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Simple Summary

Honey bees may not reliably avoid lead-contaminated food under tested gustatory con-
ditions, which could allow contaminated nectar, pollen, or sugar solutions to enter the
colony. Available studies indicate that lead can accumulate mainly in digestive compart-
ments and hive materials, and may affect survival, digestive physiology, antioxidant bal-
ance, and neurocognitive performance. However, most evidence remains concentrated at
the individual or laboratory level, and the extent to which these effects translate into long-
term colony-level impairment requires further validation. This review highlights the need
to shift lead risk assessment from acute mortality alone toward chronic, sublethal, and
colony-relevant endpoints.

Abstract

Heavy metal pollution has emerged as a major challenge in global environmental science
in the 21st century because of its extensive distribution, long-term environmental persis-
tence, and non-degradability. As indispensable pollinators in ecosystems, honey bees
have undergone marked population declines, a trend closely associated with multiple en-
vironmental stressors, including heavy metal contamination. Notably, lead (Pb), a wide-
spread legacy toxic metal pollutant, is released into the environment through industrial
emissions, vehicle exhaust, and other anthropogenic sources, contributing to long-term
environmental contamination. Moreover, Pb can be transferred to honey bees through
contaminated pollen and nectar. This exposure route may pose a risk to honey bee health,
particularly under chronic or repeated exposure. This review synthesizes current evi-
dence on Pb exposure routes, bioaccumulation, sublethal toxicity, and physiological re-
sponses in honey bees, while highlighting major uncertainties in colony-level risk assess-
ment. Pb-associated physiological effects may impair individual bee health, but their
long-term implications for colony health require further study.
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1. Introduction

Environmental pollution has become a global challenge because it directly contrib-
utes to diseases in organisms across natural ecosystems and can lead to species decline
[1]. Since the late nineteenth century, heavy metal pollution has intensified worldwide
with the continued expansion of industrial, agricultural, and urban activities, including
fossil fuel refining and transportation [>4. Owing to their persistence and widespread oc-
currence in the atmosphere, soils, and water bodies, heavy metals tend to accumulate in
organisms once they enter the biological cycle 1571, In contaminated environments, these
metals are readily absorbed by plants, resulting in elevated concentrations of elements
(e.g., copper (Cu), lead (Pb), and cadmium (Cd)) in crops compared with those under nor-
mal conditions, thereby affecting both plant survival and productivity 811l. As pollinators
depend on such plants for food, they are consequently subjected to the toxic risks associ-
ated with environmental heavy metal contamination. In areas with severe heavy metal
pollution, this exposure has been associated with developmental impairment, population
decline, and reduced survival in both wild and managed pollinators [12].

Honey bees (particularly Apis mellifera and Apis cerana) are insects of economic and
ecological importance because they produce honey, beeswax, and other hive products and
provide essential pollination services for wild plants and agricultural crops. This contri-
bution can be crucial to biodiversity maintenance, sustainable agricultural development,
food security, and the continued availability of healthcare-related resources [3-16l. Accord-
ingly, bee health has attracted considerable attention. Since Colony Collapse Disorder was
first recognized in 2006, large-scale colony losses have occurred repeatedly worldwide,
giving rise to widespread social concern 1724, Although the causes of bee population de-
cline have not been fully resolved, existing studies indicate that the process can be associ-
ated with multiple factors, among which heavy metal pollution is regarded as an im-
portant contributor 12531,

Heavy metals that accumulate in plants can be transferred to nectar and pollen. Sub-
sequently, honey bees are exposed to these metals during floral foraging, which may occur
through the consumption of contaminated water, ultimately leading to metal accumula-
tion in the body [32, 33]. In addition, honey bees may also be exposed through the inhala-
tion or cuticular adsorption of contaminated air, soil, and plant particles [*+%]. Heavy met-
als with potential toxicity to honey bees include mercury (Hg), Pb, Cd, chromium (Cr),
arsenic (As), Cu, nickel (Ni), and zinc (Zn). Notably, Hg, Pb, Cd, Cr, and As are of partic-
ular concern because of their pronounced biological toxicity, strong environmental per-
sistence, and marked bioaccumulative potential [27, 37]. Certain metals are highly chem-
ically reactive and readily interact with biological macromolecules. Under chronic expo-
sure to toxic metals, or excessive exposure to essential metals, their accumulation within
the organism may directly or indirectly compromise biomolecular integrity and disrupt
organismal homeostasis [38]. In insects, the detrimental effects of toxic heavy metals are
mainly manifested as damage to cellular structures and genetic material, with an impact
on individual survival, growth, development, and reproductive capacity [39].

Although substantial progress has been made in heavy metal pollution research, pri-
mary knowledge gaps remain in understanding the specific toxicological mechanisms and
health effects of different metals in honey bees. Metals (e.g., Hg, Pb, and Cd) may interfere
with the nervous, reproductive, and immune systems of bees, thereby inducing individual
behavioral abnormalities, reduced fecundity, and population decline. However, the dose—
response relationships underlying these effects, their long-term cumulative consequences,
and their potential transgenerational risks have yet to be fully elucidated 13 444, Further-
more, honey bees and bee-derived products, including honey, beeswax, and venom, have
increasingly been utilized as bioindicators for monitoring environmental toxic metal pol-
lution because of their capacity to bioaccumulate contaminants and their sensitivity as
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environmental sentinels. This role as “pollution carriers” makes honey bees a critical link
between environmental exposure and human health risk. Accordingly, the mechanisms
through which they interact with environmental pollutants continue to attract scientific
attention 31,37 45471,

Pb is among the most widely distributed legacy toxic metals. Although Hg, Cd, and
Cr are also hazardous, Pb has been extensively emitted over a long period due to its use
as a gasoline additive, a paint component, and an industrial raw material. Consequently,
the concentrations of Pb in soils, water, and air worldwide are significantly higher than
the natural background levels 4550l Because Pb exerts pronounced toxic effects on organ-
isms, including humans, the environmental risks associated with its contamination have
attracted broad concerns. Notably, even very low levels of exposure may produce adverse
health effects [51]. Pb is naturally widespread and commonly distributed in ores associ-
ated with Zn, Pb, and Cu, while also being present in soils, the lithosphere, and sedimen-
tary rocks 19254, Natural pathways can occur through atmospheric transport, soil move-
ment, forest fires, volcanic activity, soil erosion, and rock weathering [52, 55]. As a result,
Pb concentrations differ substantially among environmental media and vary with both
geographic location and soil characteristics. Current estimates indicate that global atmos-
pheric Pb emissions are approximately 449 million kg per year [56], whereas the median
concentration reported for inland waters is 5.81 ug/L [57]. Although globally integrated
data on soil Pb levels are limited, most studies have indicated that regional factors can
significantly influence these levels 155601,

Environmental Pb burdens have been markedly amplified by human activities [61,
62]. The major sources involve metal mining, smelting, and refining, as well as from fossil-
fuel combustion, cement production, phosphate fertilizer use, and the incineration of mu-
nicipal sewage sludge 665, Although Pb has been banned in the electronics industry in
most regions because of its toxicity, discarded electronic components remain a continuing
source of environmental contamination [66]. Additionally, Pb is extensively used in in-
dustrial sectors such as battery manufacturing, fuel smelting, polyvinyl chloride (PVC)
stabilizers, colored pigments, and radiation-shielding materials, and these applications
continue to release Pb pollutants into the environment [67, 68]. Because the physicochem-
ical properties of lead favor both dispersion in natural water systems and atmospheric
transport and deposition, Pb contamination in soils is derived from both natural and an-
thropogenic sources [61, 62]. Moreover, owing to its limited mobility within organisms
and strong tendency to accumulate in plant and animal tissues, Pb is frequently detected
in a wide range of biota, including honey bees [27]. Figure 1 summarizes the principal
sources of lead pollution, environmental transport pathways, and the resulting toxic ef-
fects on honey bees.

Although several recent reviews have addressed heavy metal pollution in honey
bees, Pb deserves a focused synthesis because its risk profile differs from that of metals
such as Cd and Cu. Specifically, Pb risk may be underestimated when assessment relies
mainly on adult acute mortality endpoints, because available evidence indicates strong
digestive retention, bioaccumulation, and possible within-hive persistence. In addition,
Pb-related responses appear to involve less consistent activation of classical antioxidant
and metallothionein biomarkers, but more evident digestive injury, nutritional antioxi-
dant depletion, and neurocognitive impairment. Finally, most Pb-related evidence re-
mains concentrated at the individual, tissue, or laboratory level, whereas long-term col-
ony-level consequences remain insufficiently demonstrated. This review therefore aims to
clarify the specific exposure routes, accumulation patterns, physiological mechanisms,
and evidence gaps associated with Pb toxicity in honey bees.
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Figure 1. Major sources of Pb emissions, pollution pathways, and impact of Pb on honey bees. Up-

ward and downward arrows indicate increases and decreases, respectively; “x” indicates no con-

sistent or significant response under the reported exposure conditions. Created with BioGDP.com.

2. Exposure Pathways, Uptake Routes, and Spatiotemporal
Heterogeneity of Pb Exposure in Honey Bees

Environmental Pb, to which bees are exposed, enters the body mainly through two
principal routes. Overall, dietary ingestion and external particle contact are two major
routes by which lead is introduced into bees and subsequently exerts toxic effects.

