, S.A.; Akram, M.; Ansari, R.A. Role
of Environmental Toxicants in the Development of Hypertensive and Cardiovascular Diseases. Toxicol. Rep. 2022, 9, 521-533.
[CrossRef] [PubMed]

Wang, H.; Nie, L,; Li, J.; Wang, Y.; Wang, G.; Wang, J.; Hao, Z. Characterization and Assessment of Volatile Organic Compounds
(VOCs) Emissions from Typical Industries. Chin. Sci. Bull. 2013, 58, 724-730. [CrossRef]

Hutchinson, T.C.; Whitby, L.M. The Effects of Acid Rainfall and Heavy Metal Particulates on a Boreal Forest Ecosystem near the
Sudbury Smelting Region of Canada. Water Air Soil Pollut. 1977, 7, 421-438. [CrossRef]

Saxena, P.; Sonwani, S. Primary Criteria Air Pollutants: Environmental Health Effects. In Criteria Air Pollutants and Their Impact on
Environmental Health; Springer: Singapore, 2019; pp. 49-82.

Selvam, S.; Ravindran, A.A.; Venkatramanan, S.; Singaraja, C. Assessment of Heavy Metal and Bacterial Pollution in Coastal
Aquifers from SIPCOT Industrial Zones, Gulf of Mannar, South Coast of Tamil Nadu, India. Appl. Water Sci. 2017, 7, 897-913.
[CrossRef]

Mishra, S.; Bharagava, R.N.; More, N.; Yadav, A.; Zainith, S.; Mani, S.; Chowdhary, P. Heavy Metal Contamination: An Alarming
Threat to Environment and Human Health. In Environmental Biotechnology: For Sustainable Future; Springer: Singapore, 2018;
pp. 103-125.

Nyiramigisha, P.; Komariah, S. Harmful Impacts of Heavy Metal Contamination in the Soil and Crops Grown around Dumpsites.
Rev. Agric. Sci. 2021, 9, 271-282. [CrossRef] [PubMed]

Tiller, K. Urban Soil Contamination in Australia. Soil Res. 1992, 30, 937-957. [CrossRef]

Stovern, M.; Guzman, H.; Rine, K.P; Felix, O.; King, M.; Ela, W.P; Betterton, E.A.; Sdez, A.E. Windblown Dust Deposition
Forecasting and Spread of Contamination around Mine Tailings. Atmosphere 2016, 7, 16. [CrossRef] [PubMed]

Cui, B.; Zhang, Q.; Zhang, K; Liu, X.; Zhang, H. Analyzing Trophic Transfer of Heavy Metals for Food Webs in the Newly-Formed
Wetlands of the Yellow River Delta, China. Environ. Pollut. 2011, 159, 1297-1306. [CrossRef]

Szynkowska, M.1,; Pawlaczyk, A.; Mackiewicz, E. Bioaccumulation and Biomagnification of Trace Elements in the Environment.
In Recent Advances in Trace Elements; John Wiley & Sons, Inc.: Hoboken, NJ, USA, 2018; pp. 251-276.

Guerin, T.F. Environmental Liability and Life-Cycle Management of Used Lubricating Oils. J. Hazard. Mater. 2008, 160, 256-264.
[CrossRef]

Abah, S.O.; Ohimain, E.I. Healthcare Waste Management in Nigeria: A Case Study. J. Public Health Epidemiol. 2011, 3, 99-110.
Li, Y;; Li, J.; Chen, S.; Diao, W. Establishing Indices for Groundwater Contamination risk Assessment in the Vicinity of Hazardous
Waste Landfills in China. Environ. Pollut. 2012, 165, 77-90. [CrossRef] [PubMed]

Li, M,; Liu, Z.; Chen, Y.; Korshin, G.V. Effects of Varying Temperatures and Alkalinities on the Corrosion and Heavy Metal Release
from Low-Lead Galvanized Steel. Environ. Sci. Pollut. Res. 2020, 27, 2412-2422. [CrossRef] [PubMed]

Roy, S.; Edwards, M.A. Preventing Another Lead (Pb) in Drinking Water Crisis: Lessons from the Washington D.C. and Flint MI
Contamination Events. Curr. Opin. Environ. Sci. Health 2019, 7, 34—44. [CrossRef]

Sarker, A.; Al Masud, A.; Deepo, D.M.; Das, K.; Nandi, R.; Ansary, M.\W.R.; Islam, A.RM.T.; Islam, T. Biological and Green
Remediation of Heavy Metal Contaminated Water and Soils: A State-of-the-Art Review. Chemosphere 2023, 332, 138861. [CrossRef]
[PubMed]

Frank, J.J.; Poulakos, A.G.; Tornero-Velez, R.; Xue, J. Systematic Review and Meta-Analyses of Lead (Pb) Concentrations in
Environmental Media (Soil, Dust, Water, Food, and Air) Reported in the United States from 1996 to 2016. Sci. Total Environ. 2019,
694, 133489. [CrossRef]

Facchinelli, A.; Sacchi, E.; Mallen, L. Multivariate Statistical and GIS-Based Approach to Identify Heavy Metal Sources in Soils.
Environ. Pollut. 2001, 114, 313-324. [CrossRef]

Turnbull, R.; Rogers, K.; Martin, A.; Rattenbury, M.; Morgan, R. Human Impacts Recorded in Chemical and Isotopic Fingerprints
of Soils from Dunedin City, New Zealand. Sci. Total. Environ. 2019, 673, 455-469. [CrossRef] [PubMed]

Mielke, HW.; Gonzales, C.R.; Powell, E.T.; Mielke, PW., Jr. Spatiotemporal Dynamic Transformations of Soil Lead and Children’s
Blood Lead Ten Years after Hurricane Katrina: New Grounds for Primary Prevention. Environ. Int. 2016, 94, 567-575. [CrossRef]
Miranda, M.L.; Anthopolos, R.; Hastings, D. A Geospatial Analysis of the Effects of Aviation Gasoline on Childhood Blood Lead
Levels. Environ. Health Perspect. 2011, 119, 1513-1516. [CrossRef] [PubMed]

