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Environmental contamination with toxic heavy metals poses a severe threat to
the safety of animal-source foods, particularly within developing and resource-
constrained agricultural economies. This review provides a critical, comparative
evaluation of the bioaccumulation dynamics of lead (Pb), cadmium (Cd), and nickel (Ni)
between free-range grazing systems and intensively housed food animals. Free-range
livestock face elevated toxicological risks due to direct, uncontrolled exposure to
contaminated topsoil, industrial emissions, artisanal mining runoff, and polluted natural
water sources. Conversely, intensively housed systems exhibit lower environmental
exposure but remain vulnerable to localized contamination via commercial feed
ingredients, structural materials, and untreated ground waters. Chronic dietary intake of
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these non-biodegradable metalloids results in prominent tissue-specific partitioning,
with the highest concentration profiles consistently accumulating within the renal cortex
and hepatic parenchyma rather than skeletal muscle. For meat consumers, the long-term
ingestion of these contaminated animal tissues induces severe public health risks,
including chronic nephropathy, neurodevelopmental deficits, bone demineralization, and
hepato-carcinogenesis. Mitigating these food safety hazards requires the urgent
deployment of decentralized analytical surveillance systems alongside the strategic
adoption of dietary protective agents, such as phytogenic feed additives and fermented
non-conventional feed resources, to limit intestinal heavy metal absorption and secure
sustainable livestock chains.

Introduction

The expansion of industrial processes, artisanal mining activities, and intensive agrochemical
applications has led to widespread environmental contamination, with toxic heavy metals accumulating
rapidly in tropical and subtropical agricultural ecosystems (Zhong et al., 2020). Within resource-
constrained developing economies, this environmental pollution directly compromises the safety of the
livestock supply chain, establishing a complex pathway through which toxic elements are transferred
from soil, water, and forage into edible animal tissues (Alagbe, 2026; Alagbe, 2016). The structural
design of livestock management systems plays a fundamental role in determining the extent of this
exposure (Alagbe et al., 2026). Extensive, free-range grazing systems inherently expose animals to a
variety of unregulated environmental risks, forcing livestock to act as mobile biological concentrators
of regional pollutants through direct topsoil ingestion, consumption of wild vegetation, and intake of
untreated surface runoff (Qi et al., 2022). In contrast, intensive, closed-confinement housing systems
offer a protective structural barrier against direct environmental fallout, yet they frequently introduce
distinct contamination pathways through trace heavy metal components in commercial mineral
premixes, industrial feed ingredients, and corrosive housing fixtures (Manta et al., 2001). Understanding
the precise physiological, metabolic, and behavioral mechanisms that drive the differential
bioaccumulation of lead (Pb), cadmium (Cd), and nickel (Ni) across these diverse production systems is
essential for mapping consumer toxicological risks (Chen et al., 2008; Jiang et al., 2018). By evaluating
tissue-specific deposition patterns particularly the stark differences in accumulation between highly
vascularized target organs and standard skeletal muscle this review highlights the critical need for robust
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analytical monitoring frameworks and the integration of sustainable dietary interventions to safeguard
human consumers.

Entry Pathways of Heavy Metals

Environmental Entry Pathways in Free-Range Systems

Free-range livestock production relies heavily on unmanaged communal pastures, exposing
animals to highly variable environmental conditions (Zhao et al., 2020). In regions characterized by
active mining, industrial production, or informal waste processing, heavy metals are continuously
deposited onto top soils and vegetation through atmospheric dust and industrial effluents (Alagbe, 2026).
Grazing animals, particularly cattle, sheep, and goats, inadvertently ingest substantial quantities of
topsoil often accounting for 10 % to 15 % of their total dry matter intake due to close cropping of short
forage or searching for roots during dry seasons (Yu et al., 2021). This direct soil ingestion, paired with
the consumption of native hyperaccumulating plants and contaminated surface water from local streams
or artisanal mining pits, allows non-biodegradable metalloids to enter the livestock gastrointestinal tract
in high concentrations (Yu et al., 2021; Shomar, 2006).

Entry Pathways in Intensive Housing Systems

While intensive housing systems isolate animals from open pastures, they remain vulnerable to
heavy metal contamination through structured input channels (Nino et al., 2011). The primary entry
point in intensive operations is through contaminated feed ingredients (Shomar, 2006). Commercial
mineral blocks, bone meal supplements, and phosphate fertilizers used in crop production can contain
high levels of cadmium and lead if sourced from poorly regulated industrial processors (Wang and Xu,
2015). Furthermore, intensive poultry and rabbit units often rely on localized groundwater pumped from
deep boreholes that may tap into aquifers containing elevated levels of dissolved arsenic or nickel
(Alagbe, 2026). Corrosion of galvanized iron cages, feeding troughs, and water delivery pipes within
the production facility can also introduce trace metal contaminants directly into the daily rations of the
stock (Luo et al., 2009).