2.1. Exposure Through the Food Chain and Subsequent Flower-Visiting Behavior of Honey Bees

For many insects, dietary ingestion is a major route of metal entry, and the midgut
epithelium represents the first major interface for soluble metal uptake [69-74]. In honey
bees, Pb exposure occurs predominantly through the collection of contaminated nectar
and pollen from plants growing in polluted environments [27]. Plants can absorb and ac-
cumulate heavy metals from contaminated soil and air, after which these contaminants
are translocated to the nectar and pollen they produce. Because pollen and nectar are es-
sential food resources for bees, they have been identified in multiple studies as major vec-
tors of lead exposure [75].

Although certain studies have suggested that bees may lack the sensory capacity to
directly detect heavy metal contamination in floral resources 17678, Pb exposure can still
indirectly alter foraging behavior through the sublethal effects it induces. After consum-
ing contaminated food, bees may experience physiological stress or neurological dysfunc-
tion, which can affect their behavioral performance. These sublethal effects may manifest
as lower visitation frequencies to contaminated flowers, shorter handling times per flower,
shifts in foraging preference, and an overall reduction in foraging activity 76781, Field ob-
servations have demonstrated that bees can reduce their visits to sunflowers grown in Pb-
contaminated soil, with significantly shorter foraging durations recorded on individual
flowers [79]. Such behavioral changes might contribute to reduced foraging efficiency and,

https://doi.org/10.3390/insects17070709



Insects 2026, 17, 709

5 of 17

under chronic or high-exposure conditions, could add to the energetic challenges faced
by colonies.

Although bees can avoid certain warning colors, insecticides, and bitter compounds,
their ability to detect Pb* through gustation is limited. Proboscis extension reflex (PER)
assays indicate that honey bees may not reliably discriminate sucrose solutions containing
Pb ions at tested sublethal concentrations, suggesting limited gustatory avoidance under
these experimental conditions [77]. This result reveals that exposure to Pb in contaminated
environments is largely passive because lead ions did not elicit detectable gustatory
avoidance in PER assays. Consequently, foraging bees may fail to avoid Pb-contaminated
sugar solutions or floral resources under some exposure conditions, allowing Pb to be
transported into the colony with food resources [77].

2.2. Exposure via Air and Contact, and Post-Exposure Grooming Behavior in Honey Bees

In addition to dietary exposure, honey bees may also be exposed to airborne Pb-con-
taining particles through inhalation and cuticular contact 5%, Studies have reported that
bees collected from industrially polluted areas with high levels of atmospheric contami-
nation often carry particulate matter containing Pb and other heavy metals on their body
surfaces. Therefore, the adhesion of these particles to the bee exterior constitutes a direct
route of exposure.

Compared with oral intake, Pb exposure through cuticular contact and inhalation
may present lower bioavailability. Research has indicated that when relatively high con-
centrations of Pb are detected in particles attached to the outer surface of bees, the corre-
sponding concentrations in the hemolymph remain low [27, 83]. This finding suggests that
only a small fraction of externally adhered Pb is ultimately internalized through auto-
grooming, while the digestive tract is likely to remain the main site of Pb absorption and
accumulation [27]. Nevertheless, high atmospheric Pb levels remain a persistent environ-
mental stressor and may further increase oral exposure by direct deposition onto plant
surfaces, such as flowers.

2.3. Spatiotemporal Differences in Pb Exposure of Honey Bees

Patterns of lead exposure in honey bees are complex, largely because Pb pollution
exhibits pronounced temporal, spatial, and geographical variations [27 75 8851, This com-
plexity reflects not only the heterogeneous distribution of environmental Pb contamina-
tion but also the dynamic interaction between bees and contaminated surroundings. Spa-
tial differences in honey bee Pb exposure are closely associated with the distribution of
local flora [86]. Different plant species, as well as cultivars or genotypes within the same
species, can demonstrate significant differences in their capacity to absorb and accumulate
Pb [52]. Such variations add uncertainty to exposure assessments. However, data on Pb
concentrations in the pollen and nectar of different plant species remain limited, which
restricts the accuracy of spatial risk evaluation of Pb exposure in honey bees.

From a geographical perspective, the Pb burden in honey bees is closely related to
natural and anthropogenic emission sources surrounding apiaries. Significant Pb accu-
mulation has been detected in bees from industrial zones, urban areas, agricultural re-
gions, and rural sites worldwide [32, 37]. Available evidence indicates that Pb pollution is
most severe in industrial and mining areas, followed by urban regions, whereas contam-
ination is common in seemingly unpolluted rural environments. This geographical heter-
ogeneity can contribute to substantial differences in the exposure pressure experienced by
honey bee colonies across different regions 135 45 83851,

The internal Pb content of honey bees can vary by more than five-fold across different
regions. Furthermore, Pb levels in honey bees can exhibit evident temporal variability,
and fluctuations have been reported even within the same study area. In winter, increased
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fossil fuel combustion leads to higher Pb emissions. In spring and summer, bees are more
active and have more opportunities to contact pollution sources. As a result, environmen-
tal Pb levels vary continuously across seasons [27, 84, 85]. Pb pollution may vary markedly
over short timescales [87]. In densely populated and industrialized regions, the local ex-
posure pressure on bee populations can be influenced by changes in anthropogenic Pb
emissions resulting from adjustments in industrial activity or traffic regulation.

Overall, Pb exposure in honey bees occurs mainly through the ingestion of contami-
nated pollen and nectar, a pathway shaped by both Pb accumulation in plants and expo-
sure-related changes in bee foraging behavior. Airborne Pb-containing particulate matter
provides a direct route of external exposure and contributes indirectly to oral intake
through deposition onto floral surfaces. These pathways determine Pb accumulation in
individual bees and across the colony. Accordingly, Pb exposure in honey bees is charac-
terized by pronounced spatiotemporal heterogeneity and dynamic variation. This pattern
reflects not only the combined effects of natural and anthropogenic Pb sources but also
the complex interactions between bees and contaminated environments.

3. Toxic Effects and Physiological Mechanisms of Pb in Bees
3.1. Acute Toxicity, Bioaccumulation, and Within-Hive Retention of Pb in Honey Bees

Although direct evidence of the specific effects of Pb on honey bee survival remains
limited, available studies indicate that Pb can exert both lethal and sublethal effects on
larvae and adults. Di et al. evaluated the acute toxicity of Pb, Cd, and Cu to honey bee
larvae and foragers under laboratory conditions [42]. Similarly, Schmarsow et al. reported
that the median lethal concentration (LC50) of Pb in forager bees was 345 mg/L, which
was substantially higher than the corresponding LC50 values for Cd (78 mg/L and Cu (72
mg/L) [88]. In contrast, honey bee larvae demonstrated greater sensitivity to Pb, with an
LCso of 1.12 mg L-1. Although this value remained higher than that reported for the more
toxic Cd (0.275 mg L), it fell within the concentration range that may occur in polluted
environments [42]. These findings indicate that the acute lethal toxicity of Pb in adult bees
is lower than that of Cd and Cu. Its ecological risk may be underestimated in conventional
assessments that place greater emphasis on acute lethal endpoints.

The principal risk of Pb to honey bees lies in its high bioaccumulative capacity and
the subsequent range of sublethal effects. Di et al. suggested that the Pb burden in both
larvae and adults increased linearly with dietary Pb concentration, confirming the sub-
stantial bioaccumulation at the individual level [42]. In foraging workers, internal Pb ac-
cumulation exceeded control levels by more than 100-fold when food containing 400 mg/L
Pb was collected. Using precise organ dissection and graphite furnace atomic absorption
spectrometry (GFAAS), Raes et al. found that Pb in honey bees was mainly concentrated
in the digestive system [89]. The midgut (including Malpighian tubules) accounted for
67.03% of total body Pb, with a dry weight concentration of 1092 ug/g. The rectum ac-
counted for 27.13%, with a dry weight concentration of 68.1 ug/g. Collectively, these two
compartments contained more than 94% of total body Pb. In contrast, the head, thorax,
and abdomen (without internal organs) accounted for only 0.45%, 2.42%, and 2.97% of
total Pb, respectively. These results suggest that Pb is largely retained within the digestive
tract and has limited translocation to other tissues. This conclusion is consistent with a
large number of subsequent research findings 190-%1.

Raes et al. further revealed the temporal dynamics of Pb accumulation [89]. During
the larval and early adult stages, bees primarily consume pollen, and Pb accumulation is
slow. After transitioning to foraging bees, their sugar syrup intake increases, causing Pb
levels to rise sharply. Accumulation reaches a plateau around day 26. Furthermore, Pb
elimination is extremely slow. After 12 days without exposure, only one-third of the initial
Pb load was cleared, indicating the strong persistence of Pb in honey bees. Additionally,
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under small-cage laboratory conditions, bees cannot defecate normally. As a result, feces
(containing Pb particles) accumulate in the rectum. Therefore, Raes et al. speculated that
rectal Pb levels in field-collected foragers are likely significantly lower than those meas-
ured under laboratory conditions.

