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Preface

This Reprint addresses the contemporary challenge of heavy metal contamination across soil,
water, sediments, air, and food systems and its consequences for ecosystems and human health.
Its scope spans occurrence and speciation, monitoring and exposure pathways, human health risk
assessment, and laboratory to field remediation with attention to safe utilization and circular solutions.
The aim is to present current evidence and practical strategies that move beyond problem diagnosis
toward prevention, cleanup, and risk reduction.

Our motivation is threefold. First, heavy metals persist and bioaccumulate, creating long-lived
risks that standard controls do not always resolve. Second, real-world settings often involve
co-occurring stressors and complex matrices that require integrated study designs and comparable
metrics. Third, decision makers need actionable data on performance, cost, and feasibility to guide
investment and policy. By bringing diverse perspectives together, this Reprint highlights methods and
case studies that close the gap between bench, pilot, and practice.

We thank the authors and reviewers for their careful work and the editorial team for their
support. We hope this Reprint serves as a timely reference and a catalyst for collaborative progress in

environmental protection and public health.

Daochen Zhu
Guest Editor






Editorial
Heavy Metal Contamination and Its Effects on Ecosystems and
Human Health: Challenges and Solutions

Daochen Zhu 12

International Joint Laboratory on Synthetic Biology and Biomass Biorefinery, Biofuels Institute, School of the
Environment and Safety Engineering, Jiangsu University, Zhenjiang 212013, China; dczhucn@hotmail.com
Jiangsu Collaborative Innovation Center of Technology and Material of Water Treatment, Suzhou University
of Science and Technology, Suzhou 215009, China

1. Introduction

Heavy metals and other potentially toxic elements (PTEs) constitute a durable class of
contaminants because they are non-degradable, widely emitted, and prone to accumulate
across environmental compartments [1]. Across the world, the sources of these kinds of con-
tamination are often the same—mining and smelting districts, industrial discharge, traffic-
related particulates and road dust, legacy dumps, and belts of intensive agro-industrial
activity [2]. This Special Issue aimed to advance an integrated understanding of how such
contaminants move across compartments, how speciation and bioavailability govern the
risk of contamination, and how remediation and management strategies can be designed
to mitigate impacts to the environment and human health. The expansion of urban settle-
ments shrouds this map with a low, chronic haze of inputs, as expanding industrial parks
and mixed land uses discharge variable, often metal-bearing, effluents and runoff that
conventional WWTPs treat imperfectly without site-specific polishing [3]. Meta analyses
converge on the same pattern: mining enriches soils and river sediments; factories feed
rivers through persistent wastewater discharge; and cities sustain exposure through dust
that recirculates long after the smokestacks quiet down [4,5]. The consequences are familiar,
pronounced “hotspot-to-urban” gradients and a slow, steady reloading of downstream
sinks even as primary emissions fall. Once contaminants are released, risk is governed
less by totals than by speciation and bioavailability, because organisms experience the
form that is actually in a solution or at reactive surfaces. Partitioning among dissolved,
colloidal, and particulate phases, together with complexation and competition at biological
ligands, sets the effective dose. In aquatic systems this principle is operationalized by
the Biotic Ligand Model, which underpins U.S. EPA copper criteria and is now evolving
beyond equilibrium single-metal fits toward kinetic and mixture-aware formulations [6,7].
For ingestion pathways, in vitro bioaccessibility assays quantify the fraction that becomes
soluble under gastrointestinal conditions, with PBET and the SBRC assay widely used in
soils and dusts and the Unified BARGE Method formalized as ISO 17924 [8]. Evidence
from mining-impacted soils and urban dust shows that reliance on total concentrations can
result in risk being poorly estimated, and that pairing operational chemical fractionation
with bioaccessibility yields more decision-relevant exposure metrics [9]. Where feasible,
linking these measurements to physiologically based pharmacokinetic or toxicokinetic
models, such as the IEUBK model for lead, translates an external bioaccessible dose into an
internal dose and target organ metrics, tightening uncertainty in risk estimates [10].

The public health burden is substantial and measurable. For lead, no safe exposure
level has been identified; the WHO and recent syntheses document enduring neurode-
velopmental toxicity, and a 2019 global analysis attributed a loss of about 765 million 1Q
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points in children younger than five to early-life lead exposure [11,12]. Cadmium is a proto-
typical skeletal toxicant; meta-analyses link exposure to environmental cadmium to lower
bone mineral density and higher osteoporosis risk, particularly among postmenopausal
women [13-15]. Mercury remains on the WHO'’s list of ten chemicals of major public health
concern, reflecting potent neurotoxicity with heightened vulnerability in the developing
fetus. Beyond contemporary emissions, climate-amplified extremes such as floods and
wildfires remobilize legacy metal stores in sediments, tailings, and floodplains, produc-
ing acute contaminant pulses superimposed on chronic exposure and often intersecting
with rapid urban expansion [16]. In several regions, dietary pathways can dominate; cad-
mium and lead in rice supply chains are recurrent findings, which reinforces the need for
mixture-aware, pathway-specific risk management.

Across this landscape, five practical questions keep returning. First, can we separate
natural background contaminant levels from human inputs and state the uncertainty
clearly? Second, how do we turn total concentration data into quantifications of exposure
and dose by bringing in speciation, bioaccessibility, and differences in susceptibility?
Third, how can we quantify and predict remobilization at the interface between sediment
and water during storms, drying and rewetting, and redox shifts? Fourth, how do we
protect food systems, including informal aquaculture and peri-urban agriculture, in places
where diet can dominate exposure? Fifth, how do we move from single-chemical point
estimates to probabilistic, mixture-aware risk assessments that directly support decisions.

This Special Issue assembles new evidence and tools across these fronts, spanning
environmental monitoring and modeling, ecotoxicology and behavior, epidemiology and
mechanistic mediation, food chain assessments, and intervention concepts. Together, the
contributions provide a compact, methodologically diverse snapshot of where the field
stands—and where it needs to go.

2. What This Special Issue Adds

River systems and integrated risk indices. One contribution synthesizes PTE contami-
nation across rivers, combining multi-metric ecological indices (e.g., potential ecological
risk, a pollutant load index, and a geo-accumulation index) with human health risk re-
sulting from the consumption of aquatic species. Beyond mapping hotspots, the review
underscores the need for harmonized metrics and comparable baselines across studies
to inform management priorities. Regarding human bone health and endocrine media-
tion, two epidemiological studies independently link metals to impaired bone mineral
density (BMD) and osteoporosis risk, while advancing why these links might arise. A large
NHANES analysis reports a negative association between blood manganese and BMD
and explores sex steroid hormones (including SHBG and estradiol) as potential mediators,
sharpening the mechanistic lens on endocrine disruption and skeletal outcomes. A biomon-
itoring study in postmenopausal women identifies urinary cadmium and antimony as
independent correlates of higher osteoporosis odds, highlighting co-exposures and pop-
ulation vulnerability. Together they illustrate how mixture-aware, mediator-informed
epidemiology can move beyond associations and toward plausible pathways. On the
subject of organ-specific toxicity and candidate interventions, moving from hazard to
mitigation, a nanomedicine study develops a curcumin-loaded nanoemulsion to counter
copper-induced neurotoxicity, improving pharmacokinetics and neuroprotection in preclin-
ical models. While such delivery strategies are not a substitute for exposure reduction, they
do foreshadow adjunctive, lower-toxicity therapeutics for metal-related disorders.

Biological variability matters, as demonstrated in a zebrafish study, where consistent
behavioral phenotypes (bold vs. shy) were found to modulate sensitivity to cadmium and
even to a common anthropogenic marker (caffeine), with consequences for locomotion and
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social behavior. This work reminds us that inter-individual variability, often treated as
“noise”, may systematically bias risk estimates if not explicitly designed into experiments
and assessments. When it comes to food chain safety in aquatic agroecosystems, seeking
data to keep pace with the expansion of nature-based and floating agriculture, a field inves-
tigation of lotus cultivated in floating lake gardens quantifies tissue-level accumulation,
translocation to edible parts, and health risk indices. The results suggest preferential root
accumulation and limited mobility into edible tissues, but also emphasize that chronic
exposure and site conditions can shift risk profiles—underscoring the need for crop- and
site-specific guidance.

For the remobilization of modeling and background levels, from concentrations to
fluxes, a one-dimensional reaction-transport model tracks heavy metal desorption rates and
background concentrations in cohesive sediments and reproduces estuarine observations.
By coupling dissolved and particulate phases with diffusion, sedimentation, and turbulent
exchange, the work offers a transferable boundary module for 3D hydrodynamic models
and a pragmatic framework for distinguishing background signals from anthropogenic
sources. In terms of deterministic and probabilistic risk, an integrated soil-risk assessment
from a karst region finally applies both classical point estimate methods and Monte Carlo
simulation, revealing that traditional approaches can underestimate carcinogenic risks
(e.g., arsenic and chromium), and demonstrating how target organ toxicity dose metrics
refine priority setting. This dual approach aligns assessment practice with the uncertainty
and variability inherent in real-world exposures.

3. Remaining Gaps and a Forward Program

The next steps are to replace bulk concentrations with dose-relevant measures and
to treat exposure as a dynamic mixture that shifts with hydrometeorological extremes. In
practice, speciation and partitioning (for dissolved, colloidal, and particulate contaminants,
and for complexation and competition) should be measured alongside validated oral and
inhalation bioaccessibility to anchor physiologically based toxicokinetic modeling and yield
internal dose estimates, rather than proxies. Human studies need to be designed up front
for co-exposures (metals with co-occurring organics), effect modification (sex, age, and
menopausal status), and mediating biology (hormones and inflammatory markers), with
explicit causal frameworks to separate pathways and identify points where intervention
alters risk. At the system scale, empirically calibrated desorption and particle-water
exchange modules should be embedded within watershed and estuarine models that
include hydrology and temperature, enabling event-based sampling, data assimilation,
and forecasts of flood- and heat-driven remobilization, in order to clarify the line between
background and anthropogenic signals.

Turning evidence into action demands a diversified portfolio and decision tools that
acknowledge uncertainty. Source control and treatment, augmented by green infrastructure,
remain the first-line defense; in defined subgroups, adjunctive biomedical approaches
(for example, chelation when clinically indicated or low-toxicity antioxidant delivery)
merit careful evaluation that considers feasibility, adherence, safety, and equity as well as
efficacy. Food system safeguards should be built crop- and site-specifically for aquatic and
informal agro-ecosystems, combining cultivar selection for low uptake, amendments that
immobilize Cd/Pb/As, and risk communication tailored to chronic low-dose exposure.
Regulators and communities need transparent, transferable approaches to estimate local
background signals with uncertainty bands and to update soil and sediment standards
accordingly. Probabilistic practice should become routine, reporting both point estimates
and distributions with defensible priors and sensitivity analyses, and should be supported
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by FAIR data, versioned code, and minimal reporting checklists so that studies are re-
analyzable and models portable.