Free-Range Bioaccumulation Drivers

The rate of heavy metal accumulation in free-range systems is driven by continuous environmental
exposure and the seasonal challenges of pasture grazing (Luo et al., 2009). During prolonged dry periods,
reduced forage availability forces animals to graze closer to the soil surface, increasing their intake of
contaminated topsoil (Wu et al., 2016; McBride and Spiers, 2001). Because free-range animals typically
have longer lifespans before reaching market weight compared to intensively raised stock, they
experience a much longer window for cumulative bioaccumulation (Hu et al., 2016). Toxic elements
like lead and cadmium are poorly excreted by the body; instead, they continuously accumulate in internal
organs over years of foraging, resulting in significantly higher residue concentrations than those found
in younger, intensively raised animals (Monaka et al., 2007).

Intensive Confinement Bioaccumulation Drivers

In contrast, bioaccumulation in intensive systems is characterized by low-level, uniform exposure
over a shorter production cycle (Alagbe et al., 2026). Because broilers, pigs, and commercial meat
rabbits are fed highly homogeneous, processed diets, any heavy metal contamination within the feed
mill or water supply affects the entire herd simultaneously (Zhou et al., 2019). However, because these
animals are bred for rapid growth and slaughtered at a much younger age, the absolute time available
for tissue bioaccumulation is significantly compressed (Pandey et al., 2014). The occurrence of high
residue levels in intensive units is rarely caused by environmental accumulation; instead, it is typically
driven by acute manufacturing errors, such as using improperly processed rock phosphate or using highly
contaminated local water sources to mix feed (Alagbe, 2017).

Tissue-Specific Partitioning and Physiology

Heavy metals exhibit distinct chemical behaviors within the animal body, causing them to
accumulate unevenly across different organs and tissues.

[Ingested Heavy Metals: Pb, Cd, Ni]
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Hepatic and Renal Localization

The liver and kidneys serve as the primary defensive filtering organs against heavy metal toxicity,
which makes them the main sites for long-term bioaccumulation (Davis, 2010). Once absorbed into the
bloodstream, cadmium (Cd) and nickel (Ni) stimulate the production of metallothionein, a specialized,
sulfur-rich protein inside liver and kidney cells (Elemental Purities, 2010). This protein binds tightly to
toxic metal ions to protect cellular components from oxidative stress. While this mechanism temporarily
detoxifies the metals, it also traps them within the organs (Yu et al., 2021). As a result, the renal cortex
and liver parenchyma act as permanent storage sites, often developing metal concentrations that are 10
to 100 times higher than those found in corresponding muscle tissues (Wu et al., 2010).

Lead Accumulation within the Mineralized Bone Matrix and Mobilization Pathways

Lead (Pb) follows a unique metabolic pathway due to its chemical similarity to divalent calcium
(Ca2+). The animal body cannot effectively distinguish between lead and calcium ions; consequently,
lead is readily absorbed through the same active transport pathways in the gut (Gohil and Mankodi,
2013). Once in circulation, lead is incorporated directly into the crystalline structure of bones and teeth,
taking the place of calcium in the hydroxyapatite matrix (Wu et al., 2010). While this osseous storage
keeps lead out of immediate circulation, the metal can be re-mobilized back into the bloodstream during
periods of nutritional stress, pregnancy, or high lactation, creating a internal source of contamination
(Pandey, 2013; Garcia, 2020).

Skeletal Muscle Resistance

Skeletal muscle tissue (the primary meat consumed by humans) shows a strong natural resistance
to accumulating heavy metals. Muscle cells lack the high concentrations of metallothionein found in the
liver, and they do not have a crystalline mineral matrix like bone (Chandanshw, 2013; Dogan and Ozkan,
2022). Consequently, even when an animal is raised in a highly contaminated area and carries dangerous
levels of lead or cadmium in its kidneys and bones, the concentrations within the longissimus dorsi or
biceps femoris muscles typically remain below established international safety limits (Davis, 2010;
Babajide et al., 2021). This target-organ partitioning makes the consumption of offal (liver and kidneys)
significantly riskier for human consumers than the consumption of lean muscle meat (Alagbe, 2026).

Consumer Pathophysiology and Public Health Risks

Nephrotoxicity and Renal Dysfunction

For human consumers, eating offal products contaminated with cadmium and lead poses a direct
threat to renal health (Alagbe, 2026). Once ingested, tissue-bound cadmium is released in the human
digestive tract, absorbed, and transported to the human kidneys, where it accumulates with a biological
half-life exceeding 20 years (Hu et al., 2010). Chronic exposure to these trace amounts causes
progressive damage to the proximal convoluted tubules (Sharma and Agrawal, 2005). This leads to
clinical nephropathy, characterized by a reduced glomerular filtration rate and a failure to reabsorb
essential nutrients, resulting in chronic proteinuria and glucosuria (Hu et al., 2010; Alonso et al., 2019).