Dabour et al. further confirmed the deposition and localization of Pb in critical tissues
through direct detection of Pb signals in the midgut epithelium [96]. Hladun et al. indi-
cated that Pb transported to the hive by foragers gradually accumulated in nest materials
(e.g., bee bread and beeswax), thereby creating a potential reservoir for repeated or
chronic exposure within the colony. [97]. Such retention may increase the possibility of
exposure across successive brood-rearing cycles, but direct evidence for transgenerational
toxicity remains limited. In addition, a series of studies by Hu Meng et al. indicated that
Pb accumulated progressively in the comb and cocoon silk of Apis cerana cerana with pro-
longed comb use 8101, After eight generations of rearing, the Pb concentration in cocoon
silk reached 1.131 mg/kg. This value was 2.12-fold higher than that observed after a single
generation (0.534 mg/kg). The difference was statistically significant (p = 0.0053). Alt-
hough this species may reduce exposure to some extent by gnawing away old combs, this
behavior provides only limited protection because it cannot interrupt the continued input
of heavy metals.

Forager bees cannot prevent pollutants from entering the colony at the source. Even
if old comb is gnawed as a self-protective response, the overall Pb burden in the hive ma-
terials continues to accumulate. This phenomenon highlights both the concealed and per-
sistent nature of Pb pollution. Although the acute toxicity of Pb is relatively low, its eco-
logical risks should not be underestimated. The accumulation of Pb in wax, bee bread,
comb, and cocoon silk indicates that hive materials may act as a reservoir for chronic ex-
posure, but the magnitude of resulting colony-level impairment remains insufficiently
quantified.

3.2. Pb-Specific Physiological Responses in Comparison with Cd Toxicity

Internal Pb accumulation does not necessarily predict the magnitude or type of toxic
effects. Therefore, this section examines Pb-specific physiological responses in honey bees,
using Cd toxicity as a comparative reference where available. To clarify the Pb-specific
contribution of this review, the main toxicological features of Pb exposure are compared
with those of Cd exposure in honey bees (Table 1).

Table 1. Comparative toxicological features of Pb and Cd exposure in honey bees.

Toxicological Aspect

Cd Exposure Pb Exposure Pb-Specific Implication

General toxicity

High acute and sublethal Lower adult acute toxicity, but strong Acute mortality may under-

Main target pattern

toxicity accumulation estimate Pb risk
Systemic physiological dis- Midgut be a key Pb tar-
ystemicp ys.lo ogical dis Digestive retention and gut injury 1agut may be akey ar
ruption get

Antioxidant response

More evident SOD, CAT, Weaker or inconsistent SOD, CAT, Classical enzyme markers

and GST responses and GST responses may be insufficient

Metallothionein re-
sponse

Clearer MT induction

MT not significantly induced in some Pb may differ from Cd in
studies MT-mediated detoxification

Cellular and nutritional Oxidative stress and devel- Vitamin E depletion, epithelial dam- Pb may impair digestion

effects

opmental impairment age, reduced digestive enzymes and nutrient balance

Neurobehavioral effects

Neuromuscular and cal- Impaired feeding response, learning, Neurocognition is an im-
cium-related disruption memory, and cognitive flexibility portant Pb endpoint

Colony-level relevance

Inferred from survival and

Inferred from chronic retention, for-
aging impairment, and lifespan re-
duction

Long-term colony evidence

development effects remains limited
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Cd toxicity provides a useful comparative framework for clarifying Pb-specific re-
sponses in honey bees because Cd has been more extensively discussed in recent reviews
of metal toxicity in bees. In general, Cd exposure has been more consistently associated
with metallothionein induction, antioxidant enzyme responses, calcium-related disrup-
tion, and neuromuscular or developmental impairment [102]. By contrast, the available
evidence for Pb in honey bees suggests a different and a less consistently characterized
toxicological profile. Pb appears to be characterized by strong digestive retention, limited
gustatory avoidance under tested conditions, inconsistent activation of classical antioxi-
dant and metallothionein-mediated detoxification pathways, depletion of nutritional an-
tioxidants such as vitamin E, and impairment of learning- and memory-related behaviors.
Therefore, comparison with Cd helps clarify why Pb warrants a focused synthesis: its risk
may be driven less by acute lethality or robust detoxification-gene induction and more by
chronic retention, digestive injury, and neurocognitive disruption.

Although field studies have suggested that Pb may affect the antioxidant and detox-
ification systems of honey bees, these observations are complicated by environmental con-
founding factors [41, 91, 103]. As a non-redox-active metal, Pb is generally thought to in-
duce oxidative stress by binding to sulfhydryl groups [104]. In honey bees, the action ap-
pears to differ from that of other heavy metals. Detoxification in bees mainly relies on
antioxidant defenses and detoxification enzymes [78, 105]. Notably, the glutathione S-
transferase (GST) family is a key component, and many GST genes are readily induced by
insecticides, pathogens, and heavy metals [106]. In comparative laboratory assays, Pb did
not induce the same SOD, CAT, or GST responses observed after Cd or Cu exposure, sug-
gesting that Pb-induced oxidative imbalance may not be adequately captured by classical
enzymatic biomarkers alone [38, 40, 103]. This does not indicate that Pb lacks oxidative
toxicity; rather, it suggests that Pb may differ from Cd in the way it perturbs redox home-
ostasis and detoxification signaling under the tested conditions. In addition, Meng et al.
reported that heavy metal pollution, including Pb, induces high expression of detoxifica-
tion genes, such as AccCYP4AV1, AccCYP314A1, AccCYP4AZ1, and AccCYP6ASS5, in Apis
cerana cerana [99]. However, it remains unclear whether Pb exposure directly causes up-
regulation.

A comparable pattern has been reported for metallothioneins (MT), which are the
major metal-chelating proteins in organisms [107]. In the study by Pura¢ et al., MT expres-
sion was significantly upregulated after Cd and Cu exposure but was not significantly
altered after Pb exposure, indicating that Pb may differ from Cd in its capacity to activate
MT-mediated detoxification under the tested conditions [43]. Another study showed that
low-dose Pb exposure significantly reduced vitamin E levels in honey bees [108]. As vita-
min E is a major lipid-soluble antioxidant, its depletion can increase the susceptibility of
cell membranes to lipid peroxidation.

More direct evidence has been obtained from cellular and tissue-level observations.
Transmission electron microscopy by Dabour et al. revealed typical lesions in the midgut
epithelial cells of Pb-exposed bees, including chromatin condensation, microvillar disrup-
tion and atrophy, and mitochondrial swelling [96]. Schmarsow et al. reported that Pb ex-
posure significantly reduced the activity of key digestive enzymes in honey bees [88].
Thus, Pb impairs both the structure and function of the digestive system. Consequently,
nutrient digestion and absorption are hindered, providing a direct pathological basis for
delayed development, reduced body weight, and energy deficiency in bees.

Taken together, these studies suggest that Pb differs from Cd in both toxicokinetic
and toxicodynamic patterns in honey bees. Whereas Cd-related responses are often inter-
preted through metal-binding proteins and antioxidant enzyme activation, Pb toxicity ap-
pears to involve digestive retention, epithelial injury, nutritional antioxidant depletion,
and neurophysiological disruption, with less consistent induction of classical GST-, SOD-
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, CAT-, and MT-related responses. This comparison should not be interpreted as evidence
that Pb bypasses all detoxification pathways. Rather, it indicates that currently available
biomarkers may capture Pb toxicity less effectively than Cd toxicity, and that tissue-spe-
cific and long-term low-dose studies are needed to define Pb-specific mechanisms more
precisely.

3.3. Neurocognitive Toxicity of Pb in Honey Bees

The biochemical toxicity described above is even more pronounced in another critical
physiological system of honey bees: the nervous system. Recent behavioral ecology stud-
ies have indicated that Pb impairs the neurocognitive functions of honey bees. This effect
likely represents a major component of its sublethal toxicity.

Lead affects the nervous system and behavior of honey bees by disrupting neuro-
chemical processes. Studies have indicated that Pb exerts a bidirectional effect on acetyl-
cholinesterase activity in bees, inhibiting the enzyme at low concentrations (0.1 mg/L) but
enhancing its activity at high concentrations (10 mg/L). Such disturbances in acetylcholine
hydrolysis directly disrupt normal neuronal signal transmission [38]. Acute exposure to
lead slows down appetitive learning and disrupts 24 h memory retrieval in honey bees
[44]. Furthermore, chronic exposure to trace lead (0.75 mg/L) leads to significant bioaccu-
mulation (0.809 + 0.044 mg/kg dry mass) and specifically impairs reversal learning, indi-
cating a loss of cognitive flexibility [109].

Pb can affect feeding-related behaviors in honey bees shortly after exposure, but the
response appears to be complex rather than simply inhibitory. Acute sublethal Pb expo-
sure altered feeding-related responses in a concentration-, assay-, and stimulation-site-
dependent manner, but the response was not simply linear across concentrations [76]. Un-
der field conditions, soil Pb contamination has also been associated with altered bee for-
aging behavior, as bees spent less time visiting sunflower heads grown in Pb-contami-
nated soil, although visit frequency was not significantly affected [79].