Levin, R.; Vieira, C.L.Z.; Rosenbaum, M.H.; Bischoff, K.; Mordarski, D.C.; Brown, M.]. The Urban Lead (Pb) Burden in Humans,
Animals and the Natural Environment. Environ. Res. 2021, 193, 110377. [CrossRef] [PubMed]

Raj, K.; Das, A.P. Lead Pollution: Impact on Environment and Human Health and Approach for a Sustainable Solution. Environ.
Chem. Ecotoxicol. 2023, 5, 79-85. [CrossRef]

Pareja-Carrera, J.; Mateo, R.; Rodriguez-Estival, J. Lead (Pb) in Sheep Exposed to Mining Pollution: Implications for Animal and
Human Health. Ecofoxicol. Environ. Saf. 2014, 108, 210-216. [CrossRef] [PubMed]

Rigby, H.; Smith, S.R. The Significance of Cadmium Entering the Human Food Chain via Livestock Ingestion from the Agricultural
Use of Biosolids, with Special Reference to the UK. Environ. Int. 2020, 143, 105844. [CrossRef]


https://doi.org/10.1016/j.toxrep.2022.03.019
https://www.ncbi.nlm.nih.gov/pubmed/35371924
https://doi.org/10.1007/s11434-012-5345-2
https://doi.org/10.1007/BF00285542
https://doi.org/10.1007/s13201-015-0301-3
https://doi.org/10.7831/ras.9.0_271
https://www.ncbi.nlm.nih.gov/pubmed/39861623
https://doi.org/10.1071/SR9920937
https://doi.org/10.3390/atmos7020016
https://www.ncbi.nlm.nih.gov/pubmed/29082035
https://doi.org/10.1016/j.envpol.2011.01.024
https://doi.org/10.1016/j.jhazmat.2008.03.029
https://doi.org/10.1016/j.envpol.2011.12.042
https://www.ncbi.nlm.nih.gov/pubmed/22410106
https://doi.org/10.1007/s11356-019-06893-2
https://www.ncbi.nlm.nih.gov/pubmed/31784878
https://doi.org/10.1016/j.coesh.2018.10.002
https://doi.org/10.1016/j.chemosphere.2023.138861
https://www.ncbi.nlm.nih.gov/pubmed/37150456
https://doi.org/10.1016/j.scitotenv.2019.07.295
https://doi.org/10.1016/S0269-7491(00)00243-8
https://doi.org/10.1016/j.scitotenv.2019.04.063
https://www.ncbi.nlm.nih.gov/pubmed/30991335
https://doi.org/10.1016/j.envint.2016.06.017
https://doi.org/10.1289/ehp.1003231
https://www.ncbi.nlm.nih.gov/pubmed/21749964
https://doi.org/10.1016/j.envres.2020.110377
https://www.ncbi.nlm.nih.gov/pubmed/33129862
https://doi.org/10.1016/j.enceco.2023.02.001
https://doi.org/10.1016/j.ecoenv.2014.07.014
https://www.ncbi.nlm.nih.gov/pubmed/25086824
https://doi.org/10.1016/j.envint.2020.105844

Int. J. Environ. Res. Public Health 2025, 22, 311 26 of 30

94.

95.
96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.
109.

110.

111.

112.

113.

114.

115.

116.

117.

118.

119.

Meshabaz, R.A.; Umer, ML.I. Determination of Heavy Metals Concentration in Raw Milk of Awassi Sheep Grazed in the Polluted
Area by Oil Refinery Effluents in Kwashe Industrial Area. Sci. J. Univ. Zakho 2023, 11, 355-360. [CrossRef]

Nachana’a Timothy, E.T.W. Environmental Pollution by Heavy Metal: An Overview. Chemistry 2019, 3, 72-82. [CrossRef]

Hale, R.C; King, A.E.; Ramirez, ].M.; La Guardia, M.; Nidel, C. Durable Plastic Goods: A Source of Microplastics and Chemical
Additives in the Built and Natural Environments. Environ. Sci. Technol. Lett. 2022, 9, 798-807. [CrossRef]

Zhu, Z.; Xu, Z.; Peng, |.; Fei, J.; Yu, P; Wang, M.; Tan, Y.; Huang, Y.; Zhran, M.; Fahmy, A. The Contribution of Atmospheric
Deposition of Cadmium and Lead to Their Accumulation in Rice Grains. Plant Soil 2022, 477, 373-387. [CrossRef]

Liu, X.; Chen, C.; Wang, J.; Zou, S.; Long, X. Phosphorus Solubilizing Bacteria Bacillus Thuringiensis and Pantoea Ananatis
Simultaneously Promote soil Inorganic Phosphate Dissolution and Soil Pb Immobilization. Rhizosphere 2021, 20, 100448. [CrossRef]
Akhtar, M.; Khan, Z.I1.; Ahmad, K.; Mehmood, N.; Mahpara, S.; Nadeem, M.; Wajid, K.; Gazzal, M.; Rizvi, Z.F,; Norka, LR,; et al.
Assessing the Seasonal Transfer of Pb and Cu from Pasture to Animals in the Vicinity of Coal Mines in District Chakwal, Pakistan.
Pure Appl. Biol. (PAB) 2020, 9, 859-871. [CrossRef]

Allden, W.; McDWhittaker, I. The Determinants of Herbage Intake by Grazing Sheep: The Interrelationship of Factors Influencing
Herbage Intake and Availability. Aust. J. Agric. Res. 1970, 21, 755-766. [CrossRef]

Abrahams, P.W.; Steigmajer, J. Soil Ingestion By Sheep Grazing the Metal Enriched Floodplain Soils of Mid-Wales. Environ.
Geochem. Health 2003, 25, 17-24. [CrossRef]

AL-Sabbagh, T. Assessment of Lead Contamination in Kuwait with an Impact in the Internal Organs of the Livestock. J. Appl. Sci.
Res. 2012, 8,2118-2123.