Neurotoxicity and Developmental Impairments

Lead exposure through the human diet is a major public health concern, particularly for children
and pregnant women. Lead easily crosses the human blood-brain barrier, where it acts as a neurotoxin
by mimicking calcium and disrupting normal neurotransmitter release (Mountouris et al., 2002). Chronic
low-dose exposure damages synaptic connections and inhibits N-methyl-D-aspartate (NMDA)
receptors, which are critical for learning and memory development (Zhang et al., 2019). In young
children, this sub-clinical exposure can cause permanent neurodevelopmental delays, lower 1Q scores,
and behavioral disorders (Shomar, 2006).
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Carcinogenicity and Endocrine Disruption

Nickel and cadmium are classified as Group 1 human carcinogens by the International Agency for
Research on Cancer (IARC). At the cellular level, these metals trigger the overproduction of reactive
oxygen species (ROS), causing severe oxidative stress that damages DNA structures and inhibits natural
DNA repair mechanisms (Pandey et al., 2014). Furthermore, these heavy metals act as
metalloflavorones—synthetic endocrine disruptors that mimic natural estrogen (Guo et al., 2022). By
binding to and activating cellular estrogen receptors, they can disrupt hormone signaling pathways and
increase the risk of hormone-dependent cancers, such as breast and prostate cancers, in consumers (Guo
et al., 2022; Tongo and Ezemonye, 2015).

Analytical Surveillance and Mitigation Strategies

Diagnostic Instrumentation Frameworks

Protecting consumers from heavy metal exposure requires a structured, multi-tiered laboratory
testing program capable of identifying contaminated tissues before they reach the market.

Atomic Absorption Spectroscopy (AAS): This method is used for routine screening and
monitoring. It works by vaporizing meat samples in a high-temperature flame or graphite furnace to
measure the unique light absorption wavelengths of elements like lead and cadmium down to parts-per-
million (ppm) levels.

Inductively Coupled Plasma Mass Spectrometry (ICP-MS): For precise multi-element testing,
ICP-MS uses a high-temperature argon plasma to ionize samples, allowing for the simultaneous
quantification of multiple heavy metals at parts-per-billion (ppb) detection thresholds.

Near-Infrared (NIR) Feed Analyzers: At the feed mill, NIR analyzers are used to screen incoming
raw ingredients, identifying contaminated batches before they enter the manufacturing mix.

Dietary Protectors and Natural Remediation

To reduce heavy metal absorption in areas where environmental contamination cannot be easily
cleaned up, livestock production can use natural dietary strategies to protect animal health (Davis, 2010;
Mesfin et al., 2024). Incorporating phytogenic feed additives rich in polyphenols and tannins into animal
diets can create natural complexes with heavy metal ions within the digestive tract, preventing them
from being absorbed into the bloodstream and causing them to be safely excreted (Harnandez and
Alagbe, 2026a, b). Additionally, using solid-state fermented non-conventional feed resources treated
with Lactobacillus probiotic serums can help protect animals from metal toxicity (Alagbe, 2025; Khalifa
et al., 2024). The cell walls of these beneficial bacteria contain peptidoglycans and functional groups
that bind to heavy metals like lead and nickel, trapping them within the gut lumen and preventing them
from accumulating in the animal's liver and kidneys (Wu et al., 2010).

Global Regulatory Standards and Compliance Challenges

Codex Alimentarius Framework

The international standard for food safety limits is managed by the Codex Alimentarius
Commission, which establishes strict Maximum Levels (MLs) for heavy metals in food. For animal-
source foods, Codex guidelines enforce low tolerances for muscle meat, while allowing slightly higher
limits for highly vascularized liver and kidney tissues to account for natural organ storage dynamics.
These international benchmarks are designed to keep human dietary intake well below provisional
tolerable weekly intake limits.

Smallholder Enforcement Bottlenecks

Implementing these international safety standards is incredibly difficult within smallholder
farming systems and informal regional economies. In many rural areas, livestock graze freely around
active mining sites, industrial zones, or informal dumpsites because farmers lack alternative pastures or
enclosed housing. Furthermore, many developing nations face a shortage of decentralized testing
laboratories equipped with functional AAS or ICP-MS instruments. Without regular testing at local
slaughterhouses and effective livestock tracing systems, contaminated organ meats from informal village
markets frequently bypass regulatory checks, highlighting a major gap in public health protection.

Conclusion

Heavy metal contamination in free-range and intensive livestock systems remains a complex
challenge for food safety that requires an integrated, "One Health™" response. While intensive housing
systems can reduce direct contact with environmental pollution, they require careful monitoring of feed
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and water inputs to prevent internal contamination. For free-range systems, preventing heavy metal
bioaccumulation requires a combination of regional land-use planning, restricted grazing around
industrial sites, and the use of protective dietary supplements like probiotics and phytogenics. Future
food safety efforts should focus on developing affordable, portable electrochemical sensors for rapid
heavy metal testing directly at local slaughterhouses, ensuring that smallholder supply chains can be
monitored efficiently to protect consumer health worldwide.
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