In summary, Pb exposure has been consistently associated with impaired olfactory
learning, memory retention, and other cognitive functions in honey bees under laboratory
conditions. These behavioral deficits indicate that the nervous system is an important tar-
get of Pb toxicity. However, direct evidence linking Pb exposure to specific neuroanatom-
ical alterations in the honey bee brain remains limited. Field investigations conducted in
areas contaminated by multiple trace metals (predominantly As together with Pb, Cd, Cu,
Ni and Zn) found that bees exhibited significantly reduced antennal lobe volume, sug-
gesting that chronic environmental metal exposure may affect neural structures involved
in olfactory processing [110]. Nevertheless, because these investigations involved mixed-
metal exposure, the specific contribution of Pb cannot be distinguished. Future studies
combining controlled Pb exposure with neuroanatomical and neurophysiological anal-
yses are therefore needed to establish whether Pb alone induces structural remodeling of
the honey bee brain.

3.4. Potential Colony-Level Consequences of Chronic Pb Exposure

Individual-level effects of Pb exposure may have colony-level relevance, but the
strength of this link remains insufficiently quantified. Pb-induced changes in survival,
feeding responsiveness, learning performance, digestive function, and foraging behavior
could reduce the efficiency of foragers or nurse bees under chronic exposure conditions.
In addition, Pb retained in bee bread, beeswax, combs, or cocoon silk may serve as a po-
tential reservoir for repeated exposure across brood-rearing cycles. This section examines
how Pb toxicity at the individual level is ultimately amplified into the risk of colony-level
stress through the division of labor and compensatory mechanisms within a colony.
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Through multiple toxic mechanisms, Pb exposure can ultimately initiate a progres-
sive deterioration process in honey bee colonies, extending from individual mortality to
possible colony-level vulnerability. A decline in the foraging capacity of individual bees
not only reduces the colony’s ability to acquire energy but also contributes to a series of
downstream effects. Although no significant difference in sealed brood area was detected
during the experimental period, Pb accumulation in bees and hive materials suggests a
potential reservoir of chronic exposure that could become more relevant over longer time-
scales or under additional stressors [97]. This result indicates that Pb can accumulate
within colonies in a concealed manner. With increasing rearing cycles, such accumulation
may eventually reduce sealed brood area and lower larval survival. Di et al. further indi-
cated that the median lethal concentration (LCso) of Pb for larvae was relatively low (1.12
mg L), revealing that Pb exposure could directly increase the larval mortality [42]. This
high sensitivity during early development can severely affect the colony reproductive suc-
cess. Schmarsow et al. showed that the chronic Pb exposure significantly shortened the
lifespan of adult worker bees. In addition, the associated reduction in foraging perfor-
mance can further weaken colony resilience to environmental stress [88].

These findings indicate that without immediate mass mortality, the worker popula-
tion within a colony may decline at an accelerated rate. The progression from reduced
larval numbers to rapid loss of adult workers and weakened colony resistance to stress
illustrates the toxicological nature of Pb. Rather than causing only direct mortality, Pb
progressively erodes the dynamic homeostasis and adaptive capacity required for colony
persistence.

3.5. Combined Toxic Effects of Multiple Pollutants on Bees

Most studies mentioned above were conducted under single-Pb exposure in labora-
tory or semi-field conditions. However, in real agricultural and industrial pollution envi-
ronments, Pb typically coexists with other pollutants, forming complex contamination
systems. Interactions between Pb and co-occurring pollutants may accelerate, delay, or
alter toxic effects. Understanding combined toxicity is essential for accurately assessing
the risks to field colonies.

The interaction effects of multiple pollutants can be divided into three categories
based on the strength of their combined actions [111]. Synergistic effects occur when the
combined toxicity exceeds the sum of individual toxicities. Antagonistic effects occur
when the combined toxicity is lower than the sum. Additive effects occur when the com-
bined toxicity equals the sum of individual effects.

Under natural conditions, Pb rarely occurs alone. In contrast, it often co-occurs with
other pollutants, forming complex contamination mixtures that affect honey bee health
through synergistic or antagonistic interactions. Xue et al. showed that when Pb ions were
combined with the widely used herbicide glyphosate, a significant synergistic toxic effect
on bees was produced [112]. Under these conditions, the toxicity of the mixture exceeded
the sum of the toxicities of the individual components. A more complex interaction pat-
tern was reported by Naggar et al. When highly toxic cadmium oxide nanoparticles (CdO
NPs) were co-administered with less toxic lead oxide nanoparticles (PbO NPs), the com-
bined effect was antagonistic, and the overall toxicity of the mixture was lower than that
of CdO NPs alone [113]. This result may be associated with differences in nanoparticle
surface properties, particle size distribution, and metabolic processing within the organ-
ism, highlighting the complexity of pollutant interaction mechanisms.

Importantly, the combined effects of multiple pollutants on bees are not consistently
adverse. Compared with exposure to Pb alone, combined treatment with Pb and Zn par-
tially reduced Pb toxicity [114]. This mitigating effect may be attributed to the antagonistic
action of Zn against Pb, including competitive inhibition of Pb uptake, enhanced Pb ex-
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cretion, and modulation of Pb toxicity pathways. Overall, these findings indicate that the
toxicity of Pb under natural conditions strongly depends on the type, concentration, and
interaction mode of co-occurring pollutants. This complexity in combined toxicity not
only increases the uncertainty of bee health risk assessment but also highlights the need
for coordinated management of multi-pollutant contamination.

4. Conclusions

This review synthesizes the available evidence to show that Pb may act as a chronic
and relatively concealed stressor in honey bees. Its effects appear to involve limited gus-
tatory avoidance, digestive retention, tissue injury, altered antioxidant balance and neu-
rocognitive impairment.

At the individual level, these physiological and neurobehavioral effects have been
associated with shortened lifespan, reduced foraging motivation, and lower foraging effi-
ciency. At the colony level, these individual effects could contribute to reduced foraging
performance or brood-rearing capacity, but direct long-term colony-level evidence re-
mains limited. Under real multi-pollutant conditions, the risk posed by Pb is more com-
plex. Pb may act synergistically with pesticides, such as glyphosate, and may also partic-
ipate in unpredictable interactions with other metal-based nanoparticles. These combined
effects indicate that traditional risk assessment frameworks based on single pollutants and
acute lethal endpoints are insufficient to capture the chronic stress and ecological com-
plexity associated with lead pollution in honey bees.

Overall, Pb may represent a chronic and concealed stressor for honey bee health. Ad-
dressing this challenge requires a substantial shift in ecotoxicological research and prac-
tices. Priority should be given to three transitions: from lethal to sublethal endpoints, from
single-pollutant testing to combined exposure assessment, and from the protection of in-
dividual survival to the protection of overall colony health. Such shifts will improve the
capacity to prevent and manage the chronic ecological risks posed by lead pollution and,
in turn, may improve the ecological relevance of Pb risk assessment for pollinator health.

Author Contributions: Conceptualization, K.D. and Y.T.; writing—original draft preparation, W.].
and Q.M.; writing—review and editing, X.G. and R.W.; visualization, R.T. and ]J.Z.; project admin-
istration, K.D.; funding acquisition, K.D. All authors have read and agreed to the published version

of the manuscript.

Funding: This research was funded by the National Natural Science Foundation of China, grant
numbers 32060241 and 31572339; the China Agriculture Research System of MOF and MARA, grant
number CARS-44-KX]J13; the Yunnan Provincial Postgraduate Supervisor Team Construction Pro-
ject, grant number 2025Y]SYZKCO03.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is

not applicable to this article.

Acknowledgments: We thank our colleagues in the Eastern Bee Research Institute in Yunnan Agri-

cultural University for their many helpful suggestions.

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

https://doi.org/10.3390/insects17070709



Insects 2026, 17, 709 12 of 17

References

1.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Ellwanger, J.H.; Ziliotto, M.; Chies, J.A.B. Impacts of Metals on Infectious Diseases in Wildlife and Zoonotic Spillover. J.
Xenobiotics 2025, 15, 105. https://doi.org/10.3390/jox15040105.

Khademi, H.; Gabarrén, M.; Abbaspour, A.; Martinez-Martinez, S.; Faz, A.; Acosta, J.A. Environmental impact assessment of
industrial activities on heavy metals distribution in street dust and soil. Chemosphere 2019, 217, 695-705.
https://doi.org/10.1016/j.chemosphere.2018.11.045.

Miiller, A.; Osterlund, H.; Marsalek, J.; Viklander, M. The pollution conveyed by urban runoff: A review of sources. Sci. Total
Environ. 2020, 709, 136125. https://doi.org/10.1016/j.scitotenv.2019.136125.

Monchanin, C.; Burden, C.; Barron, A.B.; Smith, B.H. Chapter Four—Heavy metal pollutants: The hidden pervasive threat to
honey bees and other pollinators. In Advances in Insect Physiology; Harrison, J.F., Ed.; Academic Press: Cambridge, MA, USA,
2023; Volume 64, pp. 255-288.

Alnuwaiser, M.A. Evaluation of Heavy Metals in Soil Wastewater Stream. Int. ]. Anal. Chem. 2022, 2022, 2522840.
https://doi.org/10.1155/2022/2522840.