O’Connor, D.; Hou, D.; Ye, J.; Zhang, Y.; Ok, Y.S; Song, Y.; Coulon, E; Peng, T.; Tian, L. Lead-Based Paint Remains a Major Public
Health Concern: A Critical Review of Global Production, Trade, Use, Exposure, Health Risk, and Implications. Environ. Int. 2018,
121, 85-101. [CrossRef] [PubMed]

Hou, D.; O’connor, D.; Igalavithana, A.D.; Alessi, D.S.; Luo, ].; Tsang, D.C.W.; Sparks, D.L.; Yamauchi, Y.; Rinklebe, J.; Ok, Y.S.
Metal Contamination and Bioremediation of Agricultural Soils for Food Safety and Sustainability. Nat. Rev. Earth Environ. 2020, 1,
366-381. [CrossRef]

Abedi, A.-S.; Nasseri, E.; Esfarjani, F.; Mohammadi-Nasrabadi, F.; Moosavi, M.H.; Hoseini, H. A Systematic Review and Meta-
analysis of Lead and Cadmium Concentrations in Cow Milk in Iran and Human Health Risk Assessment. Environ. Sci. Pollut. Res.
2020, 27,10147-10159. [CrossRef] [PubMed]

Nag, R.; Cummins, E. Lead Pollution: Sources, Human Health Impacts, and Mitigation Strategies. Environ. Sci. Pollut. Res. 2021,
28, 4827-4845.

Komal, T.; Mustafa, M.; Ali, Z.; Kazi, A.G. Heavy Metal Uptake and Transport in Plants. In Heavy Metal Contamination of Soils; Soil
Biology; Sherameti, I., Varma, A., Eds.; Springer: Cham, Switzerland, 2015; Volume 44. [CrossRef]

Central Statistics Office (CSO). Census of Agriculture; Central Statistics Office (CSO): Cork, Ireland, 2012.

Nag, R.; O'Neill, P.; Cummins, E. Spatial Assessment of Metal(Loid) Contamination in Agricultural Soils of the Republic of
Ireland. Environ. Geochem. Health 2022, 44, 1185-1200.

Swarup, D.; Patra, R.C.; Naresh, R.; Kumar, P.; Shekhar, P.; Verma, PK. Blood Lead Levels in Lactating Cows Reared around
Polluted Localities and Its Relation to Milk Production. J. Vet. Sci. 2005, 6, 67-71.

Zwolak, A.; Sarzynska, M.; Szpyrka, E.; Stawarczyk, K. Sources of Soil Pollution by Heavy Metals and Their Accumulation in
Vegetables: A Review. Water Air Soil Pollut. 2019, 230, 289. [CrossRef]

Flora, G.; Gupta, D.; Tiwari, A. Toxicity of Lead: A Review with Recent Updates. Interdiscip. Toxicol. 2012, 5, 47-58. [CrossRef]
[PubMed]

Johnsen, L.V.; Aaneby, ]. Accumulation of Copper and Lead in Ruminants Grazing on a Contaminated Shooting Range in Nordland
County, Norway. Environ. Sci. Pollut. Res. 2024, 31, 11026-11036. [CrossRef]

Rastogi, S. Renal Effects of Environmental and Occupational Lead Exposure. Indian |. Occup. Environ. Med. 2008, 12, 103-106.
[CrossRef] [PubMed]

Harlia, E.; Rahmah, K.; Suryanto, D. Food Safety of Milk and Dairy Product of Dairy Cattle from Heavy Metal Contamination. In
IOP Conference Series: Earth Environmental Science; IOP Publishing: Bristol, UK, 2018; Volume 102, p. 012050.

Brito, J.A.; Costa, LM.; e Silva, A.M.; Marques, ].M.; Zagalo, C.M.; Cavaleiro, LI; Fernandes, T.A.; Gongalves, L.L. Changes in
Bone Pb Accumulation: Cause and Effect of Altered Bone Turnover. Bone 2014, 64, 228-234. [CrossRef] [PubMed]

Jang, W.-H.; Lim, K.-M.; Kim, K.; Noh, J.-Y.; Kang, S.; Chang, Y.-K.; Chung, ].-H. Low Level of Lead Can Induce Phosphatidylserine
Exposure and Erythrophagocytosis: A New Mechanism Underlying Lead-Associated Anemia. Toxicol. Sci. 2011, 122, 177-184.
[CrossRef] [PubMed]

Rizor, A.; Pajarillo, E.; Johnson, J.; Aschner, M.; Lee, E. Astrocytic Oxidative/Nitrosative Stress Contributes to Parkinson’s Disease
Pathogenesis: The Dual Role of Reactive Astrocytes. Antioxidants 2019, 8, 265. [CrossRef] [PubMed]

Deng, W. Role of Oligodendroglia in Lead Neurotoxicity. Master’s Thesis, Rutgers The State University of New Jersey-New
Brunswick and University of Medicine and Dentistry of New Jersey, Scotch Plains, NJ, USA, 2001.


https://doi.org/10.25271/sjuoz.2023.11.3.1103
https://doi.org/10.11648/j.ijec.20190302.14
https://doi.org/10.1021/acs.estlett.2c00417
https://doi.org/10.1007/s11104-022-05429-x
https://doi.org/10.1016/j.rhisph.2021.100448
https://doi.org/10.19045/bspab.2020.90091
https://doi.org/10.1071/AR9700755
https://doi.org/10.1023/A:1021217402950
https://doi.org/10.1016/j.envint.2018.08.052
https://www.ncbi.nlm.nih.gov/pubmed/30179767
https://doi.org/10.1038/s43017-020-0061-y
https://doi.org/10.1007/s11356-020-07989-w
https://www.ncbi.nlm.nih.gov/pubmed/32060829
https://doi.org/10.1007/978-3-319-14526-6_10
https://doi.org/10.1007/s11270-019-4221-y
https://doi.org/10.2478/v10102-012-0009-2
https://www.ncbi.nlm.nih.gov/pubmed/23118587
https://doi.org/10.1007/s11356-023-31609-y
https://doi.org/10.4103/0019-5278.44689
https://www.ncbi.nlm.nih.gov/pubmed/20040966
https://doi.org/10.1016/j.bone.2014.04.021
https://www.ncbi.nlm.nih.gov/pubmed/24768754
https://doi.org/10.1093/toxsci/kfr079
https://www.ncbi.nlm.nih.gov/pubmed/21482638
https://doi.org/10.3390/antiox8080265
https://www.ncbi.nlm.nih.gov/pubmed/31374936

Int. J. Environ. Res. Public Health 2025, 22, 311 27 of 30

120.

121.

122.

123.

124.