4. Closing

The studies collected here advance the field on several fronts, harmonizing risk indices
across media, clarifying mechanistic links to health, revealing the role of biological vari-
ability, safeguarding food chains, and equipping decision-makers with modern modeling
and probabilistic tools. Taken together, they signal a shift from mapping contamination to
managing risk: dose-relevant, mixture-aware and climate-attuned science coupled with
interventions that regulators and communities can implement. The immediate priorities
are standardized metrics and baselines, transparent background estimation, routine proba-
bilistic reporting, and open, reproducible models that translate into measurable reductions
in exposure and disease.

Data Availability Statement: No new data were created or analyzed in this study. Data sharing is
not applicable to this article.
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Abstract: There is concern over potential toxic elements (PTEs) impacting river ecosystems
due to human and industrial activities. The river’s water, sediment, and aquatic life are
all severely affected by the release of chemical and urban waste. PTE concentrations in
sediment, water, and aquatic species from river ecosystems are reported in this review.
Among the PTEs, chromium (Cr), cadmium (Cd), lead (Pb), and nickel (Ni) revealed
high pollution levels in water and aquatic species (fish and shellfish) at many rivers. The
Karnaphuli, Ganga, and Lee rivers have high levels of Pb and Cd contamination, while
the Buriganga and Korotoa rivers” water had notable Ni contamination. A number of
rivers with PTEs showed ecological risk as a consequence of the sediment’s potential
ecological risk (PER), the pollutant load index (PLI), and the geoaccumulation index
(Igeo). A comprehensive study suggests elevated PLI values in river sediments, indicating
significant pollution levels, particularly in the Buriganga River sediment, marked by high
Igeo values. The PER of the Shitalakshya and Buriganga rivers was marked as very high
risk, with an Ei; > 320, while the Dhaleshwari and Khiru rivers showed ‘high risk’, with 160
= El; < 320. It was found that fish and shellfish from the Buriganga, Turag, and Swat rivers
have a high concentration of Cr. PTE pollution across several river sites could pose health
toxicity risks to humans through the consumption of aquatic species. The CR value shows
the carcinogenic risk to human health from eating fish and shellfish, whereas an HI value >
1 suggests no carcinogenic risk. The occurrence of other PTEs, including manganese (Mn),
arsenic (As), and nickel (Ni), significantly increases the ecological risk and concerns to
aquatic life and human health. This study emphasises the importance of PTE toxicity risk
and continuous monitoring for the sustainability of river ecosystems.

Keywords: PTE; river; risk assessment; anthropological activities; monitoring

1. Introduction

The river is the main source of nutrients for life. In recent decades, the proximity of
river basins to urban and rural areas has exacerbated the issue of potential toxic element

Toxics 2025, 13, 26 https://doi.org/10.3390/ toxics13010026
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(PTE) contamination in river sediments, water, and aquatic species [1-3]. Urbanization,
industrialization, and anthropological activities have led to the accumulation of PTEs,
posing a momentous threat to aquatic life and river ecosystem health. The Bangladesh
Economic Review [4] states that industrial activities have increased in different urban areas.
In urban settings, many rivers close to urban centres face heightened risks of contamination
from sediment pollution, water pollution, household waste, industrial waste, and chemical
discharges [5,6]. Riverbank ecosystems are vital components of aquatic habitats, support-
ing diverse forms of life, including sediment, soil, flora, and fauna. These ecosystems
perform a crucial role in maintaining environmental quality and ecological balance. Partic-
ularly, they have experienced a rapid increase in PTE pollution within their river systems
due to unregulated industrial growth, inadequate waste management practices, and the
discharge of hazardous chemicals [7-9]. The sources of PTE contamination are diverse,
encompassing industrial waste disposal, mining, smelting, and the improper handling
of wastewater and chemical waste [10]. The uncontrolled discharge of vehicle emissions
and sewage sludges into rivers is a major contributing factor to the contamination of the
aquatic environment [11]. Large volumes of PTEs containing effluent from industries are
typically dumped into adjacent water bodies, endangering both the sustainability of the
environment and public health [12-14]. Based on Theofanis et al. [15], the consequences of
PTE contamination extend beyond the immediate aquatic environment. Sediment enriched
with PTE pollution becomes part of the aquatic food chain, leading to the accumulation of
these toxic elements in living organisms through bio-magnification. The amount of PTEs
present in the sediment serves as an important indicator of this equilibrium since it shows
how different human activities have affected the health of river ecology. The sediment
ecology is threatened by contamination by PTEs [16]. Because of their bioaccumulative
nature, toxicity, and environmental persistence, they are regarded as environmental con-
taminants [17,18]. Above-threshold concentrations of PTEs may accumulate in the biota
of riverine ecosystems and have detrimental impacts on both animals and people [19,20].
The potential outcomes of this contamination range from negative impacts on organisms
to potential declines in species diversity, abundance, and toxicity risks to human health.
Despite the increasing recognition of PTEs, pollution in river sediments worldwide remains
a significant gap in ecological research, particularly in the context of developed countries.
According to Bashar & Fung [21], the leather and textile industries are potential sources
of Pb, Cd, and Ni, which are the principal causes of river sediment pollution. Sediment
ecology is negatively affected by Cd and Pb due to anthropological activity. The lack of
comprehensive studies addressing PTE contamination across different components of river
ecosystems is a critical concern for both environmental and human health due to excessive
contamination, and the bio-magnification and toxicity of these pollutants. PTE contamina-
tion in sediments may pose a serious ecological concern to urban river ecosystems [22-24],
although few studies have examined the pollution level of PTEs in river sediment, water,
and aquatic species, raising concern over the PTE toxicity risk in ecosystems and for human
health. There is very little research on the PTE contamination risk in riverine environments.
Therefore, as an initial effort to bridge the research gap, the ecological risks associated
with PTE pollution in river sediments, water, and aquatic organisms are comprehensively
assessed. River sediment, water, and aquatic species risk may be understood by taking
into account the origins, distribution, graphical representation of PTE concentration, and
impact of PTE pollution.

Source of Pollution

River sites in both urban and rural environments are contaminated by a variety of
factors, such as construction sites, decomposition of organic matter, logging operations,
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soil erosion, domestic and industrial chemicals and waste, farming practices, agricultural
drainage, and storm-water runoff. River ecosystems face difficult problems as a result of
the interaction of various elements. Approximately 15,666 small and 3639 big manufactur-
ing enterprises have been established in Bangladesh, according to the BBS [25]. Proshad
et al. [26] reported that a wide range of industries have emerged as a result of rapid indus-
trialization. A glaring concern arises from the discover industries discharging untreated
waste directly into the river, raising significant health concerns for the environment and
public. Regrettably, insufficient monitoring and inadequate responses have catalysed an
escalation in environmental degradation. Yet, the ominous cloud of pollution looms over
several river ecosystems, stemming from various sources, including floods, soil erosion,
and the discharge of PTEs, chemicals, herbicides, and insecticides, as well as solid and
liquid industrial wastes. In the district of Gazipur, Dhaka a staggering 2220 factories
operate, with 1222 dedicated to ready-made clothing production. Surprisingly, only 1% of
these factories have functioning treatment plants, exposing a vast majority of them to the
risk of unregulated waste discharge [27]. In comparison to other factories, the Department
of Environment (2016) reported that enforcement activities were higher in fabric-washing
factories (38%) and fabric-dying factories (30%). The perilous scale of waste disposal be-
comes even more apparent when considering the report by Kamruzzaman and Sakib [28],
which highlights that around 350 metric tons of harmful garbage are dumped into rivers.
Oil refineries add to the burden, with solid waste amounting to 4 tonnes and liquid waste
reaching 0.61 million cubic meters annually. The textile dyeing and tanning industries alone
contribute significantly, annually generating 113.72 tonnes of solid waste and a staggering
26,250 tons of liquid waste, both of which find their way into river systems, compromising
water quality [29]. Soil erosion and mountain cutting stand as significant contributors,
accounting for approximately 3% of overall environmental degradation [29]. The DoE [30]
attributes approximately 10% of pollution to a combination of factors, encompassing activ-
ities such as logging, forest fires, rainwater runoff, and the decomposition of plants and
animals. Water pollution is largely caused by these complex biological interdependencies,
riverside farming, and agricultural runoff from agricultural regions. Nearshore aquatic
habitats provide the most vital ecological functions, from food provisioning to support for
human activities, as highlighted by Arikibe and Prasad [31]. This review reveals a con-
cerning interplay between pollution activities and PTE concentrations across distinct river
regions. By shedding light on these intricate dynamics, we emphasise the need for targeted
interventions and enhanced monitoring strategies to mitigate the escalating ecological risks
and human health risks.

2. Screening and Systematic Approach

The concentration of PTE in sediment, water, and aquatic organisms, as well as con-
cerns about excessive PTE contamination, are the study’s objectives. To achieve our goals,
we have chosen and employed a systematic approach, division-wise, utilising information
from the Web of Science and Scopus databases, employing relevant search terms such as
“river sediment”, “river water”, “aquatic species”, “heavy metal”, “PTEs”, and “element”.
For geographical limitation, the selection process involved critically evaluating and choos-
ing the most suitable original research papers in English from the related journal groups
such as Elsevier, Springer, Taylor & Francis, PLOS ONE, and others from 2010 to 2024. All
the collected information underwent rigorous screening to establish a well-structured port-
folio, laying the foundation for the final outcomes of this study and providing directions
for future investigations. An outline of the general approach that shows the key procedures
and analyses performed in the current investigation is shown in Figure 1. The sediment
data visualisation method follows the USEPA standard risk model [32]. We consider the
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major points for data assembly and analysis. Sediment, water, and aquatic species sample

data analysis followed standard protocols [33-35].

1. Identification

3. Excepted

5. Discussion &
Analysis

6. Final Outcome

2. Screening

4. Included

As cr cd
Ni | Mn

Figure 1. Flow chart of the overall methodology indicating major steps.

In Table 1, several PTE indices, indexing factors, and recommendations are described

along with their respective contamination standards. Assessment of the pollution risks

from PTEs in river sediment, water, and aquatic species are compared based on following

the scientific method for monitoring and safety in river ecology. This treasure trove of

information subsequently underwent meticulous scrutiny against established Sediment

Quality Guidelines (SQGs), affording a comprehensive evaluation of the ecological risks

posed by potential toxic element (PTE) accumulation in these vital aquatic systems.

Table 1. PTE indices, indexing factors, description, and objectives.