Jeong, H.; Byeon, E.; Kim, D.-H.; Maszczyk, P.; Lee, J.-S. Heavy metals and metalloid in aquatic invertebrates: A review of
single/mixed forms, combination with other pollutants, and environmental factors. Mar. Pollut. Bull. 2023, 191, 114959.
https://doi.org/10.1016/j.marpolbul.2023.114959.

El-Sharkawy, M.; Alotaibi, M.O.; Li, J.; Du, D.; Mahmoud, E. Heavy Metal Pollution in Coastal Environments: Ecological
Implications and Management Strategies: A Review. Sustainability 2025, 17, 701. https://doi.org/10.3390/su17020701.

Xun, E.; Zhang, Y.; Zhao, J.; Guo, J. Translocation of heavy metals from soils into floral organs and rewards of Cucurbita pepo:
Implications for plant reproductive fitness. Ecotoxicol. Environ. Saf. 2017, 145, 235-243.
https://doi.org/10.1016/j.ecoenv.2017.07.045.

Hladun, K.R.; Parker, D.R.; Trumble, ].T. Cadmium, copper, and lead accumulation and bioconcentration in the vegetative and
reproductive organs of Raphanus sativus: Implications for plant performance and pollination. . Chem. Ecol. 2015, 41, 386-395.
https://doi.org/10.1007/s10886-015-0569-7.

Angelova, V.; Ivanova, R.; Delibaltova, V.; Ivanov, K. Bio-accumulation and distribution of heavy metals in fibre crops (flax,
cotton and hemp). Ind. Crops Prod. 2004, 19, 197-205. https://doi.org/10.1016/j.indcrop.2003.10.001.

Mohamed, H.I; Ullah, I.; Toor, M.D.; Tanveer, N.A.; Din, M.M.U,; Basit, A.; Sultan, Y.; Muhammad, M.; Rehman, M.U. Heavy
metals toxicity in plants: Understanding mechanisms and developing coping strategies for remediation: A review. Bioresour.
Bioprocess. 2025, 12, 95. https://doi.org/10.1186/s40643-025-00930-4.

Moron, D.; Szentgyorgyi, H.; Skorka, P.; Potts, S.G.; Woyciechowski, M. Survival, reproduction and population growth of the
bee pollinator, Osmia rufa (Hymenoptera: Megachilidae), along gradients of heavy metal pollution. Insect Conserv. Divers. 2014,
7,113-121. https://doi.org/10.1111/icad.12040.

Klein, A.M.; Boreux, V.; Fornoff, F.; Mupepele, A.C.; Pufal, G. Relevance of wild and managed bees for human well-being. Curr.
Opin. Insect Sci. 2018, 26, 82-88. https://doi.org/10.1016/j.cois.2018.02.011.

Marshman, J.; Blay-Palmer, A.; Landman, K. Anthropocene Crisis: Climate Change, Pollinators, and Food Security.
Environments 2019, 6, 22. https://doi.org/10.3390/environments6020022.

Giampieri, F.; Quiles, J.L.; Cianciosi, D.; Forbes-Hernandez, T.Y.; Orantes-Bermejo, F.]J.; Alvarez-Suarez, ].M.; Battino, M. Bee
Products: An Emblematic Example of Underutilized Sources of Bioactive Compounds. J. Agric. Food Chem. 2022, 70, 6833-6848.
https://doi.org/10.1021/acs.jafc.1c05822.

Leonhardt, S.D.; Gallai, N.; Garibaldi, L.A.; Kuhlmann, M.; Klein, A.-M. Economic gain, stability of pollination and bee diversity
decrease from southern to northern Europe. Basic Appl. Ecol. 2013, 14, 461-471. https://doi.org/10.1016/j.baae.2013.06.003.
Garibaldi, L.A.; Steffan-Dewenter, I.; Kremen, C.; Morales, ].M.; Bommarco, R.; Cunningham, S.A.; Carvalheiro, L.G.; Chacoff,
N.P.; Dudenhoffer, ].H.; Greenleaf, S.S.; et al. Stability of pollination services decreases with isolation from natural areas despite
honey bee visits. Ecol. Lett. 2011, 14, 1062-1072. https://doi.org/10.1111/j.1461-0248.2011.01669.x.

Potts, S.G.; Biesmeijer, ].C.; Kremen, C.; Neumann, P.; Schweiger, O.; Kunin, W.E. Global pollinator declines: Trends, impacts
and drivers. Trends Ecol. Evol. 2010, 25, 345-353. https://doi.org/10.1016/j.tree.2010.01.007.

Goulson, D.; Nicholls, E.; Botias, C.; Rotheray, E.L. Bee declines driven by combined stress from parasites, pesticides, and lack
of flowers. Science 2015, 347, 1255957. https://doi.org/10.1126/science.1255957.

Jacques, A.; Laurent, M.; Ribiere-Chabert, M.; Saussac, M.; Bougeard, S.; Hendrikx, P.; Chauzat, M.-P. Statistical analysis on the
EPILOBEE dataset: Explanatory variables related to honeybee colony mortality in EU during a 2 year survey. EFSA Support.
Publ. 2016, 13, 883E. https://doi.org/10.2903/sp.efsa.2016.EN-883.

https://doi.org/10.3390/insects17070709



Insects 2026, 17, 709 13 of 17

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Kulhanek, K.; Steinhauer, N.; Rennich, K.; Caron, D.M.; Sagili, R.R.; Pettis, ].S.; Ellis, ].D.; Wilson, M.E.; Wilkes, ].T.; Tarpy, D.R,;
et al. A national survey of managed honey bee 2015-2016 annual colony losses in the USA. . Apic. Res. 2017, 56, 328-340.
https://doi.org/10.1080/00218839.2017.1344496.

Brodschneider, R.; Gray, A.; Adjlane, N.; Ballis, A.; Brusbardis, V.; Charriere, J.-D.; Chlebo, R.; Coffey, M.F.; Dahle, B.; de Graaf,
D.C,; et al. Multi-country loss rates of honey bee colonies during winter 2016/2017 from the COLOSS survey. ]. Apic. Res. 2018,
57, 452-457. https://doi.org/10.1080/00218839.2018.1460911.

Oberreiter, H.; Brodschneider, R. Austrian COLOSS Survey of Honey Bee Colony Winter Losses 2018/19 and Analysis of Hive
Management Practices. Diversity 2020, 12, 99. https://doi.org/10.3390/d12030099.

Gray, A.; Adjlane, N.; Arab, A.; Ballis, A.; Brusbardis, V.; Douglas, A.B.; Cadahia, L.; Charriere, ].-D.; Chlebo, R.; Coffey, M.F.;
et al. Honey bee colony loss rates in 37 countries using the COLOSS survey for winter 2019-2020: The combined effects of
operation size, migration and queen replacement. J. Apic. Res. 2023, 62, 204-210. https://doi.org/10.1080/00218839.2022.2113329.
Lopez-Uribe, M.; Ricigliano, V.; Simone-Finstrom, M. Defining Pollinator Health: A Holistic Approach Based on Ecological,
Genetic, and Physiological Factors. Annu. Rev. Anim. Biosci. 2020, 8, 269—294. https://doi.org/10.1146/annurev-animal-020518-
115045.

Di Noi, A; Casini, S.; Campani, T.; Cai, G.; Caliani, I. Review on Sublethal Effects of Environmental Contaminants in Honey
Bees (Apis mellifera), Knowledge Gaps and Future Perspectives. Int. ]. Environ. Res. Public Health 2021, 18, 1863.
https://doi.org/10.3390/ijerph18041863.

Hlijevi¢, K.; Vujanovié, D.; Orci¢, S.; Purag, J.; Koji¢, D.; Zari¢, N.; Grzeti¢, 1.; Blagojevié¢, D.P.; éelié, T.V. Anthropogenic influence
on seasonal and spatial variation in bioelements and non-essential elements in honeybees and their hemolymph. Comp. Biochem.
Physiol. Part C Toxicol. Pharmacol. 2021, 239, 108852. https://doi.org/10.1016/j.cbpc.2020.108852.

Scott, S.B.; Sivakoff, F.S.; Gardiner, M.M. Exposure to urban heavy metal contamination diminishes bumble bee colony growth.
Urban Ecosyst. 2022, 25, 989-997. https://doi.org/10.1007/s11252-022-01206-x.

Shi, X.; Ma, C.; Gustave, W.; Orr, M.C; Yuan, Z.; Chen, J.; Yang, G.; Niu, Z.; Zhou, Q.; Xia, C.; et al. The impact of heavy metal
pollution on wild bee communities in smallholder farmlands. Environ. Res. 2023, 233, 116515.
https://doi.org/10.1016/j.envres.2023.116515.

Yang, Y.; Wu, Y.; Long, H.; Ma, X,; Shariati, K.; Webb, J.; Guo, L.; Pan, Y.; Ma, M.; Deng, C.; et al. Global honeybee health decline
factors and potential conservation techniques. Food Secur. 2023, 15, 855-875. https://doi.org/10.1007/s12571-023-01346-8.
Margaoan, R.; Papa, G.; Nicolescu, A.; Cornea-Cipcigan, M.; Késoglu, M.; Topal, E.; Negri, I. Environmental pollution effect on
honey bees and their derived products: A comprehensive analysis. Environ. Sci. Pollut. Res. 2025, 32, 10370-10391.
https://doi.org/10.1007/s11356-024-33754-4.