125.
126.

127.

128.

129.

130.

131.
132.

133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

Luo, X.; Huo, X.; Zhang, Y.; Cheng, Z.; Chen, S.; Xu, X. Increased Intestinal Permeability with Elevated Peripheral Blood Endotoxin
and Inflammatory Indices for e-Waste Lead Exposure in Children. Chemosphere 2021, 279, 130862. [CrossRef]

Zhai, Q.; Qu, D.; Feng, S.; Yu, Y.; Yu, L.; Tian, F; Zhao, ].; Zhang, H.; Chen, W. Oral Supplementation of Lead-Intolerant Intestinal
Microbes Protects against Lead (Pb) Toxicity in Mice. Front. Microbiol. 2020, 10, 3161. [CrossRef] [PubMed]

Gulson, B.L.; Mizon, K.J.; Palmer, ].M.; Korsch, M.].; Taylor, A.J.; Mahaffey, K.R. Blood Lead Changes during Pregnancy and
Postpartum with Calcium Supplementation. Environ. Health Perspect. 2004, 112, 1499-1507. [CrossRef]

Su, C.; Qu, X,; Gao, Y.; Zhou, X.; Yang, X.; Zheng, N. Effects of Heavy Metal Exposure from Leather Processing Plants on Serum
Oxidative Stress and the Milk Fatty Acid Composition of Dairy Cows: A Preliminary Study. Animals 2022, 12, 1900. [CrossRef]
Bhardwaj, J.K.; Paliwal, A ; Saraf, P. Effects of Heavy Metals on Reproduction Owing to Infertility. J. Biochem. Mol. Toxicol. 2021,
35, €22823. [CrossRef] [PubMed]

Patocka, J.; Cerny, K. Inorganic Lead Toxicology. Acta Med. 2003, 46, 65-72. [CrossRef]

Rattan, S.; Zhou, C.; Chiang, C.; Mahalingam, S.; Brehm, E.; A Flaws, J. Exposure to Endocrine Disruptors during Adulthood:
Consequences for Female Fertility. . Endocrinol. 2017, 233, R109-R129. [CrossRef] [PubMed]

Singh, A.K.; Mahesh, M.S.; Ojha, L.; Choubey, M.; Kumari, P.; Chaudhary, S.K. Lead: Exposure Risk, Bio Assimilation and
Amelioration Strategies in Livestock Animals. In Lead Toxicity: Challenges and Solution; Springer Nature: Cham, Switzerland, 2023;
pp- 51-87.

Wrzeciniska, M.; Kowalczyk, A.; Cwynar, P.; Czerniawska-Piatkowska, E. Disorders of the Reproductive Health of Cattle as a
Response to Exposure to Toxic Metals. Biology 2021, 10, 882. [CrossRef] [PubMed]

Mumtaz, S.; Alj, S.; Khan, R.; Shakir, H.A ; Tahir, HM.; Mumtaz, S.; Andleeb, S. Therapeutic Role of Garlic and Vitamins C and E
against Toxicity Induced by Lead on Various Organs. Environ. Sci. Pollut. Res. 2020, 27, 8953-8964. [CrossRef] [PubMed]
Flocea, E.I; Ghelbere, C. Neurotoxicity Caused by Lead Present in Food and Environment: A Review. Int. ]. Agric. Sci. Food
Technol. 2022, 8, 232-235.

Sakai, T. Biomarkers of Lead Exposure. Ind. Health 2000, 38, 127-142. [CrossRef] [PubMed]

Morelli, A.M.; Scholkmann, E. Multiple Sclerosis, Extra-Mitochondrial Energy Production in Myelin and Transgenerational Effects
of Lead Exposure: Possible Connections. Med. Hypotheses 2023, 176, 111095. [CrossRef]

Aglan, H.S.; Gebremedhn, S.; Salilew-Wondim, D.; Neuhof, C.; Tholen, E.; Holker, M.; Schellander, K.; Tesfaye, D. Regulation of
Nrf2 and NF-«B during Lead Toxicity in Bovine Granulosa Cells. Cell Tissue Res. 2020, 380, 643—655. [CrossRef] [PubMed]
Katole, S.B.; Kumar, P,; Patil, R.D. Environmental Pollutants and Livestock Health: A Review. Vet. Res. Int. 2013, 1, 1-13.

Ray, R.R. Haemotoxic Effect of Lead: A Review. In Proceedings of the Zoological Society; Springer: Pune, India, 2015; Volume 69,
pp. 161-172.

Migliore, L.; Coppedeé, F. Environmental-Induced Oxidative Stress in Neurodegenerative Disorders and Aging. Mutat. Res.
Toxicol. Environ. Mutagen. 2009, 674, 73-84. [CrossRef]

Sun, X.; Liu, W,; Zhang, B.; Shen, X.; Hu, C.; Chen, X.; Jin, S,; Jiang, Y.; Liu, H.; Cao, Z.; et al. Maternal Heavy Metal Exposure,
Thyroid Hormones, and Birth Outcomes: A Prospective Cohort Study. . Clin. Endocrinol. Metab. 2019, 104, 5043-5052. [CrossRef]
[PubMed]

Humberg, A.; Fortmann, L; Siller, B.; Kopp, M.V.; Herting, E.; Gopel, W.; Hértel, C.; German Neonatal Network, German
Center for Lung Research and Priming Immunity at the Beginning of Life (PRIMAL) Consortium. Preterm Birth and Sustained
Inflammation: Consequences for the Neonate. In Seminars in Immunopathology; Springer: Berlin/Heidelberg, Germany, 2020;
Volume 42, pp. 451-468.

Rehman, K.; Fatima, F.; Waheed, I.; Akash, M.S.H. Prevalence of Exposure of Heavy Metals and Their Impact on Health
Consequences. J. Cell. Biochem. 2018, 119, 157-184. [CrossRef]

Guvvala, P.R.; Ravindra, ].P; Selvaraju, S. Impact of Environmental Contaminants on Reproductive Health of Male Domestic
Ruminants: A Review. Environ. Sci. Pollut. Res. 2020, 27, 3819-3836. [CrossRef] [PubMed]

Srinivasan, A. Failure of Erythrocyte Production. In Benign Hematologic Disorders in Children: A Clinical Guide; Springer:
Berlin/Heidelberg, Germany, 2021; pp. 369-383.