Principal Indexing Factor

Description and Objectives

Cip=Cl/Cly

Cy=YCi(ni=1)

PLI = (Cfl x Cf2 x Cf3 x Cfn)}/n
Lgeo = Loga (15555

EL, =T, x Cif

PER=Y E, (i=1)

THO - S
HI =) THQ(x)

_ EFXEDXFIRXCfxCMxCPSo -3
TCR= WABx TAc x 10

PTEs is potential toxic elements. In the equation, Cif is a contamination

factor; C' is the quantified value of PTE in sediments; and the elemental
reference value for the same metal follows Taylor [36]; and Cl, is the
background concentration following Hilton et al. [37] and Karadede and
Unlu [38]. C; is the degree of contamination; PLI is the Pollution Load
Index, following Suresh et al. [39]. I¢, is the geoaccumulation index
following Miiller’s [40] technique. C,, is the metal concentration in
sediment (n); By, is the metal (n)’s geochemical background value; and the
factor 1.5 is the possible variation in background data to lithogenic
impacts, following Rabee et al. [41]. E', is the potential ecological risk
index for an individual element. T’, is the biological toxic factor for
individual elements and is 5, 30, 2, 5, 1, and 6 for Pb, Cd, Cr, Cu, Zn, and
Ni, respectively, following Hakanson [42]. PER is the potential ecological
risk index, follows Guo et al. [43] and Hossain et al.’s [22] technique.
Non-carcinogenic and carcinogenic:

THQ, Target hazard quotient;

HI, Hazard Index;

TCR, Target Cancer Risk.
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Table 1. Cont.

Principal Indexing Factor Description and Objectives

Recommendation level: Reference value (mg/kg)
Contamination as I¢:
Igeo < 0, nO contamination;
0< Iggo <1, no contamination to moderately contamination;
1 < Igeo < 2, moderately contaminated;
2 < Ige < 3, moderately to heavily contaminated;
3 < Igeo < 4, heavily contaminated;

Contamination status indication for 4 < I¢p < 5, heavily to extremely contaminated;

sediment 5 < Ige, extremely contaminated.
Contamination as CF:
CF <1,low; 1 < CF < 3, moderate; 3 < CF < 6, considerable;
CF < 6, very high.
Contamination as PLI:
PLI = 0, indicates excellence; PLI = 1, this level is contaminated;
PLI > 1, the quality is gradually declines.

Recommendation level (mg/kg)
Reference value (mg/kg)
Toxic level (mg/kg)

Contamination
Status for water and aquatic species

3. PTE Concentration and Distribution

The concentration and distribution of PTEs in river sediments, water, and aquatic
species show regional variations formed by the particular interaction of geographical
variables and anthropological activity and influenced by the specific river site and the
amount of PTE pollution. A notable reference enriches our understanding, providing the
lowest effect levels (LELs) for diverse PTEs in sediment. For instance, Pb exhibits an LEL at
600 mg/kg, Zn at 31 mg/kg, Cu at 120 mg/kg, Cd at 16 mg/kg, Cr at 6 mg/kg, and Ni at
26 mg/kg, among others.

3.1. PTEs in Sediments
3.1.1. Lead (Pb)

Pb is highly toxic to aquatic organisms within contaminated sediments in the ecosys-
tem. High Pb content was found in the Korotoa River (64.67 mg/kg), Rupsha River
(62.40 mg/kg), and Buriganga River (477.87 mg/kg), and all values were over background
limits (Table 2). Among the rivers in Bangladesh, the Buriganga River sediment exhibits
the highest concentration, followed by the Korotoa, Rupsha, Bangshi, Karnaphuli, Turag,
Shitalakhya, Dhaleshwari, Meghna, Brahmaputra, and Louhajang rivers. Most river sites
surpass the background levels of FAO and SEPAC for Pb, except the Brahmaputra River
and Louhajang River sites. Worldwide river sites: other researchers have found Pb pol-
lution in sediment such as in the Yellow River [44] and Xiangjiang River, China [45,46],
Gomti River, India [47], Gorges River, Australia [48], Louro River, Spain [49], Symsarna
River, Poland [50], and Elbe River, Germany [51] (Table 3). Recently, Proshad et al. [52]
reported a high concentration (64.67 mg/kg) of Pb in sediment at the Korotoa River. The Pb
contamination in the Buriganga River area stems from the improper disposal of residential
and commercial waste, as well as sewage sludge, which has consequently contaminated
the sedimentary environment. The highest relative abundance of Pb was found in the
Karnaphuli River (Figure 2), with a similar abundance was found in the Symsarna River,
Poland (Figure 3). Pb pollution occurred in the river Karnaphuli due to industrial discharge.
Specifically, regions such as Suthrapur, Lalbag, and Shyampur within the Buriganga River
system demonstrate significant Pb contamination. The FAO recommend Pb concentration
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of 5 mg/kg in sediment, respectively. The USEPA reported toxicity range from 21 mg/kg
to 20 mg/kg for Pb, with the minimum impact of Pb content (31 mg/kg) [53], which raises
serious concerns regarding sediment pollution.

100%
90%
80%
70%

mPb mCd »Cr "Cu mZn mNi
60%
50%

II I.I -II
40%
A H 1L
20% —
10%
Al A2 A3 A4 A5 A6 A7 A8 A9 A10Al11 Al12 A13 Al14 Al5 Al6

0%
Bangladeshi River

Relative Abundance (%)

Figure 2. Relative abundance (%) of PTEs in sediment of Bangladeshi river. (Here, A5: Buriganga
River; Al: Korotoa River; A9: Karnaphuli River; A2: Meghna River; A3: Shitalakshya River;
A4: Rupsha River; A6: Brahmaputra River; A7: Louhajang River; A8: Halda River; A10: Meghna
River; A11: Shitalakshya River; A12: Bangshi River; A13: Turag River; Al4: Padma River; A15:
Dhaleshwari River; A16: Khiru River).

mPb mCd =»Cr "Cu mZn mNi

100% .
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Figure 3. Relative abundance (%) of PTEs in sediment of rivers worldwide. (Here, W7: Symsarna
River, Poland; W14: Elbe River, Germany, W10: Ganga River, India; W9: Lubumbashi River, Congo;
W11: Okumeshi River, Nigeria; W8: Yellow River, China; W6: Pra River, Ghana; W3: Atoyac River,
Mexico; W1: SomesuMic River, Romania; W2: Barma River, Malaysia; W4: Saigon River, Vietnam;
WS5: Lee River, England; W12: Buyukmelen River, Turkey; W13: Liffey River, Ireland).
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Industrial discharges, urban runoff, and atmospheric deposition are common sources
of Pb in sediment. Pb toxicity in sediment is a significant environmental concern as it can
have adverse effects on aquatic ecosystems and pose risks to human health.

3.1.2. Cadmium (Cd)

Cd is a toxic element, and high levels of Cd were reported in the areas of the Buriganga
(5.86 mg/kg), Shitalakshya (5.01 mg/kg), Dhaleshwari (2.08 mg/kg), Khiru (2.05 mg/kg),
and Karnaphuli (2.01 mg/kg) rivers in Bangladesh, exceeding the background values of
SEPAC (Table 2). The Buriganga River site showed the highest Cd contamination. The
Shitalakshya, Dhaleshwari, Khiru, and Karnaphuli River sites’s tapestry tells a fascinating
story for Bangladesh. For Cd in sediment, scientifically the lowest impact threshold is
0.6 mg/kg (USEPA).The Hazaribag and Lalbag areas in the Buriganga River basin are
conspicuous instances of high levels of Cd contamination, necessitating prompt action to
alleviate any risks. Similarly, worldwide, high levels of Cd pollution have been discovered
in sediment at the Ganga River, India [54]; Nile River, Egypt [55]; Gardon of Ales River,
France [56]; and Lubumbashi River, Congo [57] (Table 3). The USEPA [58] reported Cd
toxicity value is 1 mg/kg and guideline limit is 0.61 mg/kg in sediment. A high relative
abundance of Cd was reported in the Karnaphuli River in Bangladesh [59] (Figure 2),
whereas Raphael et al. [60] identified a comparable abundance at the Okumeshi River
in Nigeria (Figure 3). Comparable levels of Cd pollution have been documented around
the world, indicating the worldwide reach of the problem and emphasizing the need for
efficient mitigation techniques.

3.1.3. Chromium (Cr)

The ecological effects of Cr contamination in sediment ecosystems depend on the oxi-
dation state and concentration of the metal. The most significant amount of Cr in the winter
(summer) season is recorded at 158.37 mg/kg (140.53 mg/kg), which is the second highest
level of metals for the Buriganga River. The Turag River has the third highest metal levels
during the winter (summer) season, with a value of 120.15-30.27 (118.2-28.15) mg/kg. The
highest Cr concentration was found in the Buriganga River site, followed by the Korotoa,
Bangshi, Rupsha, Turag, Padma, Shitalakhya, Dhaleshwari, Karnaphuli, and Meghna rivers
(Table 2). Recently, Proshad et al. [52] found the highest amount of Cr (165.84 mg/kg) in
sediment from the river Korotoa. Mohiuddin et al. [61] reported high mean concentrations
of Cr (173.4 mg/kg and 709.41 mg/kg) in Buriganga River sites, exceeding the guideline
value.The Bangshi River sediment sample is noteworthy due to its Cr content of 33%.
Important Cr pollution is found in areas of the Buriganga River system, including the
Hazaribag and Lalbag sites. Outside the nation, numerous researchers have discovered
Cr pollution in sediment of various rivers, including the Yellow River, China [62], the Pra
River, Ghana [63], and the Atoyac River, Mexico (Table 3), which is a global concern for Cr
pollution. A high relative abundance of Cr in sediment was found at the Buriganga River
in Bangladesh (Figure 2), whereas Rodrigue-Zespinosa et al. [64] discovered a comparable
abundance at the Atoyac River in Mexico (Figure 3). The USEPA established a toxicity
reference value of 8.10 mg/kg, which raises concerns about Cr pollution in river sedi-
ment. Instead, SEPAC [65] reported a background value of 66.80 mg/kg for Cr. Turekian
and Wedepohl [66] state the average shale value of Cr is 90 mg/kg whereas the WHO
and the USEPA have recommended standards for sedimentary Cr values of 25 and 26
mg/kg, respectively. High levels of Cr pollution indicate a risk for ecology and are of rising
concern globally.
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3.1.4. Copper (Cu)

Globally, diverse Cu concentrations have been recorded, emphasizing the importance
of comprehensive monitoring and effective management strategies.Siddique et al. [67]
reported Cu concentration in sediment. The maximum concentration of Cu (76 mg/kg)
was found in sediment of the river Korotoa. Due to leakage, runoff from nearby unhealthy
farms, and the discharge of industrial and municipal trash into the waterway, the Turag
River had a higher level of Cu than the Buriganga River. In order of high Cu concentration,
the Buriganga River is followed by the Korotoa, Turag, Dhaleshwari, Khiru, Rupsha,
Shitalakhya [68], and Louhajang rivers that reveal the background value in Bangladesh
(Table 2). Based on USEPA, toxicity value is 28 mg/kg whereas Rupsha river cross the
limit [69]. These levels can cause stress and have an impact on aquatic life. Among the
rivers, the highest mean concentration (344.20 mg/kg) of Cu in the Buriganga River site
exceeded the FAO limit and the background levels of SEPAC. Cu pollution in sediment
has been reported worldwide, such as in the Yellow River in China, SomesuMic River,
Romani, Barma River, Malaysia, and Liffey River, Ireland(Table 3). A relatively high
abundance of Cu was reported at the Louhajang River in Bangladesh (Figure 2), whereas
a comparable abundance was found at the Lubumbashi river, Congo (Figure 3). The
lowest effect threshold level is 16 mg/kg and in this case Brahmaputra River showed
safety zone [70]. Interestingly, notable Cu levels were shown at the Louhajang [71] and
Dhaleshwari river sites.