Gutiérrez, M.; Molero, R.; Gaju, M.; van der Steen, J.; Porrini, C.; Ruiz, ]J.A. Assessing heavy metal pollution by biomonitoring
honeybee nectar in Cérdoba (Spain). Environ. Sci. Pollut. Res. 2020, 27, 10436—-10448. https://doi.org/10.1007/s11356-019-07485-w.
Dinkov, D,; Stratev, D. The content of two toxic heavy metals in Bulgarian bee pollen. Int. Food Res. ]. 2016, 23, 1343-1345.
Moron, D.; Grzes, LM.; Skérka, P.; Szentgyorgyi, H.; Laskowski, R.; Potts, S.G.; Woyciechowski, M. Abundance and diversity
of wild bees along gradients of heavy metal pollution. . Appl. Ecol. 2012, 49, 118-125. https://doi.org/10.1111/j.1365-
2664.2011.02079.x.

Perugini, M.; Manera, M.; Grotta, L.; Abete, M.C.; Tarasco, R.; Amorena, M. Heavy metal (Hg, Cr, Cd, and Pb) contamination
in urban areas and wildlife reserves: Honeybees as bioindicators. Biol. Trace Elem. Res. 2011, 140, 170-176.
https://doi.org/10.1007/s12011-010-8688-z.

Seidenath, D.; Weig, A.R.; Mittereder, A.; Hillenbrand, T.; Briiggemann, D.; Opel, T.; Langhof, N.; Riedl, M.; Feldhaar, H.; Otti,
O. Diesel exhaust particles alter gut microbiome and gene expression in the bumblebee Bombus terrestris. Ecol. Evol. 2023, 13,
€10180. https://doi.org/10.1002/ece3.10180.

Cirié, J.; Spiri¢, D.; Balti¢, T.; Lazi¢, IB.; Trbovi¢, D.; Parunovié, N.; Petronijevi¢, R.; Pordevi¢, V. Honey Bees and Their Products
as Indicators of Environmental Element Deposition. Biol. Trace Elem. Res. 2021, 199, 2312-2319. https://doi.org/10.1007/s12011-
020-02321-6.

Nikoli¢, T.V.; Koji¢, D.; Orci¢, S.; Vukasinovi¢, E.L.; Blagojevi¢, D.P.; Pura¢, J. Laboratory bioassays on the response of honey
bee (Apis mellifera L.) glutathione S-transferase and acetylcholinesterase to the oral exposure to copper, cadmium, and lead.
Environ. Sci. Pollut. Res. Int. 2019, 26, 6890-6897. https://doi.org/10.1007/s11356-018-3950-6.

Kheirallah, D.A.M.; El-Samad, L.M.; Mokhamer, E.H.M.; Abdul-Aziz, KK, Toto, N.A-H. DNA damage and oogenesis
anomalies in Pimelia latreillei (Coleoptera: Tenebrionidae) induced by heavy metals soil pollution. Toxicol. Ind. Health 2019, 35,
688-702. https://doi.org/10.1177/0748233719893200.

https://doi.org/10.3390/insects17070709



Insects 2026, 17, 709 14 of 17

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Nikoli¢, T.V.; Koji¢, D.; Orci¢, S.; Batini¢, D.; Vukasinovi¢, E.; Blagojevi¢, D.P.; Pura¢, J. The impact of sublethal concentrations
of Cu, Pb and Cd on honey bee redox status, superoxide dismutase and catalase in laboratory conditions. Chemosphere 2016,
164, 98-105. https://doi.org/10.1016/j.chemosphere.2016.08.077.

Gizaw, G.; Kim, Y.; Moon, K.; Choi, J.B.; Kim, Y.H.; Park, J.K. Effect of environmental heavy metals on the expression of
detoxification-related genes in honey bee Apis mellifera. Apidologie 2020, 51, 664—674. https://doi.org/10.1007/s13592-020-00751-8.
Di, N.; Hladun, K.R;; Zhang, K.; Liu, T.X.; Trumble, J.T. Laboratory bioassays on the impact of cadmium, copper and lead on
the development and survival of honeybee (Apis mellifera L.) larvae and foragers. Chemosphere 2016, 152, 530-538.
https://doi.org/10.1016/j.chemosphere.2016.03.033.

Purag, J.; Nikoli¢, T.V.; Koji¢, D.; Celi¢, A.S.; Plavsa, J.J.; Blagojevi¢, D.P.; Petri, E.T. Identification of a metallothionein gene in
honey bee Apis mellifera and its expression profile in response to Cd, Cu and Pb exposure. Mol. Ecol. 2019, 28, 731-745.
https://doi.org/10.1111/mec.14984.

Monchanin, C.; Drujont, E.; Devaud, J.M.; Lihoreau, M.; Barron, A.B. Metal pollutants have additive negative effects on honey
bee cognition. ]. Exp. Biol. 2021, 224, jeb241869. https://doi.org/10.1242/jeb.241869.

Cunningham, M.M.; Tran, L.; McKee, C.G.; Ortega Polo, R.; Newman, T.; Lansing, L.; Griffiths, ]J.S.; Bilodeau, G.J.; Rott, M.;
Marta Guarna, M. Honey bees as biomonitors of environmental contaminants, pathogens, and climate change. Ecol. Indic. 2022,
134, 108457. https://doi.org/10.1016/j.ecolind.2021.108457.

Dzugan, M.; Wesotowska, M.; Zaguta, G.; Kaczmarski, M.; Czernicka, M.; Puchalski, C. Honeybees (Apis mellifera) as a biological
barrier for contamination of honey by environmental toxic metals. Environ. Monit. Assess. 2018, 190, 101.
https://doi.org/10.1007/s10661-018-6474-0.

Zafeiraki, E.; Sabo, R.; Kasiotis, KM.; Machera, K.; Sabova, L.; Majchrak, T. Adult Honeybees and Beeswax as Indicators of
Trace Elements Pollution in a Vulnerable Environment: Distribution among Different Apicultural Compartments. Molecules
2022, 27, 6629. https://doi.org/10.3390/molecules27196629.

Xing, W.; Liu, H.; Banet, T.; Wang, H.; Ippolito, J.A.; Li, L. Cadmium, copper, lead and zinc accumulation in wild plant species
near a lead smelter. Ecotoxicol. Environ. Saf. 2020, 198, 110683. https://doi.org/10.1016/j.ecoenv.2020.110683.

Mogren, C.L.; Trumble, ].T. The impacts of metals and metalloids on insect behavior. Entomol. Exp. ET Appl. 2010, 135, 1-17.
https://doi.org/10.1111/j.1570-7458.2010.00967 .x.

Chandra, R.; Kumar, V. Phytoextraction of heavy metals by potential native plants and their microscopic observation of root
growing on stabilised distillery sludge as a prospective tool for in situ phytoremediation of industrial waste. Environ. Sci. Pollut.
Res. 2017, 24, 2605-2619. https://doi.org/10.1007/s11356-016-8022-1.

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. https://doi.org/10.1016/j.enceco.2023.02.001.

Kushwaha, A.; Hans, N.; Kumar, S.; Rani, R. A critical review on speciation, mobilization and toxicity of lead in soil-microbe-
plant  system  and  bioremediation  strategies. Ecotoxicol. Environ. Saf. 2018, 147, 1035-1045.
https://doi.org/10.1016/j.ecoenv.2017.09.049.

Kumar, K,; Singh, D. Toxicity and bioremediation of the lead: A critical review. Int. |. Environ. Health Res. 2023, 34, 1879-1909.
https://doi.org/10.1080/09603123.2023.2165047.

Abubakar, U. Copper and lead as environmental pollutant and their elemental toxicity — A review. Sci. World ]. 2024, 19, 342—
346. https://doi.org/10.4314/swj.v19i2.8.

Zhang, Y.; Hou, D.; O’Connor, D.; Shen, Z,; Shi, P.; Ok, Y.S.; Tsang, D.C.W.; Wen, Y.; Luo, M. Lead contamination in Chinese
surface soils: Source identification, spatial-temporal distribution and associated health risks. Crit. Rev. Environ. Sci. Technol. 2019,
49, 1386-1423. https://doi.org/10.1080/10643389.2019.1571354.

Steiner, ].T.; Clarkson, T.S. Heavy metals in the New Zealand atmosphere. |. R. Soc. New Zealand 1985, 15, 389-398.
https://doi.org/10.1080/03036758.1985.10421716.

Wei, S.; Berti, E.; Ma, D.; Wu, Q.; Peng, Y.; Yuan, C,; Zhao, Z; Jin, X,; Ni, X.; Wu, F.; et al. Global patterns and drivers of lead
concentration in inland waters. ]. Hazard. Mater. 2023, 460, 132455. https://doi.org/10.1016/j. jhazmat.2023.132455.

Goswami, O.; Rouff, A.A. Soil Lead Concentration and Speciation in Community Farms of Newark, New Jersey, USA. Soil Syst.
2021, 5, 2. https://doi.org/10.3390/soilsystems5010002.