Al Osman, M.; Yang, F.; Massey, I.Y. Exposure Routes and Health Effects of Heavy Metals on Children. BioMetals 2019, 32, 563-573.
[CrossRef]

Sahu, S.; Nayak, S.; John, J. Unmet Need to Screen for Lead Toxicity in the Prevention of ADHD. J. Fam. Med. Prim. Care 2021, 10,
586-587. [CrossRef]

Bakulski, K.M.; Seo, Y.A.; Hickman, R.C.; Brandt, D.; Vadari, H.S.; Hu, H.; Park, S.K. Heavy Metals Exposure and Alzheimer’s
Disease and Related Dementias. J. Alzheimer’s Dis. 2020, 76, 1215-1242. [CrossRef] [PubMed]

Caioni, G.; Cimini, A.; Benedetti, E. Food Contamination: An Unexplored Possible Link between Dietary Habits and Parkinson’s
Disease. Nutrients 2022, 14, 1467. [CrossRef] [PubMed]


https://doi.org/10.1016/j.chemosphere.2021.130862
https://doi.org/10.3389/fmicb.2019.03161
https://www.ncbi.nlm.nih.gov/pubmed/32038590
https://doi.org/10.1289/ehp.6548
https://doi.org/10.3390/ani12151900
https://doi.org/10.1002/jbt.22823
https://www.ncbi.nlm.nih.gov/pubmed/34051019
https://doi.org/10.14712/18059694.2019.8
https://doi.org/10.1530/JOE-17-0023
https://www.ncbi.nlm.nih.gov/pubmed/28356401
https://doi.org/10.3390/biology10090882
https://www.ncbi.nlm.nih.gov/pubmed/34571759
https://doi.org/10.1007/s11356-020-07654-2
https://www.ncbi.nlm.nih.gov/pubmed/32036533
https://doi.org/10.2486/indhealth.38.127
https://www.ncbi.nlm.nih.gov/pubmed/10812836
https://doi.org/10.1016/j.mehy.2023.111095
https://doi.org/10.1007/s00441-020-03177-x
https://www.ncbi.nlm.nih.gov/pubmed/32185525
https://doi.org/10.1016/j.mrgentox.2008.09.013
https://doi.org/10.1210/jc.2018-02492
https://www.ncbi.nlm.nih.gov/pubmed/30994896
https://doi.org/10.1002/jcb.26234
https://doi.org/10.1007/s11356-019-06980-4
https://www.ncbi.nlm.nih.gov/pubmed/31845245
https://doi.org/10.1007/s10534-019-00193-5
https://doi.org/10.4103/jfmpc.jfmpc_2065_20
https://doi.org/10.3233/JAD-200282
https://www.ncbi.nlm.nih.gov/pubmed/32651318
https://doi.org/10.3390/nu14071467
https://www.ncbi.nlm.nih.gov/pubmed/35406080

Int. J. Environ. Res. Public Health 2025, 22, 311 28 of 30

146.

147.

148.

149.

150.

151.

152.

153.

154.

155.

156.
157.

158.

159.

160.

161.

162.
163.

164.

165.

166.

167.

168.

169.

Harari, F,; Sallsten, G.; Christensson, A.; Petkovic, M.; Hedblad, B.; Forsgard, N.; Melander, O.; Nilsson, PM.; Borné, Y.; Engstrom,
G.; et al. Blood Lead Levels and Decreased Kidney Function in a Population-Based Cohort. Am. |. Kidney Dis. 2018, 72, 381-389.
[CrossRef] [PubMed]

Hu, ].M.; Arbuckle, T.E,; Janssen, P; Lanphear, B.P.; Zhuang, L.H.; Braun, ].M.; Chen, A.; McCandless, L.C. Prenatal Exposure
to Endocrine Disrupting Chemical Mixtures and Infant Birth Weight: A Bayesian Analysis Using Kernel Machine Regression.
Environ. Res. 2021, 195, 110749. [CrossRef]

Almasiova, S.; Toman, R.; PSenkova, M.; Tancin, V.; Janco, I. Toxic Elements in Sheep Milk, Whey, and Cheese from the
Environmentally Burdened Area in Eastern Slovakia and Health Risk Assessment with Different Scenarios of Their Consumption.
Toxics 2024, 12, 467. [CrossRef] [PubMed]

Afzal, A.; Mahreen, N. Emerging Insights into the Impacts of Heavy Metals Exposure on Health, Reproductive and Productive
Performance of Livestock. Front. Pharmacol. 2024, 15, 1375137. [CrossRef] [PubMed]

Salgado-Souto, S.A.; Escorcia-Reynoso, M.U.; Del Rio-Salas, R.; Talavera-Mendoza, O.; Bottini-Luzardo, M.B.; Ntfnez-Martinez,
G.; Aguirre-Noyola, ].L.; Hernandez-Flores, G. Assessing Bioaccumulation of Pb, Cd, and As in goats: Impacts of Exposure to
Mine Tailings in a Polymetallic Mining Region. J. S. Am. Earth Sci. 2025, 153, 105372. [CrossRef]

Tesi, G.O,; Iniaghe, P.O.; Ogwu, LE.; Okunoja, H.B.; Iwegbue, C.M.; Egobueze, EE. Safety Evaluation of Human Exposure to
Potentially Toxic Metals in the Organs of Sheep from Southern Nigeria. J. Trace Elements Miner. 2024, 9, 100184. [CrossRef]
Hussain, M.I.; Khan, Z.I.; Ahmad, K.; Naeem, M.; Ali, M.A_; Elshikh, M.S.; Zaman, Q.U.; Igbal, K.; Muscolo, A.; Yang, H.H.
Toxicity and Bioassimilation of Lead and Nickel in Farm Ruminants Fed on Diversified Forage Crops Grown on Contaminated
Soil. Ecotoxicol. Environ. Saf. 2024, 283, 116812. [CrossRef] [PubMed]

Phillips, C.; Mohamed, M.; Chiy, P. Effects of Duration of Exposure to Dietary Lead on Rumen Metabolism and the Accumulation
of Heavy Metals in Sheep. Small Rumin. Res. 2011, 100, 113-121. [CrossRef]