Table 3. Potential toxic elements (PTEs) in sediment from different rivers. worldwide.

Sediment (mg/kg)

River Name Country Study Code Pb Cd Cr Cu Zn Ni
Symsarna River Poland W7 87.32 0.69 19.76 20.63 0.13 33.88
Elbe River Germany Wi4 122 7.3 206 1190 58
Ganga River India W10 151.85 30.01 247.05 70.7 278.61 97.1
Lubumbashi River =~ Congo W9 1549 429 14,822 1415 55.4
Okumeshi River Nigeria W11 0.45 1.32 0.87

Yellow River China W8 24.6 0.3 61.3 30.3 74.6 19.3
Pra River Ghana W6 7.27 216.7 118.32 79.9
Atoyac River Mexico W3 12 182 14 62 22
SomesuMic River Romania W1 12.27 0.35 43.15 65.56 236.82 47.69
Barma River Malaysia W2 123 410 250 40
Saigon River Vietnam W4 2 0.07 75 6.93
Lee River England W5 50 5.64 32.6 946 51.1
Buyukmelen River ~ Turkey W12 12.1 0.12 30.6 63.7 323
Liffey River Ireland W13 3.25 220 666 29

Note: Here, river study code is W7 [50], W14 [51], W10 [54], W9 [57], W11 [60], W8 [62], W6 [63], W3 [65], W1
[84], W2 [85], W4 [86], W5 [87], W12 [88], W13 [89].

3.1.5. Zinc (Zn)

The amount of Zn in the sediment indicates the level of pollution in the river ecosystem.
While Zn is a crucial trace element for many species, high Zn concentrations can impact
sediment ecosystems.The highest mean concentration (958.15 mg/kg and 502.3 mg/kg)
in the Buriganga River site surpassed the background levels of SEPAC (Table 2). The Zn
toxicity value is 68.00 mg/kg for sediment which is exceeded in the Halda River [72],
Meghna River [73]. Comparisons with global Zn concentrations highlight the need for a
comprehensive approach to mitigate Zn pollution. Islam et al. [74] reported PTE pollution
in the urban river area. The Buriganga River continued a pattern of high Zn content,
followed by the Korotoa, Turag, Rupsha, Bangshi [76], Khiru, Shitalakhya [75], Halda, and
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Meghna rivers in Bangladesh. A high Zn concentration (139.48 mg/kg) was discovered
at the Turag River site [77] and Padma river site showed safe zone [78]. Ahmed et al. [79]
reported PTE pollution in the Dhaleshwari river site. In sediment, the Khiru [80] and
Buriganga [81,82] rivers showed high relative abundance (%) of Zn (Figure 2), whereas
identified comparable relative abundance in the Saigon River, Vietnam (Figure 3). More
patterns were identified in the Hazaribag and Lalbag regions of the Buriganga River system.
The USEPA reported average shale value is 95 mg/kg, which raises concerns regarding
potential Zn contamination. An increasing number of people worldwide are becoming
concerned about Zn contamination that has been found in sediment at the Elbe River,
Germany, the Gardon of the Ales River in France, the SomesuMic River, Romania, Lee
River, England and Liffey River, Ireland (Table 3).

3.1.6. Nickel (Ni)

Understanding and monitoring Ni contamination in sediment and aquatic environ-
ments is crucial for evaluating its potential environmental impacts and implementing
appropriate remediation measures to safeguard the health of these ecosystems. A maxi-
mum mean value (200.45 mg/kg) of Ni was shown in the Buriganga River site [83], while
the Louhajang River site exhibited the lowest concentration (7.676 mg/kg) (Table 2). Ganges
river [90] site showed the water and sediment pollution. High concentrations of Ni were
observed in the Buriganga, Korotoa, Meghna, Shitalakshya, Rupsha, Bangshi, Brahmapu-
tra, and Louhajang river sites in Bangladesh, exceeding the guideline value. The Turag
River had the highest level of Ni (95.1 mg/kg), which is higher than in the Buriganga
River. Sediment ecology is becoming more of a concern globally due to the discovery of Ni
contamination in sediment at the SomesuMic River, Romania (47.69 mg/kg) [84], Barma
River, Malaysia (40 mg/kg) [85]. Recently, the highest level of Ni (114.13 mg/kg) found
in sediment along the river Korotoa (Table 2). Remarkable Ni concentrations were found
in the Buriganga and Shitalakshya River sites, but the Hazaribag and Lalbag areas of the
Buriganga River system had higher Ni levels whereas the Saigon River, Vietnam showed
the safety level of Ni concentration [86]. Relatively high Ni concentration discovered in
the Lee River, England [87], Meghna River in Bangladesh (Figure 2), whereas Pehlivan [88]
found a similar richness at the Buyukmelen River in Turkey (Figure 3). The USEPA and
WHO suggested guideline values are 16 mg/kg and 20 mg/kg, respectively, for Ni con-
centrations in sediment. The dangerous limit for Ni contamination is 16 mg/kg, which
is the lowest effective amount of Ni [53]. Also, a high level of Ni was reported at the
Ganga River, India, Nile River, Egypt (112 mg/kg), Pra River, Ghana, and Liffey River,
Ireland [89] (Table 3).Chronic exposure to Ni leads to unhealthy benthic communities,
favouring species that are more tolerant to Ni contamination, altering species composi-
tion and disrupting ecosystem dynamics. Even changes in microbial communities affect
nutrient cycling, sediment processes, and overall ecosystem health.

3.2. Pollution Load Index (PLI)

The sediment pollution status is represented in river areas through an in-depth analysis
of PTE concentration. Various PTE results showed novel impacts as an ecological risk when
using an integrated potential risk assessment for all metals from river basins. The study
utilised the Pollution Load Index (PLI) as an indicator of sediment quality concerning
PTEs. The PLI was calculated based on contamination factors for each metal and their
corresponding background values. Yi et al. [91] reported PLI in the Yangtze River, China.
Similarly PLI value found in the Buriganga and Turag river during the wintertime period
ranged from 0.56 to 0.33 and 1.06 to 0.35, respectively, whereas the values for Buriganga and
Turag in the summertime period were 0.51 to 0.29 and 1.006 to 0.35, respectively. PLI values
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exceeding 1 indicated pollution, and values below 1 indicated uncontaminated sediment.
The Buriganga, Korotoa, Turag, Rupsha, Shitalakhya, Bangshi, Khiru, and Dhaleshwari
rivers in Bangladesh exhibit Pollution Load Indices exceeding the permissible limit of 1,
with the PLI range spanning from 0.21 to 9.34 within the research (Figure 4).
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Figure 4. Pollution Load Index (PLI) is represented for different rivers and times.

The rivers examined displayed PLI values surpassing 1, indicating pollution, with the
Buriganga and Shitalakshya rivers exhibiting considerable risk. The PLI value indicated
that the Buriganga River sediment was in better condition in 2019 despite being severely
contaminated in 2010 and 2011. The significantly raised PLI value of the Korotoa River
sediment in 2022 is causing considerable concern for bottom-feeder aquatic species and
river ecology. PLI value between 1.64 and 3.89 indicates that the whole stretch of the Ganga
River, India, is polluted on many levels. Also observed a PLI range of 0.79 to 1.12 in the
Atoyac River, Mexico, indicating PTE contamination.

3.3. Geoaccumulation Index (Igeo)

The geoaccumulation index (Ige) was employed to assess sediment metal accumu-
lation, comparing concentrations with undisturbed sediment levels. Calculated using
specific formulas, the I, values indicated pollution levels. Sediment from various river
areas exhibited varying levels of contamination, with certain rivers showing moderate Cd
contamination and others demonstrating significant Ni contamination.

Examination of the geoaccumulation index (Ige,) values revealed that the Buriganga
River site was extremely polluted in 2011 due to Pb, Cd, Cr, and Cu contaminants, whereas
in 2019 it showed moderate pollution. The Shithalakshya River site was shown to have
unpolluted sediment in 2020 while being heavily contaminated by Cd pollution in 2014. The
Korotoa River site was moderately polluted in 2022 due to Cd and Pb pollution while it was
in an alarming condition in 2015. In contrast, 2015 recorded moderate pollution attributed to
Cu, Zn, and Cd contaminants, while 2019 showed an absence of pollution, highlighting the
potential ecological health risks (Figure 5). Other rivers, including the Karnaphuli, Khiru,
and Dhaleshwari rivers, exhibit moderate levels of Cd contamination. Sediment sourced
from the Korotoa River, the Rupsa River, the Bangshi River, and the Buriganga River sites
demonstrates moderate Ni contamination. Furthermore, I, values below 0 are observed in
significant river sites, indicating an unpolluted status. Further sediment quality analysis
is indispensable to manage and ascertain the origins of pollution for potential ecological
health. The River Pra, Ghana showed the moderately to extremely polluted with Pb and Ni.
I¢eo values in the Atoyac River, Mexico indicated unpolluted to moderately polluted with
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Igeo value

As, Cu, and Pb. The I, values in the SomesuMic River, Romania followed as Pb > Cd > Zn
> Ni > Cu > Mn > Cr > Fe. Further sediment quality analysis is indispensable to manage
and ascertain the origins of pollution for potential ecological health.
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Figure 5. Graph showing geo accumulation index (Igeo) value in sediments at different river sites in
Bangladesh.

3.4. Potential Ecological Risk (PER)

The incorporation of background values enhances the explanation of geochemical
data. The contamination factor (C} ) was employed to assess sediment contamination, and
the degree of contamination (C;) was calculated as the sum of all contamination factors.
Their calculation utilized specific formulas, incorporating measured heavy metal concen-
trations and elemental background values. The degree of contamination was categorized
into four levels: no pollution, low-to-moderate pollution, significant pollution, and very
significant pollution. Pb contamination exhibited temporal variations, with instances of
low-to-moderate pollution and substantial pollution in the Buriganga River site (Figure 6).
Similar assessments were made for Cd, Cu, Zn, Ni, and Cr, demonstrating varying pol-
lution levels across different river sites. The Cd and Pb concentration found extremely
high levels of contamination, which showed very significant pollution (C} > 6) in the
sediment of the Shitalakshya and Buriganga rivers.