Sosorova, S.B.; Kashin, V.K. Lead in Soils of the Selenga River Delta. Eurasian Soil Sci. 2021, 54, 212-225.
https://doi.org/10.1134/51064229321020149.

Xing, W.; Zheng, Y.; Scheckel, K.G.; Luo, Y.; Li, L. Spatial distribution of smelter emission heavy metals on farmland soil.
Environ. Monit. Assess. 2019, 191, 115. https://doi.org/10.1007/s10661-019-7254-1.

https://doi.org/10.3390/insects17070709



Insects 2026, 17, 709 15 of 17

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

Gupta, M.; Dwivedi, V.; Kumar, S.; Patel, A.; Niazi, P.; Yadav, V.K. Lead toxicity in plants: Mechanistic insights into toxicity,
physiological responses of plants and mitigation strategies. Plant Signal. Behav. 2024, 19, 2365576.
https://doi.org/10.1080/15592324.2024.2365576.

Chauhan, P.; Mathur, J. Phytoremediation efficiency of Helianthus annuus L. for reclamation of heavy metals-contaminated
industrial soil. Environ. Sci. Pollut. Res. 2020, 27, 29954-29966. https://doi.org/10.1007/s11356-020-09233-x.

Jiang, S.; Luo, J.; Ye, Y.; Yang, G.; Pi, W.; He, W. Using Pb Isotope to Quantify the Effect of Various Sources on Multi-Metal
Polluted soil in Guiyu. Bull. Environ. Contam. Toxicol. 2019, 102, 413-418. https://doi.org/10.1007/s00128-018-02534-5.
Ballantyne, A.D.; Hallett, ].P.; Riley, D.J.; Shah, N.; Payne, D.]. Lead acid battery recycling for the twenty-first century. R. Soc.
Open Sci. 2018, 5, 171368. https://doi.org/10.1098/rsos.171368.

Eichler, A.; Gramlich, G.; Kellerhals, T.; Tobler, L.; Schwikowski, M. Pb pollution from leaded gasoline in South America in the
context of a 2000-year metallurgical history. Sci. Adv. 2015, 1, e1400196. https://doi.org/10.1126/sciadv.1400196.

Aksentijevi¢, S.; Kiurski, J.; Pavlovi¢, Z. Lead in wastewater metal processing industry western Serbian. Zatita Mater. 2012, 54,
175-178.

Grossman, R.F. PVC wire covering stabilization with basic lead compounds. Wire J. Int. 2005, 38, 112-114.

Li, J.; Cao, J.; Chen, Z.; Yu, J.; Zhang, J.; Chen, B.; Wu, L.; Zhou, S.; Rao, Y. Improving the performance of recovered lead oxide
powder from waste lead paste as active material for lead-acid battery. Int. ]. Energy Res. 2022, 46, 14268-14282.
https://doi.org/10.1002/er.8140.

Bian, D.-D.; Shi, Y.-X,; Shi, K.-W.; Du, H.-C; Tang, B.-P.; Liu, Q.-N. Insights into Lead Toxicity and Detoxification Mechanisms
in the Silkworm, Bombyx mori. Insects 2025, 16, 699.

Matyja, K.; Rybak, J.; Hanus-Lorenz, B.; Dobicki, W.; Pokorny, P. Dietary Lead Exposure in Mealworm Larvae (Tenebrio
molitor) and Its Implications for the Safety of Edible Insects. Sustainability 2026, 18, 3931.

van der Fels-Klerx, H.J.; Camenzuli, L.; van der Lee, M.K.; Oonincx, D.G. Uptake of Cadmium, Lead and Arsenic by Tenebrio
molitor and  Hermetia illucens from  Contaminated  Substrates. PLoS ONE 2016, 11, e0166186.
https://doi.org/10.1371/journal.pone.0166186.

Reich, M.S.; Kindra, M.; Dargent, F.; Hu, L.; Flockhart, D.T.T.; Norris, D.R.; Kharouba, H.; Talavera, G.; Bataille, C.P. Metals and
metal isotopes incorporation in insect wings: Implications for geolocation and pollution exposure. Front. Ecol. Evol. 2023, 11,
1085903. https://doi.org/10.3389/fevo.2023.1085903.

Zhang, C.; Wang, X.; Ashraf, U.; Qiu, B.; Ali, S. Transfer of lead (Pb) in the soil-plant-mealybug-ladybird beetle food chain, a
comparison between two host plants. Ecotoxicol. Environ. Saf. 2017, 143, 289-295. https://doi.org/10.1016/j.ecoenv.2017.05.032.
Morales-Silva, T.; Corréa da Silva, B.; Faria, L. Lead bioaccumulation in herbivorous insects and parasitoids reared on plants
grown in lead-contaminated soil under field conditions. Entomol. Commun. 2024, 6, ec06028. https://doi.org/10.37486/2675-
1305.ec06028.

Roman, A. The influence of environment on accumulation of toxic elements in honey bees’ body. In Proceedings of the
International Congress on Animal Hygiene, Warsaw, Poland, 4-8 September 2005; pp. 423—426.

Burden, C.M.; Morgan, M.O.; Hladun, K.R.; Amdam, G.V.; Trumble, ].J.; Smith, B.H. Acute sublethal exposure to toxic heavy
metals alters honey bee (Apis mellifera) feeding behavior. Sci. Rep. 2019, 9, 4253. https://doi.org/10.1038/s41598-019-40396-x.
Monchanin, C.; Gabriela de Brito Sanchez, M.; Lecouvreur, L.; Boidard, O.; Méry, G.; Silvestre, ].; Le Roux, G.; Baqué, D.; Elger,
A.; Barron, A.B.; et al. Honey bees cannot sense harmful concentrations of metal pollutants in food. Chemosphere 2022, 297,
134089. https://doi.org/10.1016/j.chemosphere.2022.134089.

Gekiére, A.; Vanderplanck, M.; Michez, D. Trace metals with heavy consequences on bees: A comprehensive review. Sci. Total
Environ. 2023, 895, 165084. https://doi.org/10.1016/j.scitotenv.2023.165084.

Sivakoff, F.S.; Gardiner, M.M. Soil lead contamination decreases bee visit duration at sunflowers. Urban Ecosyst. 2017, 20, 1221—
1228. https://doi.org/10.1007/s11252-017-0674-1.

Negri, I.; Mavris, C.; Di Prisco, G.; Caprio, E.; Pellecchia, M. Honey Bees (Apis mellifera, L.) as Active Samplers of Airborne
Particulate Matter. PLoS ONE 2015, 10, e0132491. https://doi.org/10.1371/journal.pone.0132491.

Smith, K.E.; Weis, D. Metal and Pb isotope characterization of particulates encountered by foraging honeybees in Metro
Vancouver. Sci. Total Environ. 2022, 826, 154181. https://doi.org/10.1016/j.scitotenv.2022.154181.

Costa, A.; Veca, M.; Barberis, M.; Tosti, A.; Notaro, G.; Nava, S.; Lazzari, M.; Agazzi, A.; Tangorra, F.M. Heavy metals on
honeybees indicate their concentration in the atmosphere. A proof of concept. Ital. . Anim. Sci. 2018, 18, 309-315.
https://doi.org/10.1080/1828051X.2018.1520052.

https://doi.org/10.3390/insects17070709



Insects 2026, 17, 709 16 of 17

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

Sadowska, M.; Gogolewska, H.; Pawelec, N.; Sentkowska, A.; Krasnodebska-Ostrega, B. Comparison of the contents of selected
elements and pesticides in honey bees with regard to their habitat. Environ. Sci. Pollut. Res. Int. 2019, 26, 371-380.
https://doi.org/10.1007/s11356-018-3612-8.

van der Steen, J.J.M.; de Kraker, J.; Grotenhuis, T. Spatial and temporal variation of metal concentrations in adult honeybees
(Apis mellifera L.). Environ. Monit. Assess. 2012, 184, 4119-4126. https://doi.org/10.1007/s10661-011-2248-7.

Roman, A. Levels of Copper, Selenium, Lead, and Cadmium in Forager Bees. Pol. ]. Environ. Stud. 2010, 19, 663-669.

Xun, E.; Zhang, Y.; Zhao, J.; Guo, ]J. Heavy metals in nectar modify behaviors of pollinators and nectar robbers: Consequences
for plant fitness. Environ. Pollut. 2018, 242, 1166-1175. https://doi.org/10.1016/j.envpol.2018.07.128.

Zari¢, N.M.; Deljanin, L; Tlijevi¢, K.; Stanisavljevi¢, L.; Risti¢, M.; GrZeti¢, I. Honeybees as sentinels of lead pollution: Spatio-
temporal variations and source appointment using stable isotopes and Kohonen self-organizing maps. Sci. Total Environ. 2018,
642, 56-62. https://doi.org/10.1016/j.scitotenv.2018.06.040.

Schmarsow, R.; Moliné, M.P.; Damiani, N.; Dominguez, E.; Medici, S K.; Churio, M.S.; Gende, L.B. Toxicity and sublethal effects
of lead (Pb) intake on honey bees (Apis mellifera). Chemosphere 2023, 344, 140345.
https://doi.org/10.1016/j.chemosphere.2023.140345.