Smith, K.; Dagleish, M.; Abrahams, P. The Intake of Lead and Associated Metals by Sheep Grazing Mining-Contaminated
Floodplain Pastures in Mid-Wales, UK: II. Metal Concentrations in Blood and Wool. Sci. Total. Environ. 2010, 408, 1035-1042.
[CrossRef] [PubMed]

Liu, Z. Lead Poisoning Combined with Cadmium in Sheep and Horses in the Vicinity of Non-Ferrous Metal Smelters. Sci. Total.
Environ. 2003, 309, 117-126. [CrossRef] [PubMed]

Payne, J.; Livesey, C. Lead Poisoning in Cattle and Sheep. Practice 2010, 32, 64—69. [CrossRef]

Sun, H.; Song, Y.; Liu, W.; Zhang, M.; Duan, T.; Cai, Y. Coupling Soil Washing with Chelator and Cathodic Reduction Treatment
for a Multi-Metal Contaminated Soil: Effect of pH Controlling. Electrochim. Acta 2023, 448, 142178. [CrossRef]

Tindanzor, E.; Guo, Z; Li, T,; Xu, R;; Xiao, X.; Peng, C. Leaching and Characterization Studies of Heavy Metals in Contam-
inated Soil Using Sequenced Reagents of Oxalic Acid, Citric Acid, and a Copolymer of Maleic and Acrylic Acid Instead of
Ethylenediaminetetraacetic Acid. Environ. Sci. Pollut. Res. 2023, 30, 6919-6934. [CrossRef] [PubMed]

Kaonda, M.K.M,; Chileshe, K. Assessment of Sunflower (Helianthus annuus L.) for Phytoremediation of Heavy Metal Polluted
Mine Tailings—A Case Study of Nampundwe Mine Tailings Dam, Zambia. |. Environ. Prot. 2023, 14, 481-492. [CrossRef]

Shen, X.; Dai, M.; Yang, J.; Sun, L.; Tan, X.; Peng, C.; Ali, I; Naz, I. A Critical Review on the Phytoremediation of Heavy Metals
from Environment: Performance and Challenges. Chemosphere 2022, 291, 132979. [CrossRef]

Rosestolato, D.; Bagatin, R.; Ferro, S. Electrokinetic Remediation of Soils Polluted by Heavy Metals (Mercury in Particular). Chem.
Eng. J. 2015, 264, 16-23. [CrossRef]

Reddy, K.R. Technical Challenges to In-situ Remediation of Polluted Sites. Geotech. Geol. Eng. 2010, 28, 211-221. [CrossRef]
Gadd, G.M.; Rhee, YJ.; Stephenson, K.; Wei, Z. Geomycology: Metals, Actinides and Biominerals. Environ. Microbiol. Rep. 2012, 4,
270-296. [CrossRef] [PubMed]

Vinay, K.; Pritha, C. Microbial bioremediation of metal and radionuclides: Approaches and advancement. In Plant and Soil Micro-
biome, Microbiome-Based Decontamination of Environmental Pollutants; Academic Press: Cambridge, MA, USA, 2024; pp. 293-316.
[CrossRef]

Papadopoulos, E.; Gallidis, E.; Ptochos, S. Anthelmintic Resistance in Sheep in Europe: A Selected Review. Veter-Parasitol. 2012,
189, 85-88. [CrossRef] [PubMed]

Takeuchi-Storm, N.; Moakes, S.; Thiier, S.; Grovermann, C.; Verwer, C.; Verkaik, J.; Knubben-Schweizer, G.; Hoglund, J.;
Petkevicius, S.; Thamsborg, S.; et al. Parasite Control in Organic Cattle Farming: Management and Farmers’ Perspectives from
Six European Countries. Veter-Parasitol. Reg. Stud. Rep. 2019, 18, 100329. [CrossRef]

Van Dijk, J.; Sargison, N.D.; Kenyon, F,; Skuce, PJ. Climate Change and Infectious Disease: Helminthological Challenges to
Farmed Ruminants in Temperate Regions. Animal 2010, 4, 377-392. [CrossRef]

Barioni, L.; Dake, C.; Parker, W. Optimizing Rotational Grazing in Sheep Management Systems. Environ. Int. 1999, 25, 819-825.
[CrossRef]

Yadav, R.; Singh, G.; Santal, A.R.; Singh, N.P. Omics Approaches in Effective Selection and Generation of Potential Plants for
Phytoremediation of Heavy Metal from Contaminated Resources. J. Environ. Manag. 2023, 336, 117730. [CrossRef] [PubMed]


https://doi.org/10.1053/j.ajkd.2018.02.358
https://www.ncbi.nlm.nih.gov/pubmed/29699886
https://doi.org/10.1016/j.envres.2021.110749
https://doi.org/10.3390/toxics12070467
https://www.ncbi.nlm.nih.gov/pubmed/39058119
https://doi.org/10.3389/fphar.2024.1375137
https://www.ncbi.nlm.nih.gov/pubmed/38567355
https://doi.org/10.1016/j.jsames.2025.105372
https://doi.org/10.1016/j.jtemin.2024.100184
https://doi.org/10.1016/j.ecoenv.2024.116812
https://www.ncbi.nlm.nih.gov/pubmed/39094457
https://doi.org/10.1016/j.smallrumres.2011.06.004
https://doi.org/10.1016/j.scitotenv.2009.10.023
https://www.ncbi.nlm.nih.gov/pubmed/19931888
https://doi.org/10.1016/S0048-9697(03)00011-1
https://www.ncbi.nlm.nih.gov/pubmed/12798097
https://doi.org/10.1136/inp.b5672
https://doi.org/10.1016/j.electacta.2023.142178
https://doi.org/10.1007/s11356-022-22634-4
https://www.ncbi.nlm.nih.gov/pubmed/36018405
https://doi.org/10.4236/jep.2023.147028
https://doi.org/10.1016/j.chemosphere.2021.132979
https://doi.org/10.1016/j.cej.2014.11.074
https://doi.org/10.1007/s10706-008-9235-y
https://doi.org/10.1111/j.1758-2229.2011.00283.x
https://www.ncbi.nlm.nih.gov/pubmed/23760792
https://doi.org/10.1016/B978-0-443-21781-4.00004-9
https://doi.org/10.1016/j.vetpar.2012.03.036
https://www.ncbi.nlm.nih.gov/pubmed/22503039
https://doi.org/10.1016/j.vprsr.2019.100329
https://doi.org/10.1017/S1751731109990991
https://doi.org/10.1016/S0160-4120(99)00051-3
https://doi.org/10.1016/j.jenvman.2023.117730
https://www.ncbi.nlm.nih.gov/pubmed/36921476

Int. J. Environ. Res. Public Health 2025, 22, 311 29 of 30

170.