The potential ecological risk index (PER) evaluated the sensitivity of biological com-
munities to toxic substances. Individual elements, area-wise, underwent risk assessment
tests based on specific formulas. There was a considerable risk of Pb contamination in the
sediment of the Buriganga River site in 2011, whereas a very high risk (ER > 320) was
shown for Cd pollution (Figure 6). Except for the Buriganga River, all river sites were
revealed as low risk for Pb contamination. A very high risk of Cd contamination existed at
the Shitalakshya River site in 2014. The elevated danger of Cd pollution was evident in the
rivers Dhaleshwari, Karnaphuli, and Khiru. Additionally, the Bangshi River, Brahmaputra
River, Shitalakshya River, and Rupsha River sites were showed considerable risk to moder-
ate risk of Cd pollution. All river sites had a significantly low risk of contamination with
Cu, Zn, Ni, and Cr.
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Pollution level (Cf)

River Name

Pb Cd Cu Zn
Korotoa River 3.23 as7 1.69 3.05
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Buriganga River 0.77 )
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Buriganga River — 4.99 1198
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Figure 6. Example pollution levels (Cf), risk levels (Er), and potential ecological risk (PER) levels in

river sediment.

We addressed the PER value in the current evaluation of river sediment quality, which

is displayed in Figure 6. A moderate-to-extremely high ecological risk was suggested by

the PER index level for the sediment from different river sites. Based on the PER value,

moderate risk was found in the Korotoa, Karnaphuli, Dhaleshwari, and Khiru rivers, while

the Shitalakshya and the Buriganga rivers exhibited significant risk. The PER value showed
a moderate risk at the Korotoa River site in 2022. The Buriganga River (PER > 600) and
the Shitalakshya River (300 < PER < 600) sites showed higher potential ecological risk
than other rivers. Both rivers are located in the industrial area of Dhaka. Pb and Cd,

especially, enhanced the potential ecological risk. At these two river locations, different

sources contribute to the PTE pollution of the sediment. The PER values in the Atoyac
River, Mexico showed decreasing order: As (80) > Pb (70) > Cu (57) > Ni (38) > Cr (26) >

Zn (11).

4. PTE Pollution Status in River Water

The majority of urban river water is contaminated by debris from anthropogenic

activity, chemical discharge from industrial zones, and wastewater. In Bangladesh, the

Louhajang River water showed safe level of PTE contamination [92]. Many researchers

have significantly evaluated PTE concentrations in different river water [93-99] (Table 4).

During the winter the mean concentration of PTEs in Buriganga river water followed Fe >
Cr > Ni > Zn > Cu > Pb, but in the summer, the order was Fe > Cr > Zn > Ni > Cu > Pb. The
highest level of Fe in the Buriganga River was recorded to be 20.43 mg/L in wintertime but

dropped to 13.49 mg/L in summertime. The readings in the Turag River were 10.16 mg/L

and 7.1 mg/L, respectively. Among the rivers on the list, Buriganga, Turag, Dhaleshwari,

Korotoa, Karnaphuli, and Bangshi all had Cr contamination in their river water. High

concentrations of Ni were discovered in water from the Lee River, England and the Ganga

River, India (Table 4).The Turag river water showed high level of PTE contamination [93],
whereas Shitalakhya River water showed the safe level of PTE pollution [94].
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The water of Dakatia, Khiru, Old Brahmaputra, and Karnaphuli all had signs of Mn
poisoning. The levels of Fe contamination in the Karnaphuli, Dhaleshwari, Turag, and
Buriganga waterways rose. The Buriganga and Korotoa Rivers exhibited high levels of
Ni contamination, above Bangladesh’s water quality standard guideline values. Water
from the Bangshi, Korotoa, and Halda rivers had high levels of Cu contamination. The
Karnaphuli, Korotoa, and Halda rivers were found to be contaminated by As. Water from
the Karnaphuli River exhibited high levels of Pb and Cd contamination. Similarly, high
levels of Pb and Cu pollution in water were shown in the Ganga River in India, the Lee
River in England, and the Yangtze River in China (Table 4). The Buriganga [102] and
Dakatia [103] river water showed higher Mn content than the normal content that reported
by BDSW. The water of the Bangshi River had a Cr concentration of 0.093 mg/L [104],
whereas BDSW [105] recorded 0.05 mg/L.WHO [106] found that the content of Cr in water
is5 pg/L.

5. PTE Pollution Status in Aquatic Species

Numerous researches have discovered PTE contamination in fish, crabs, and molluscs,
and small amounts of PTEs may build up in the river environment in fish and other aquatic
species. High levels of Cr were found in fish and shellfish of the river Buriganga and
Turag (Table 5). Safe level of Pb and Cd content was reported in fish from Kelantan River,
Malaysia [107]. Khan et al. [108] reported high levels of Pb, Cd, and Cr in freshwater fish
at the Swat River, Pakistan. Scientifically, many researcher reported notable level of PTE
concentration in aquatic species [109-119] from the river ecosystem. PTE pollution in the
sediment affects the bottom-feeder aquatic species (A. coila, G. youssoufi, M. pancalus, H.
fossilis, C. punctata, M. vittatus). Also Concentration of PTE reported in crustaceans (M.
rosenbergii), and molluscs (I. exustus) (Table 5). Human ingestion of these type of species
from the polluted river habitats increases the risk of cancer. Health hazards have been
connected to PTE contamination of fish and shellfish from sediment areas. Cu exposure
from sediment caused physiological stress in organisms, which impacted their food chain,
general well-being, and cellular functions. Diseases and other environmental stresses are
more likely to affect organisms due to Cu pollution. Fish species from the Dhaleswari,
Buriganga, and Turag rivers showed high levels of Cr contamination. Fish species in
the Turag River displayed high levels of Fe contamination. All of the mentioned rivers’
fish, crustaceans, and mollusc species had high levels of Zn contamination, except the
Turag-Tongi-Balu River. The fish species found in the Karnaphuli and Bangshi rivers
had high levels of As pollution.The majority of the fish and mollusc species in the river
exhibited significant levels of Pb pollution. Fish and crab species from the Buriganga,
Turag-Tongi-Balu, and Bangshi rivers exhibited high levels of Cd contamination.
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6. Effects on Human Health

It is not possible for the public to completely avoid the potential health concerns
associated with consuming aquatic animals that have accumulated PTEs. These PTEs
disturb the food pyramid and endanger human health by creating cancer and human
organ disorders.Hazard index (HI) value of freshwater fish greater than 1 (HI > 1) indicates
non carcinogenic risk to human health (adult). China’s freshwater fish and crabs” hazard
index (HI) value is in the safe region (<1) in Table 6. High values of hazard index (HI >1)
reported in L. rohita (3.78) (Bangladesh), O. niloticus (4.53) (Egypt), P. notialis (6.1) (Ghana),
M. armatus (13.71) (India), and P. laevis (1.5) (China) from the river ecosystems that related
to PTE pollution.

Many researchers have reported cancer risk (CR) values of Ni, As, Cd, and Pb, as
shown in Table 7 for different aquatic species. CR values ranging from 10~°-10~* for all
metals are related to moderate cancer risk, and 1073-10"" indicates cancer risk in human
health. Neurological diseases in humans are caused by high amounts of Cd, Pb, and
Cr [120,121]. Eye yellowing is a result of As, Cd, and Pb pollution and decreased thyroid
hormone synthesis [122], elevated heart illnesses [123], and exacerbated peripheral vascular
disease [124]. Contamination with Cr, As, Cd, and Pb leads to haemolysis in illnesses of the
cardiovascular system [125,126]. Cd pollution causes illnesses such as pulmonary system
fibrosis [127] and bone degradation [128]. Long-term exposure to Cd has been linked to
harmful health outcomes, such as lung and kidney damage, as well as an increased chance
of developing several malignancies.

According to Kim et al. [129], liver disorders and cirrhosis are caused by Pb, As,
and Cd pollution. Contamination with Cd, Pb, As, and Cr can cause skin illness and
gastrointestinal upset [130]. Tiredness, feeling sick, haemophilia, and electrolyte imbal-
ance have all been linked to Zn toxicity. Long-term exposure to inorganic As can have
negative consequences on the neurological system, haematological system, skin, liver,
gastrointestinal tract, respiratory tract, and cardiovascular system [131]. Women will have
difficulties becoming pregnant [132,133] due to Pb, Cd, and As contamination. For human
health, the NYSDOH [134] categorises cancer risk (CR) as follows: if CR < 107 = low;
1074 to 1073 = moderate; 103 to 1071 = high; >10"1 = very high. We have found different
toxicity effects on human health due to PTE pollution in wetland ecosystems (Figure 7).

Human health Risk Responsible PTEs
' — Neurotoxicity Hg, Cd, Pb, Cr
s @—‘ Genotoxicity As, Cd, Hg, Pb

Pulmonary Toxicity Cd, Pb

Hepatotoxicity Hg, Pb, As, Cd

PTEs

Pollution Cardiovascular toxicity As, Cd, Hg, Pb

Nephrotoxicity Cd, Pb, As, Cr, Hg

Reproductive Toxicity Pb, Cd, As

Bone Toxicity Cd

Ecological Risk All PTEs

Figure 7. A model of PTE pollution in river sediment, water, and aquatic species, and showing
possible toxicity risk in human health for different PTEs.
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Table 6. Hazard index (HI) values reported for aquatic species.

Species Study Code Hazard Index (HI) Country
L. rohita Hi1 3.78 Bangladesh
C. punctata H1 1.72 Bangladesh
C. batrachus Hi1 1.17 Bangladesh
H. fossilis H1 1.10 Bangladesh
Cynoglossus sp. H5 23.57 Nigeria
Fish sp. Hoé 1.69 China
C. fluminea H7 1.67 Bangladesh
C. amnicola HS8 8.34 Nigeria
Clam H9 1.148 China
Freshwater fish H10 0.558 China
Freshwater crab H10 0.092 China
Note: here, H1 [35], Hb [135], 16 [136], H7 [137], H8 [138], H9 [139], F110 [140].
Table 7. CR value of PTEs from consumption of aquatic species.
Potential Toxic Elements (PTEs)
Species Study Code Country
As Pb Ni Cd
L. rohita Al 2.86 x 1072 1.76 x 10~® 3.00 x 107* 8.32 x 107° Bangladesh
C. punctata Al 3.08 x 107> 5.69 x 107° 9.73 x 107> 3.00 x 1073 Bangladesh
H. fossilis Al 3.52 x 107° 5.20 x 107° 3.00 x 10~* 6.00 x 1074 Bangladesh
Cynoglossus sp. Bl 4.02 x 1078 2.35 x 107° 6.48 x 107° Nigeria
C. fluminea C1 1.00 x 10~4 1.00 x 10~° 2.00 x 104 2.00 x 1073 Bangladesh
C. amnicola F1 1.09 x 1077 1.66 x 1078 4.64 x 1078 Nigeria
L. camtschaticum Gl 1.60 x 1074 China
C. farreri H1 744 x 1078 1.93 x 1073 China
C. ariakensis H1 5.87 x 1078 2.38 x 107* China
S. constricta H1 7.26 x 1078 3.94 %1075 China
C. gariepinus K1 2.00 x 1073 9.90 x 10~° Egypt
O. niloticus K1 1.40 x 1073 1.20 x 107 Egypt
O. aureus K1 1.50 x 1073 9.80 x 10~° Egypt
T. zillii K1 1.70 x 1073 9.60 x 10~° Egypt
H. molitrix Pl 711 x 10°° 2.55 x 107> China
C. idellus P1 1.97 x 1076 1.85 x 1074 China

Note: here, A1 [35], B1 [135], C1 [137], F1 [138], G1 [141], H1 [142], K1 [143], P1 [144].