Raes, H.; Cornelis, R.; Rzeznik, U. Distribution, accumulation and depuration of administered lead in adult honeybees. Sci. Total
Environ. 1992, 113, 269-279. https://doi.org/10.1016/0048-9697(92)90005-D.

Goretti, E.; Pallottini, M.; La Porta, G.; Elia, A.C.; Gardi, T.; Petroselli, C.; Gravina, P.; Bruschi, F.; Selvaggi, R.; Cappelletti, D.
Bioaccumulation of Trace Elements along the Body Longitudinal Axis in Honey Bees. Appl. Sci. 2023, 13, 6918.
https://doi.org/10.3390/app13126918.

Salvaggio, A.; Pecoraro, R.; Scalisi, E.M.; Tibullo, D.; Lombardo, B.M.; Messina, G.; Loreto, F.; Copat, C.; Ferrante, M.; Avola, R ;
et al. Morphostructural and immunohistochemical study on the role of metallothionein in the detoxification of heavy metals in
Apis mellifera L., 1758. Microsc. Res. Tech. 2017, 80, 1215-1220. https://doi.org/10.1002/jemt.22919.

Eskov, EK,; Eskova, M.D. The Ethological-Physiological Response of Apis mellifera L. Bees to Carbohydrate Lead
Contamination. Biol. Bull. 2018, 45, 284-287. https://doi.org/10.1134/S1062359018030044.

Wu, Y.; Zheng, Y.; Chen, Y.; Wang, S.; Chen, Y.; Hu, F.; Zheng, H. Honey bee (Apis mellifera) gut microbiota promotes host
endogenous detoxification capability via regulation of P450 gene expression in the digestive tract. Microb. Biotechnol. 2020, 13,
1201-1212. https://doi.org/10.1111/1751-7915.13579.

Borsuk, G.; Sulborska, A.; Stawiarz, E.; Olszewski, K.; Wiacek, D.; Ramzi, N.; Nawrocka, A.; Jedryczka, M. Capacity of
honeybees to remove heavy metals from nectar and excrete the contaminants from their bodies. Apidologie 2021, 52, 1098-1111.
https://doi.org/10.1007/s13592-021-00890-6.

Zavrtnik, S.; Loborec, J.; Kapelj, S.; Gr¢i¢, I. Environmental Biomonitoring of Heavy and Toxic Metals Using Honeybees and
Their Products— An Overview of Previous Research. Sustainability 2024, 16, 8526. https://doi.org/10.3390/su16198526.

Dabour, K.; Al Naggar, Y.; Masry, S.; Naiem, E.; Giesy, ]J.P. Cellular alterations in midgut cells of honey bee workers (Apis
millefera L.) exposed to sublethal concentrations of CdO or PbO nanoparticles or their binary mixture. Sci. Total Environ. 2019,
651, 1356-1367. https://doi.org/10.1016/j.scitotenv.2018.09.311.

Hladun, K.R.; Di, N,; Liu, T.X.; Trumble, J.T. Metal contaminant accumulation in the hive: Consequences for whole-colony
health and brood production in the honey bee (Apis mellifera L.). Environ. Toxicol. Chem. 2016, 35, 322-329.
https://doi.org/10.1002/etc.3273.

Hu, X;; Meng, Q.; Zhi, D.; Deng, S.; Zhao, W.; Tian, Y.; Gong, X,; Dong, K. Comb Cell Structure and Morphological
Characteristics of the Chinese Honey Bee, Apis cerana cerana (Hymenoptera: Apidae), Under Successive Generations. J. Econ.
Entomol. 2023, 116, 352-358. https://doi.org/10.1093/jee/toad007.

Meng, Q.; Huang, R.; Yang, S; Li, H.; Yue, D.; Gong, X.; Zhao, W.; Tian, Y.; Dong, K. Impact of Brood Cell Cocoons on Metal
Accumulation and CYP450 Detoxification Gene Expression in Apis cerana cerana. Toxics 2024, 12, 131.

Meng, Q.; Huang, R.; Li, H.; Gong, X.; Yue, D.; Jiang, W.; Tian, Y.; Dong, K. Analysis of comb-gnawing behavior in Apis cerana
cerana (Hymenoptera: Apidae). J. Insect Sci. 2024, 24, 19. https://doi.org/10.1093/jisesa/ieae020.

Meng, Q.; Huang, R.; Yang, S,; Jiang, W.; Tian, Y.; Dong, K. An Overview of the Adverse Impacts of Old Combs on Honeybee
Colonies and Recommended Beekeeping Management Strategies. Insects 2025, 16, 351.

Knoll, S.; Cappai, M.G. Foraging Activity of Honey Bees (Apis mellifera L., 1758) and Exposure to Cadmium: A Review. Biol.
Trace Elem. Res. 2024, 202, 5733-5742. https://doi.org/10.1007/s12011-024-04118-3.

https://doi.org/10.3390/insects17070709



Insects 2026, 17, 709 17 of 17

103.

104.

105.

106.

107.

108.

109.

110.

111.

112.

113.

114.

Nikoli¢, T.V.; Purag¢, J.; Orci¢, S.; Koji¢, D.; Vujanovi¢, D.; Stanimirovi¢, Z.; Grzeti¢, L; Ilijevi¢, K.; éikoparija, B.; Blagojevi¢, D.P.
Environmental Effects on Superoxide Dismutase and Catalase Activity and Expression in Honey Bee. Arch. Insect Biochem.
Physiol. 2015, 90, 181-194. https://doi.org/10.1002/arch.21253.

Ercal, N.; Gurer-Orhan, H.; Aykin-Burns, N. Toxic metals and oxidative stress part I: Mechanisms involved in metal-induced
oxidative damage. Curr. Top. Med. Chem. 2001, 1, 529-539. https://doi.org/10.2174/1568026013394831.

Singh, S.; Mahajan, E.; Sohal, S.K. Chapter 15— Effect of heavy metals on insects. In Appraisal of Metal (Loids) in the Ecosystem;
Kumar, V., Sharma, A., Setia, R., Eds.; Elsevier: Amsterdam, The Netherlands, 2022; pp. 361-390.

Li, Y.; Xie, L.; Tang, X.; He, Y.; Song, H.; Xiong, R.; Hu, B.; Ma, Z.; Zhou, Z.; Xu, J. Environmental stressor-induced functional
and expression dynamics of glutathione S-transferase genes in bees. Pestic. Biochem. Physiol. 2025, 214, 106581.
https://doi.org/10.1016/j.pestbp.2025.106581.

Park, ].D.; Liu, Y.; Klaassen, C.D. Protective effect of metallothionein against the toxicity of cadmium and other
metals11Supported by NIH grant ES-01142. Toxicology 2001, 163, 93-100. https://doi.org/10.1016/S0300-483X(01)00375-4.
Gauthier, M.; Aras, P.; Jumarie, C.; Boily, M. Low dietary levels of Al, Pb and Cd may affect the non-enzymatic antioxidant
capacity in caged honey bees (Apis mellifera). Chemosphere 2016, 144, 848-854. https://doi.org/10.1016/j.chemosphere.2015.09.057.
Monchanin, C.; Blanc-Brude, A.; Drujont, E.; Negahi, M.M.; Pasquaretta, C.; Silvestre, ].; Baqué, D.; Elger, A.; Barron, A.B.;
Devaud, J.-M.; et al. Chronic exposure to trace lead impairs honey bee learning. Ecotoxicol. Environ. Saf. 2021, 212, 112008.
https://doi.org/10.1016/j.ecoenv.2021.112008.

Monchanin, C.; Drujont, E.; Le Roux, G.; Losel, P.D.; Barron, A.B.; Devaud, ].-M.; Elger, A.; Lihoreau, M. Environmental
exposure to metallic pollution impairs honey bee brain development and cognition. ]. Hazard. Mater. 2024, 465, 133218.
https://doi.org/10.1016/j.jhazmat.2023.133218.

Liu, ].Y.; Sayes, C.M. Modeling mixtures interactions in environmental toxicology. Environ. Toxicol. Pharmacol. 2024, 106, 104380.
https://doi.org/10.1016/j.etap.2024.104380.

Xue, Y.; Zhao, W.; Meng, Q.; Yang, L.; Zhi, D.; Guo, Y.; Yue, D.; Tian, Y.; Dong, K. Combined Toxic Effects of Lead and
Glyphosate on Apis cerana cerana. Insects 2024, 15, 644. https://doi.org/10.3390/insects15090644.

Al Naggar, Y.; Dabour, K.; Masry, S.; Sadek, A.; Naiem, E.; Giesy, J.P. Sublethal effects of chronic exposure to CdO or PbO
nanoparticles or their binary mixture on the honey bee (Apis millefera L.). Environ. Sci. Pollut. Res. Int. 2020, 27, 19004-19015.
https://doi.org/10.1007/s11356-018-3314-2.

Cevat, N.; Guler, A.; Neslihan, O.; Cenesiz, S. Preventive action of zinc against heavy metals toxicity in honeybee. Afr. J. Biochem.
Res. 2018, 12, 1-6. https://doi.org/10.5897/AJBR2016.0921.

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/10.3390/insects17070709