171.

172.

173.

174.

175.

176.

177.

178.

179.

180.

181.

182.

183.

184.

185.

186.

187.

188.

189.

190.

191.

192.

193.

Rehman, Z.U,; Junaid, M.E; Tjaz, N.; Khalid, U.; Jjaz, Z. Remediation Methods of Heavy Metal Contaminated Soils from
Environmental and Geotechnical Standpoints. Sci. Total Environ. 2023, 867, 161468. [CrossRef]

Kiciniska, A.; Pomykata, R.; Izquierdo-Diaz, M. Changes in Soil pH and Mobility of Heavy Metals in Contaminated Soils. Eur. J.
Soil Sci. 2022, 73, 13203. [CrossRef]

Ivarez-Ayuso, E. Stabilization and Encapsulation of Arsenic-/Antimony-Bearing Mine Waste: Overview and Outlook of Existing
Techniques. Crit. Rev. Environ. Sci. Technol. 2022, 52, 3720-3752. [CrossRef]

Chen, H.; Jiang, H.; Nazhafati, M.; Li, L.; Jiang, J. Biochar: An Effective Measure to Strengthen Phosphorus Solubilizing
Microorganisms for Remediation of Heavy Metal Pollution in Soil. Front. Bioeng. Biotechnol. 2023, 11, 1127166. [CrossRef]
Cunningham, S.D.; Berti, W.R.; Huang, ].W. Phytoremediation of Contaminated Soils. Trends Biotechnol. 1995, 13, 393-397.
[CrossRef]

Li, X.; Lee, S.-L.; Wong, S.-C.; Shi, W.; Thornton, I. The Study of Metal Contamination in Urban Soils of Hong Kong Using a
GIS-Based Approach. Environ. Pollut. 2004, 129, 113-124. [CrossRef]

Nwachukwu, M.A.; Feng, H.; Alinnor, J. Assessment of Heavy Metal Pollution in Soil and Their Implications within and around
Mechanic Villages. Int. J. Environ. Sci. Technol. 2010, 7, 347-358. [CrossRef]

Garbarino, J.R.; Kanagy, L.K.; Cree, M.E. Determination of Elements in Natural-Water, Biota, Sediment, and Soil Samples Using
Collision/Reaction Cell Inductively Coupled Plasma-Mass Spectrometry; US Geological Survey Techniques and Methods, Book 5,
Section B; US Department of the Interior: Washington, DC, USA, 2006; Chapter 1; 88p.

Cicchella, D.; Giaccio, L.; Dinelli, E.; Albanese, S.; Lima, A.; Zuzolo, D.; Valera, P.; De Vivo, B. GEMAS: Spatial Distribution of
Chemical Elements in Agricultural and Grazing Land Soil of Italy. |. Geochem. Explor. 2015, 154, 129-142. [CrossRef]
El-Ghareeb, W.R.; Darwish, W.S.; Meligy, A.M.A. Metal Contents in the Edible Tissues of Camel and Sheep: Human Dietary
Intake and Risk Assessment in Saudi Arabia. Jpn. J. Vet. Res. 2019, 67, 5-14.

Brock, B.L.; Owensby, C.E. Predictive Models for Grazing Distribution: A GIS Approach. Rangel. Ecol. Manag. |. Range Manag.
Arch. 2000, 53, 39-46.

Kastury, F; Li, H.; Karna, R.; Betts, A.; Scheckel, K.G.; Ma, L.Q.; Sowers, T.D.; Bradham, K.D.; Hettiarachchi, G.M.; Juhasz, A.L.
Opportunities and Challenges Associated with Bioavailability-Based Remediation Strategies for Lead-Contaminated Soil with
Arsenic as a Co-Contaminant—A Critical Review. Curr. Pollut. Rep. 2023, 9, 213-225. [CrossRef]

Neathery, M.; Miller, W. Metabolism and Toxicity of Cadmium, Mercury, and Lead in Animals: A Review. . Dairy Sci. 1975, 58,
1767-1781. [CrossRef]

Hosseinniaee, S.; Jafari, M.; Tavili, A.; Zare, S.; Cappai, G. Investigating Metal Pollution in the Food Chain Surrounding a
Lead-Zinc Mine (Northwestern Iran); an Evaluation of Health Risks to Humans and Animals. Environ. Monit. Assess. 2023, 195,
946. [CrossRef]

Animal Welfare on the Farm. Available online: https://food.ec.europa.eu/animals/animal-welfare/eu-animal-welfare-
legislation/animal-welfare-farm_en (accessed on 20 September 2024).

Kumpiene, J.; Lagerkvist, A.; Maurice, C. Stabilization of As, Cr, Cu, Pb and Zn in Soil Using Amendments—A Review. Waste
Manag. 2008, 28, 215-225. [CrossRef] [PubMed]

Scheckel, K.G.; Diamond, G.L.; Burgess, M.E,; Klotzbach, ]. M.; Maddaloni, M.; Miller, B.W.; Partridge, C.R; Serda, S.M. Amending
Soils with Phosphate as Means to Mitigate Soil Lead Hazard: A Critical Review of The State of The Science. |. Toxicol. Environ.
Health Part B 2013, 16, 337-380. [CrossRef] [PubMed]

A A Tajudin, S.; Azmi, M.A.M.; A Nabila, A.T. Stabilization/Solidification Remediation Method for Contaminated Soil: A Review.
In IOP Conference Series: Materials Science and Engineering; IOP Publishing: Bristol, UK, 2016; Volume 136, p. 012043.