7. Research Perspective: Implications and Future Directions

The assessment of pollution risk through river sediments, water, and aquatic species is
highly important for ecosystems. This review found different river sites have a spectrum of
pollution levels, ranging from moderate to strong ecological risk. Notably, the Buriganga
River and Shitalakshya River sites stand out as areas of heightened ecological risk, surpass-
ing other locations. This disparity underscores the urgency of in-depth investigations and
continuous monitoring in these critical zones, necessitating further research to comprehend
their intricate dynamics and the potential ramifications for river ecology. Furthermore, the
examination of geoaccumulation index values across diverse river sites has consistently
revealed levels exceeding background sediment values. Identified potential ecological risks
(PERs) at the Buriganga River and Shitalakshya River sites flag them as high-risk zones,
raising concerns about their impact on benthic organisms, aquatic species (fish, crustaceans,
molluscs), and even human health. These findings underscore the interconnections of eco-
logical well-being and human health safety, highlighting the imperative of comprehensive
ecosystem management. The observed spatial disparities in PTE pollution and sediment
accumulation underline the intricate environmental dynamics within river ecosystems.
The breach of LELs for specific metals in certain regions signals a potential menace to the
ecological equilibrium of these areas. Cd and Pb concentrations exceeding typical shale
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values raise alarm bells, demanding immediate attention to mitigate potential adverse
repercussions on the environment and human health.

This review offers crucial insights into the ecological risks posed by PTE accumulation
in river sediments, water, and aquatic species. The divergent pollution levels across various
river sites and the intensified health risk in specific regions underscore the necessity for
ongoing research on sediment, water, and aquatic species; proactive surveillance; and
strategic interventions to ensure river ecosystems’ long-term vitality and sustainability. The
findings highlight the pivotal role of interdisciplinary collaboration and well-informed de-
cision making in mitigating the potential impact of PTE contamination on the environment
and human populations.

Potential toxic elements (PTEs) are released into the riverbank ecosystem and pollute
river sediment, water, and aquatic species as a consequence of several industrial processes,
including municipal trash, fuel refining, smelting, tannery waste, and chemical waste. An
ecological risk assessment of sediment encompasses evaluation of potential adverse effects
stemming from contaminants or stressors on sediment ecosystems and their inhabitants.
Sediments serve as repositories for diverse pollutants, including PTEs, organic chemicals,
and nutrients. Accumulation of these contaminants over time can endanger aquatic life,
benthic organisms, and even humans through the food chain. This review details the extent
of sediment, water, and aquatic species pollution in the river area. The presence of sediment
pollution amplifies ecological risks, with approximately 83% of water bodies exhibiting
high pollution rates. Across all the studied rivers, the average concentration of various
PTEs (Pb, Cd, Cr, Cu, Zn, Ni) in sediment exceeded recommended Sediment Quality
Guidelines (SQGs) ranges, following the order: Zn > Cr > Ni > Cu > Pb > Cd. Pollution
Load Index (PLI > 1), PER index, and geoaccumulation (Ig) index values collectively
designate the Buriganga, Turag, Korotoa, Karnaphuli, Rupsha, and Shitalakshya river
sites as heavily polluted due to PTE contamination. Effective management of pollutants is
of paramount importance for minimizing the ecological impact of hazardous industrial
materials and contaminants. Consequently, this study identifies, discusses, and underscores
potential ecological risks using various risk assessment methodologies and established
risk thresholds. There are concerns about human health due to PTEs’ contamination
of water and aquatic species. Monitoring the river region’s environment necessitates
continued research on sediment, water quality, and pollution dynamics, serving as a
valuable foundation for future studies in this domain.

8. Conclusions

Anthropological activities and industrial discharges are causes of the alarming levels
of PTE pollution in urban river ecosystems. Highly industrialised sites and residential
settlements next to release sources raise exposure concerns. Our findings showed that
risk models significantly underestimate the quantities of PTEs in river sediment. Con-
cerning levels of PTEs were found in the sediment, water, and aquatic species, which
has a significant impact on the environment and human health. Human health toxicity
risks were emphasised by PTEs, especially As, Pb, and Cd contamination. Also indicated
carcinogenic risk through CR value. An hazard index value greater than 1 poses risk
to human health. High content of Mn poses non-carcinogenic risk in human health. A
number of rivers showed ecological risk associated with PTEs. These findings highlight the
value of innovation as a tool for regulatory monitoring for precisely identifying hazardous
exposures, pollution levels, and ecological risk levels in river sediments. The PLI, I¢e,, and
PER revealed that river sediments exhibit significant Cd and Pb contamination, particularly
in the Buriganga River, posing serious consequences and risks to human health and aquatic
life. The PER for the Shitalakshya and Buriganga rivers is very high, indicating severe
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ecological risks in addition to medium-level contamination of the Dhaleshwari and Khiru
rivers. The environmental risk was elevated by PTE pollution in the riverbed region, which
demonstrated moderate-to-significant ecological risks as well as contamination of water
and aquatic species. Specifically, the additive effects exacerbated by the presence of Mn,
Zn, Pb, Cd, and Ni in aquatic species; Fe, Ni, and As in water; and Pb, Cd, Cr, and Ni in
sediment further aggravate ecological risks in aquatic ecosystems, emphasizing the crucial
need for continuous monitoring and stricter regulations to safeguard the sustainability of
river ecosystems and protect public health we can make significant progress in mitigating
the ecological and human health risks by continuous monitoring, combined with proactive
management and policy interventions, water treatment, sustainability and health of these
vital water resources. In addition, strengthening the environmental regulations to enforce
stricter limits on PTE emissions from industrial and urban sources and the implementation
of reformed policies could incentivise the adoption of cleaner technologies and penalise
non-compliance. Finally, educating the masses about the ecological consequences of PTE
contamination and encouraging industries to adopt sustainable practices, such as closed-
loop systems and waste minimization techniques, could significantly reduce the discharge
of PTEs into the environment.
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Abstract: Copper accumulation in neurons induces oxidative stress, disrupts mitochondrial
activity, and accelerates neuronal death, which is central to the pathophysiology of neu-
rodegenerative diseases like Wilson disease. Standard treatments for copper toxicity, such
as D-penicillamine, trientine, and chloroquine, are frequently associated with severe side
effects, creating a need for safer therapeutic alternatives. To address this, we developed a
curcumin-loaded nanoemulsion (CUR-NE) using the spontaneous emulsification technique,
aimed at enhancing the bioavailability and therapeutic efficacy of curcumin. The optimized
nanoemulsion displayed a particle size of 76.42 nm, a zeta potential of —20.4 mV, and a high
encapsulation efficiency of 93.69%, with a stable and uniform structure. The in vitro tests
on SH-SY5Y neuroblastoma cells demonstrated that CUR-NE effectively protected against
copper-induced toxicity, promoting significant cellular uptake. Pharmacokinetic studies re-
vealed that CUR-NE exhibited a longer half-life and extended circulation time compared to
free curcumin. Additionally, pharmacodynamic evaluations, including biochemical assays
and histopathological analysis, confirmed that CUR-NE provided superior neuroprotection
in copper overload conditions. These results emphasize the ability of CUR-NE to augment
the therapeutic effects of curcumin, presenting a novel approach for managing copper-
induced neurodegeneration. The study highlights the effectiveness of nanoemulsion-based
delivery platforms in improving chelation treatments for neurological diseases.

Keywords: copper toxicity; Wilson’s disease; mitochondrial oxidative stress; chelation
therapy; neurotoxicity; herbal molecules

1. Introduction

Copper (Cu) toxicity occurs when excess copper accumulates in the body due to
impaired regulation, especially in the liver and brain. While Cu is essential for biologi-
cal functions, excessive amounts lead to toxicity. This is often caused by defects in Cu-
transporting proteins like ATP7A or ATP7B [1,2]. In the brain, excess Cu generates reactive
oxygen species (ROS), leading to oxidative damage to lipids, proteins, and DNA, which
damages neurons. Cu also disrupts mitochondrial function, reducing energy production
and exacerbating oxidative stress, particularly in regions like the basal ganglia, impairing
motor control and cognition [3]. Cu accumulation activates glial cells, triggering neuroin-
flammation, which worsens neuronal damage. The combined effects of oxidative stress,
mitochondrial dysfunction, and inflammation impair cellular repair, contributing to neu-
rodegeneration [4]. First-line treatment for Cu toxicity typically involves the use of metal

Toxics 2025, 13, 108

https://doi.org/10.3390/ toxics13020108

32



Toxics 2025, 13, 108

chelation therapy and zinc supplementation. Metal chelators such as D-penicillamine,
dimercaptosuccinic acid, and trientine are used to bind excess Cu, facilitating its excretion
through urine. Concurrently, zinc salts are administered to reduce Cu absorption in the
gastrointestinal tract, limiting its systemic circulation [5,6]. These combined strategies
effectively manage Cu overload and prevent further toxic effects on organs such as the
liver and brain [7]. Synthetic chelators used to treat Cu toxicity can lead to several adverse
effects, such as kidney damage, gastrointestinal discomfort, and bone marrow suppression.
Additionally, they necessitate careful monitoring due to potential Cu deficiency and inter-
actions with other treatments. Zinc therapy, although beneficial, may be less effective in
severe cases and can cause side effects with prolonged use [8,9]. Herbal chelators present
a promising alternative, offering a safer profile with fewer side effects. These natural
agents may help modulate Cu levels and combat oxidative damage, providing a viable
long-term treatment option with a reduced risk of adverse effects [10]. Curcumin (CUR) is a
natural bioactive polyphenol obtained by the extraction process from rhizomes of Curcuma
longa L. [11]. Numerous studies have reported that CUR exhibits antioxidant, anticancer,
anti-inflammatory, antimicrobial, antiepileptic, antidepressant, immunomodulatory, neuro-
protective, antiapoptotic, and antiproliferative properties [12]. It acts as an ROS scavenger,
increasing the glutathione (GSH) level by inducing the glutathione cysteine ligase. CUR
may protect the brain from A toxicity in Alzheimer’s disease animal models by chelating
copper sulfate (Cu?*) ions [13]. With its various applications, the most common prob-
lems concerning the biopharmaceuticals of CUR are poor aqueous solubility, instability,
rapid metabolism by phase II reaction in the hepatocytes with biliary excretion, and poor
intestinal permeability, so it is challenging to incorporate into aqueous formulations [14].

The clinical applications of CUR are diverse, with promising potential in various
therapeutic areas. In cancer treatment, CUR’s ability to bind Cu?* has been linked to
its effectiveness in limiting tumor growth and preventing angiogenesis [15]. It reduces
inflammation by chelating metals and suppressing pathways like NF-«kB. It also boosts
antioxidant defenses by activating key enzymes such as catalase and superoxide dismu-
tase [16]. Furthermore, CUR has shown applicability in neutralizing the harmful effects of
heavy metals like lead, mercury, and cadmium by mitigating oxidative damage. However,
its broader clinical use faces obstacles, such as limited absorption in the body, non-selective
metal-binding that may affect essential minerals like iron and zinc, and the need for higher
doses that can lead to gastrointestinal discomfort [17]. Additionally, CUR’s interactions
with certain medications, particularly those involved in blood clotting or acid regulation,
require careful consideration. Although early-stage research provides encouraging results,
more comprehensive clinical studies are needed to validate its therapeutic potential, un-
derscoring the importance of developing methods to enhance its absorption and overall
efficacy [18]. To address the physicochemical challenges associated with CUR, lipid-based
encapsulation technologies, such as nanoemulsion, could be explored. Nanoemulsion can
efficiently solubilize large amounts of lipophilic compounds within oil droplets, which are
stabilized by a surfactant film at the interface [19]. In this study, we focused on developing
a stable CUR-loaded nanoemulsion and assessed its effectiveness in counteracting Cu?*-
induced neurotoxicity in a rodent model [20,21]. CUR was encapsulated in nanoemulsion
to enhance its solubility, stability, and bioavailability, overcoming its poor water solubility
and rapid metabolism. The nano-sized droplets improve absorption, cellular penetra-
tion, and targeted delivery, boosting its efficacy for clinical use. Ginger oil nanoemulsion,
rich in antioxidant compounds like 6-shogaol and gingerol, combat metal toxicity by re-
ducing oxidative stress. The nanoemulsion technology enhances bioavailability, stability,
and targeted delivery, offering a promising natural solution for managing metal-induced
damage.
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2. Result and Discussion

2.1. Pre-Formulation Analysis
2.1.1. Solubility Evaluation of Curcumin

The solubility of CUR in various components of the formulation, including the oil
phase, surfactants, and cosurfactants, was assessed. The analysis was performed using
ginger oil as the primary oil phase, along with diethylene glycol monoethyl ether (DGME),
Tween 80, ethanol, PEG 400, and Cremophor EL. The solubility values observed for CUR in
these components were 1.47 4 0.91 mg/mL in ginger oil, 15.3 &+ 1.68 mg/mL in DGME,
8.95 + 0.81 mg/mL in Tween 80, 5.29 &+ 1.74 mg/mL in ethanol, 20.0 & 1.55 mg/mL in
PEG 400, and 4.13 + 1.21 mg/mL in Cremophor EL [22]. The solubility profile is depicted
in Figure S1A,B.

2.1.2. Selection of Oil, Surfactant, and Co-Surfactant

The oil selection was based on solubility and miscibility of CUR in oil. Ginger oil
was preferred based on its solubility with other excipients and antioxidant activity in
various neurodegenerative disorders [23]. Tween 80 and polyethylene glycol 400 (PEG
400) surfactants were selected in preliminary studies. Transcutol P and ethanol (EoH) were
selected as a cosurfactant due to the property of permeation enhancement [24]. It was
noted that ginger oil was miscible in Tween 40, 60, and 80; Transcutol P; Cremophor EL;
and ethanol, and it was immiscible with a span of 20, 80, and PEG 400. Based on the evalu-
ation, the above-mentioned surfactants and cosurfactants were selected for preliminary
formulation batches.

2.1.3. Design of Pseudo-Ternary Phase Diagram

Pseudo-ternary phase diagrams were developed using ginger oil as the oil phase,
with surfactant mixture of Tween 80 combined with ethanol, PEG 400 and DGME as
cosurfactants, and water as the aqueous phase. Nanoemulsion prepared with a Sp,;y of
PEG 400 and ethanol exhibited a biphasic appearance. Adjusting the PEG 400-to-ethanol
did not significantly expand the clear nanoemulsion region. Increasing the ginger oil
concentration from 5% to 15% (w/w) substantially reduced the transparent nanoemulsion
zone, indicating a concentration-dependent effect. Increasing surfactant levels, along with
PEG 400 and ethanol, led to a larger clear nanoemulsion region. Excessive surfactant
concentrations have been associated with safety concerns due to potential toxicity. Among
the tested formulations, the combination of Tween 80 and ethanol produced the clearest
nanoemulsion, as depicted in Figure S2. In contrast, increasing the ethanol ratio to 1:2
reduced the nanoemulsion region, likely due to a decrease in the interfacial barrier between
the oil and aqueous phases. Varying the Tween 80 ratio showed no significant changes in
the clear region, which could be attributed to the inherent phase behaviour of the ternary
system. Nanoemulsion formulated with Tween 80 and DGME showed slightly smaller
clear regions compared to the Tween 80 and ethanol system. Nanoemulsions are kinetically
stable systems, formed at precise concentrations of oil, surfactant, cosurfactant, and water,
and exhibit no phase separation, creaming, or cracking. Formulations identified from
the phase diagrams underwent stress stability testing, including centrifugation, freeze—
thaw cycles, and heating—cooling cycles. Additionally, temperature fluctuations during
testing disrupt stability by causing phase separation and altering droplet distribution
due to curvature free energy changes. Combinations that showed no evidence of phase
separation, creaming, cracking, coalescence, or phase inversion during stress stability tests
were deemed stable and selected for further studies, as summarized in Table 1.
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Table 1. Thermodynamic stability testing of NE region obtained from pseudo-ternary phase diagram
using Tween 80 and ethanol (1:1) (+ indicates stability, whereas — indicates instability).

Batch % vlv of Solvent Hea.ting and Centrifugation Freeze-Thaw
No. Oil  Smix Water Cooling Cycle Cycle
Al 5 25 70 + — —
A2 5 30 65 + + —
A3 5 35 60 + + +
A4 5 40 55 + + +
A5 5 45 50 + + +
A6 5 50 45 + + +
A7 5 55 40 + — —
A8 5 60 35 — — —
A9 5 65 30 + + +
A10 5 70 25 — + —
All 10 40 50 + — —
Al2 10 45 45 + + +
Al3 10 50 40 + + +
Al4 10 55 35 — — —
Al5 10 60 30 — + +
Ale6 10 65 25 + + —
Al17 15 55 30 + — —
Al8 15 60 25 + + +
A19 15 65 20 + — —
A20 15 70 15 + + +

2.2. Characterization of CUR-NE Formulation

The particle size of CUR-loaded nanoemulsion (CUR-NE) plays a crucial role in op-
timizing its oral bioavailability, as smaller particles can enhance drug absorption and
improve permeation across the intestinal barrier. The particle size, polydispersity index,
and zeta potential of the CUR-NE were measured using a Zetasizer. The optimized formu-
lations results showed a hydrodynamic diameter of 76.42 nm with a PDI of 0.266, indicating
a narrow and uniform particle size distribution. The zeta potential, which provides insight
into the stability of the formulation, was at —20.34 mV, suggesting that the CUR-NE is
stable. This negative zeta potential is likely due to the anionic nature of CUR. To further
examine the particle morphology, scanning electron microscopy (SEM) was used, revealing
that the particles were spherical, evenly spaced, and mostly smaller than 100 nm. The
particle size obtained from the Zetasizer was notably smaller than that observed in the
SEM analysis [19]. The percentage drug content in the nanocarrier was found to be 93.69%,
indicating efficient encapsulation of CUR within the oil droplets. FTIR analysis showed
distinct functional group peaks for each excipient. In the CUR-NE, the intensity of CUR-
specific peaks was reduced, likely due to its encapsulation in the internal phase of the
nanoemulsion. Figure 1A displays the FTIR peaks for CUR, excipients, and the formulation.
Ketone stretching (-C=0) was observed at 1542.65 cm ! in CUR and at 1645.26 cm~! in
CUR-loaded nanoemulsion. Aromatic -C-H bending appeared at 883.44 cm ™! in ginger
oil and at 878.62 cm~! in CUR-loaded nanoemulsion. The alcoholic -O-H bending was
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observed at 1044.99 cm ! in ethanol and at 1045.24 cm ! in the nanoemulsion. The ether
-C-O stretching was seen at 1095.36 cm ™! in Tween 80 and at 1085.54 cm ! in CUR-loaded
nanoemulsion. These observations confirm that all characteristic peaks of the excipients
were present in the CUR-NE. The FTIR spectra of CUR, ginger oil, Tween 80, ethanol, and
the CUR-loaded nanoemulsion are shown in Figure 1A. The SEM images revealed that the
CUR-NE particles were spherical, with a smooth surface morphology. Minimal aggregation
of the particles was observed, which can be attributed to the surfactant concentration used
in the formulation (Figure 1B).
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Figure 1. (A) FTIR spectra of curcumin, ginger oil, Tween 80, ethanol, and CUR-NE. (B) SEM
micrograph of CUR-NE showing spherical, small, rounded particles. (C) Cumulative drug release (%)
from CUR suspension and CUR-NE in phosphate buffer at pH 6.8 and 7.4, with all samples evaluated
in triplicate. (D) The permeability of the prepared nanoformulation was assessed using the intestinal
sac model, with all samples analysed in triplicate. 1: 1 is part of unit of wavenumber. It should read

ascm™ L.

2.3. In Vitro Release Profile Analysis

The in vitro drug release behaviour of the CUR solution and optimized nanoemulsion
was assessed using the dialysis bag method across different physiological pH levels (6.8,
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and 7.4). After 2 h, the cumulative CUR release was 7.46%, and 8.56% for the drug solution,
while for the CUR -loaded nanocarriers, it was 25.00% and 27.99%, respectively, in (6.8
and 7.4) buffer. These findings demonstrate that CUR release from the nanocarriers was
notably faster than from the drug solution. The release data are depicted in Figure 1C. This
increased release rate can be attributed to the presence of surfactants and cosurfactants
in the formulation, which reduce interfacial barriers and facilitate drug diffusion into the
release medium. Release kinetics analysis further confirmed that the CUR release from the
nanocarriers followed a first-order kinetic model [25].