World Health Organization (WHO). Exposure to Lead: A Major Public Health Concern, 3rd ed.; Preventing Disease Through Healthy
Environments; World Health Organization: Geneva, Switzerland, 2023. Available online: https:/ /iris.who.int/bitstream /handle/
10665/372293 /9789240078130-eng.pdf?sequence=1 (accessed on 20 September 2024).

Musah, B.I. Effects of heavy metals and metalloids on plant-animal interaction and biodiversity of terrestrial ecosystems—An
overview. Environ. Monit. Assess. 2025, 197, 1-26. [CrossRef]

Olufemi, A.C.; Mji, A.; Mukhola, M.S. Potential Health Risks of Lead Exposure from Early Life through Later Life: Implications
for Public Health Education. Int. J. Environ. Res. Public Health 2022, 19, 16006. [CrossRef]

Wan, X.; Li, C.; Parikh, S.J. Simultaneous Removal of Arsenic, Cadmium, and Lead from Soil by Iron-Modified Magnetic Biochar.
Environ. Pollut. 2020, 261, 114157. [CrossRef] [PubMed]

Dorea, J.G. Environmental Exposure to Low-Level Lead (Pb) Co-Occurring with Other Neurotoxicants in Early Life and
Neurodevelopment of Children. Environ. Res. 2019, 177, 108641. [CrossRef] [PubMed]

Mielke, H.W.; Egendorf, S.P. Getting the Lead Out: A Career-Long Perspective on Leaded Gasoline, Dust, Soil, and Proactive
Pediatric Exposure Prevention. Med. Res. Arch. 2023, 11, 1-17. [CrossRef]


https://doi.org/10.1016/j.scitotenv.2023.161468
https://doi.org/10.1111/ejss.13203
https://doi.org/10.1080/10643389.2021.1944588
https://doi.org/10.3389/fbioe.2023.1127166
https://doi.org/10.1016/S0167-7799(00)88987-8
https://doi.org/10.1016/j.envpol.2003.09.030
https://doi.org/10.1007/BF03326144
https://doi.org/10.1016/j.gexplo.2014.11.009
https://doi.org/10.1007/s40726-023-00252-z
https://doi.org/10.3168/jds.S0022-0302(75)84785-0
https://doi.org/10.1007/s10661-023-11551-9
https://food.ec.europa.eu/animals/animal-welfare/eu-animal-welfare-legislation/animal-welfare-farm_en
https://food.ec.europa.eu/animals/animal-welfare/eu-animal-welfare-legislation/animal-welfare-farm_en
https://doi.org/10.1016/j.wasman.2006.12.012
https://www.ncbi.nlm.nih.gov/pubmed/17320367
https://doi.org/10.1080/10937404.2013.825216
https://www.ncbi.nlm.nih.gov/pubmed/24151967
https://iris.who.int/bitstream/handle/10665/372293/9789240078130-eng.pdf?sequence=1
https://iris.who.int/bitstream/handle/10665/372293/9789240078130-eng.pdf?sequence=1
https://doi.org/10.1007/s10661-024-13490-5
https://doi.org/10.3390/ijerph192316006
https://doi.org/10.1016/j.envpol.2020.114157
https://www.ncbi.nlm.nih.gov/pubmed/32086161
https://doi.org/10.1016/j.envres.2019.108641
https://www.ncbi.nlm.nih.gov/pubmed/31421445
https://doi.org/10.18103/mra.v11i5.3813

Int. J. Environ. Res. Public Health 2025, 22, 311 30 of 30

194. Ray, I; Misra, S.; Chen, M.; Wang, X.; Das, R. Entrapment of atmospheric particle bound heavy metals by ferns as evidenced by
lead (Pb) isotope and MixSIAR: Implications for improving air quality. J. Hazard. Mater. 2024, 469, 134014. [CrossRef] [PubMed]

195. Capuana, M. A review of the performance of woody and herbaceous ornamental plants for phytoremediation in urban areas.
iForest-Biogeosci. For. 2020, 13, 139-151. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.jhazmat.2024.134014
https://www.ncbi.nlm.nih.gov/pubmed/38503208
https://doi.org/10.3832/ifor3242-013

	Introduction 
	Sources and Pathways of Lead Contamination 
	Vehicular Emissions 
	Impact of Industrial Activities and Contamination Routes on Lead Pollution in Grazing Areas 
	Deteriorating Infrastructure and Lead Pollution in Grazing Areas 
	Lead-Based Paint and Its Role in Roadside Contamination 

	Lead Exposure in Grazing Lambs 
	Pollution of Soil and Vegetation 
	Ingestion Pathways: Oral Intake of Lead-Contaminated Soil and Vegetation 
	Roadside Dust Contribution to Lead Exposure 

	Pathways of Human Exposure 
	Pathway of Lead Bioaccumulation: From Contaminated Areas to Humans 
	Soil to Plant Uptake 
	Plant to Animal Transfer 
	Animal to Human Transfer 

	Impact of Lead on Lamb Health and Productivity 
	Lead Accumulation and Health Risks 
	Bioaccumulation and Productivity 
	Lead Toxicity and Physiological Effects in Lambs 
	Impact on the Central Nervous, Hematological, and Immune Systems 
	Growth and Developmental Implications 
	Transfer to Lamb Products and Consumer Health Risks 
	Lead Levels in Blood and Liver: Potential Health Effects for Sheep 
	Lead Levels in Liver and Muscle: Implications for Public Health 

	Mitigation Strategies 
	Chelation Therapy 
	Use of Mineral Blocks (MBs) 
	Soil Ingestion Management 
	Soil Remediation: Techniques for Reducing Lead Levels in Contaminated Soil 
	Fencing and Grazing Management 
	Rotation of Grazing Areas and Alternative Foraging Options 
	Challenges and Effectiveness of Soil Remediation 

	Monitoring and Risk Assessment 
	Development of Monitoring Programs to Assess Lead Contamination 
	Risk Assessment for Grazing Lambs and Consumers 
	Regulations and Public Health Concerns 
	Regulatory Standards 

	Comparison of Lead Contamination Limits in Livestock Products 
	Communication and Awareness 
	The Role of Public Awareness Campaigns in Educating Farmers and Consumers 
	Initiatives to Reduce Lead Emissions and Contamination Along Highways 

	Prospects for Future Research Paths 
	Conclusions 
	References