2.4. Ex Vivo Intestinal Permeability Studies

The ex vivo intestinal permeation of free CUR and CUR-NE was evaluated using the
non-everted intestinal gut sac technique. At 2 h, the cumulative permeation of CUR per unit
area was recorded, with free CUR reaching 44.26 ug/ cm?, while CUR-NE demonstrated
a significantly higher permeation of 238.96 pug/cm?. These results indicate that CUR-NE
exhibited a significantly higher absorption compared to free CUR at various time intervals.
The cumulative permeation of CUR over time is illustrated in Figure 1D.

2.5. Thermodynamic Stability Studies

The physicochemical stability of the prepared nano-formulation was evaluated by
monitoring changes in particle size, polydispersity index (PDI), and zeta potential over
a one-month period at 4 °C, 25 °C, and 45 °C. The results showed that the CUR-NE
formulation remained stable under different storage temperature conditions. The stability
outcome is shown in Table 2.

Table 2. Stability data.

ZP (mV)
Sampling Time Size (nm) £+ SD PDI £+ SD
+SD

At4°C
Initial 76.42 £ 0.09 0.192 £ 0.79 —20.5+£0.75
After 10 days 76.42 £ 0.09 0.245 £ 0.67 —20.2+043
After 20 days 76.12 £ 0.45 0.217 £ 1.56 —19.5 £ 0.48
After 30 days 75.56 & 0.79 0.282 £0.71 —18.1£1.18

At Room Temperature

Initial 76.42 £ 0.11 0.266 £ 0.43 —20.4 £ 047
After 10 days 76.50 £ 0.74 0.200 £ 0.76 —20.4 +0.51
After 20 days 77.19 £ 0.81 0.268 £ 0.44 —20.3 +0.93
After 30 days 76.98 = 1.23 0.289 £ 0.21 —20.0 £0.71

At 45°C
Initial 76.42 £ 0.29 0.200 £ 0.09 —20.7 £ 0.86
After 10 days 77.30 £ 0.76 0.219 £ 0.37 —20.3 +£0.73
After 20 days 77.45 1+ 0.83 0.242 £ 0.80 —19.4 + 0.69
After 30 days 7841 £ 1.44 0.282 £ 0.91 —18.19 £ 0.85

2.6. Cell Line Study

2.6.1. Cell Viability Analysis

The SH-SY5Y cells were exposed to varying concentrations of Cu?* (ranging from 1
to 50 uM) to identify the most suitable dose for subsequent experiments. Cu?* treatment
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resulted in a concentration-dependent decrease in cell viability, with a 50 uM concentration
showing a significant reduction of 49.98%. Based on these results, 50 uM Cu?* was chosen
to induce neurotoxicity in further studies. Additional tests revealed that treatment with
equivalent CUR suspension and CUR-NE, at concentrations of 2.5 uM and 5 puM, effectively
mitigated the Cu?*-induced toxicity and enhanced cell viability. The cell viability analysis
is represented in Figure 2A,B.
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Figure 2. (A) Cell viability analysis of Cu?* at concentrations ranging from 1 to 50 uM. (B) Cell
viability analysis of Cu?* (50 uM) with various treatment groups. (C) Confocal microscopy images
illustrating the cellular uptake of FITC-loaded nanoemulsion in SH-SY5Y cells at 3, 6, and 24 h
incubation time points (40x magnification). Data were analyzed using one-way ANOVA with
Dunnett’s multiple comparison. All experiments were conducted in triplicates (n = 3). Data were
analyzed using one-way ANOVA with Dunnett’s multiple comparison. All treatment groups were
statistically compared to the control group to assess differences in the measured outcomes (denoted
with *, *** 0.0001 < p < 0.001, ** 0.001 < p < 0.01, * p < 0.05). The CUR vs. CUR-NE groups were
statistically analyzed using a one-way ANOVA followed by the Sidak multiple comparisons test
(denoted with #). ##: 0.001 <p < 0.01, #: p < 0.05.

2.6.2. Cellular Uptake Evaluation

The uptake of the FITC-labeled formulation in SH-SY5Y cells was monitored at 3,
6, and 24 h. The analysis showed a gradual, time-dependent increase, with the highest
uptake occurring at 24 h, a moderate level at 6 h, and the lowest at 3 h. This pattern
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indicates progressive accumulation of the FITC-labeled nanoformulation within the cells as
the incubation time increased. The uptake dynamics are presented in Figure 2C.

2.7. In Vivo Evaluation
2.7.1. Pharmacokinetic Assessment

The investigation aimed to compare the pharmacokinetics and tissue distribution
of CUR-NE with CUR suspension following oral administration. Samples from plasma,
brain, liver, and kidneys were collected to evaluate the absorption, distribution, and
elimination profiles of both regimens. CUR-NE showed a significantly higher brain concen-
tration, reaching 1229.64 + 88.99 ng/g, compared to the suspension. In plasma, CUR-NE
achieved a peak concentration of 1207.35 &+ 79.14 ng/mL, while the suspension displayed a
higher value of 1507.33 £ 84.11 ng/mL. Liver concentrations for the suspension peaked at
1392.163 £ 91.12 ng/g, whereas CUR-NE reached a maximum of 921.04 &+ 75.33 ng/g.
Similarly, kidney concentrations were highest for the suspension at 1391.53 £ 52.99 ng/g,
whereas CUR-NE reached 736.53 + 61.69 ng/g.

The AUCg;4in for CUR-NE was significantly higher 16,330.34 ng/mg-h, in contrast to
2719.98 ng/g-h for the suspension, suggesting a marked improvement in bioavailability.
In terms of brain concentration, CUR-NE achieved a peak value at (Tmax) of 4 h, while
the suspension reached only 9 h, indicating superior brain targeting. Furthermore, the
brain targeting index for CUR-NE was 4.7, underscoring its enhanced ability to effectively
accumulate in brain tissues. These findings are further detailed in Figure 3A-D and Table 3.
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Figure 3. (A) Pharmacokinetic estimation of CUR in plasma at various time points. (B) Pharmacoki-

netic estimation of CUR in the brain at different time points. (C) Pharmacokinetic estimation of CUR

in the kidney at multiple time points. (D) Pharmacokinetic estimation of CUR in the liver at several
time points. All experiments were conducted with a sample size of n = 6.
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Table 3. Pharmacokinetic parameters and CUR quantification in plasma and brain.

Plasma Brain
Parameter Units
CUR CUR-NE CUR CUR-NE
Suspension Suspension
t1/2 1/h 5.63 8.71 6.5 9.99
Tmax h 8 4 9 4
Cmax h 1507.33 1207.35 373.92 1229.64
AUC 0-t ng/mL-h 15,865.64 12,055.48 2719.98 16,330.34
.MRT h 15.56 8.73 8.99 11.35
0-inf_obs

2.7.2. Pharmacodynamic Evaluation

The Morris water maze (MWM) test was conducted to compare the effects of orally
administered CUR-NE with those of CUR suspension. The parameters assessed included
the time taken to locate the platform and the duration spent in the target zone. These results
were analysed across the control group, Cu?*-treated group, and Cu®*-treated groups with
treatments groups. The study showed that rats receiving CUR-NE exhibited memory reten-
tion comparable to the control group, whereas Cu?*-treated rats demonstrated impaired
memory. While rats treated with CUR suspension also showed improved memory, the
effect was less significant compared to those receiving CUR-NE (Figure 4A,B).
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Figure 4. (A) Morris’s water maze (MWM) test showing total time to reach the platform in Q4 for
control, disease control, Cu+ CUR, and Cu+ CUR-NE groups (1 = 5). (B) Graphical representation of
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the time spent in Q4 (1 = 5). (C) Recognition index for different treatment groups. (D) Discrimination
index for different treatment groups. Statistical analysis for panels (A,B) was performed using
two-way ANOVA with Dunnett’s multiple comparison; all groups were compared with control.
All experiments were conducted with a sample size of n = 6. For (C,D) graph, data were analyzed
using one-way ANOVA with Dunnett’s multiple comparison. All treatment groups were statistically
compared to the control group to assess differences in the measured outcomes (denoted with ¥,
*0.0001 < p <0.001, **0.001 < p < 0.01, * p < 0.05). The CUR vs. CUR-NE groups were statistically
analyzed using a one-way ANOVA followed by the Sidak multiple comparisons test (denoted with
##H#); ### 0.0001 < p < 0.001.

Results from the Novel Object Recognition Test (NORT) are presented in Figure 4C,D.
During the probe test (R2), rats exposed to Cu?* displayed a marked decrease in prefer-
ence for the novel object compared to the control group. Conversely, rats treated with
Cu?* + CUR and Cu?* + CUR-NE showed significant improvements in novel object pref-
erence compared to the Cu®* group. In the treatment groups (CUR and CUR-NE during
T2), a strong preference for the novel object was observed, indicating notable cognitive
improvement compared to the Cu?*-treated group.

2.7.3. Biochemical Estimation of Neuronal Oxidative Stress Markers

Superoxide dismutase (SOD) is crucial for the scavenging of reactive oxygen species
(ROS). The highest SOD activity was observed in the control group, followed by the
Cu?* + CUR-NE and Cu?* + CUR treatment groups. The lowest SOD activity was found in
the group exposed to Cu?* alone [26]. The graphical representation of SOD estimation is
represented in Figure 5A.

Catalase (CAT) activity changes serve as an indicator of oxidative stress levels. The
highest catalase activity was observed in the control group, followed by the Cu?* + CUR-
NE and Cu?* + CUR groups. In contrast, the group exposed to Cu®* alone showed
the lowest catalase activity. The catalase activity data are illustrated in Figure 5B. In
the malondialdehyde (MDA) assessment, treatment with CUR-NE and CUR reduced
MDA levels compared to the Cu?* group, as shown in Figure 5C. Nitrite (NO) levels,
which indicate the production of nitrogen species that can damage cellular structures,
were elevated in the Cu®*-induced neurotoxicity group compared to the other groups.
Figure 5D shows that treatment with CUR and CUR-NE effectively reduced excessive
nitrite levels, offering potential protection against oxidative stress caused by Cu?* toxicity.
In neurodegenerative diseases, oxidative stress results from ROS-induced damage to
neurons, potentially leading to their degeneration and dysfunction. The elevated ROS
levels in Cu?*-induced rats indicate a significant increase in oxidative stress, highlighting
the neurotoxic effects of Cu?* [27]. The Cu?* + CUR and Cu?* + CUR-NE groups exhibited
a decrease in ROS activity, indicating that CUR and CUR-NE may promote the chelation of
Cu?*. The ROS measurement results are depicted in Figure 5E. The molecule 8-hydroxy-2'-
deoxyguanosine (8-OHdG) is a prominent marker of oxidative stress, specifically indicating
DNA damage. In the case of in vivo Cu®* -induced neurotoxicity, higher levels of 8-OHdG
signify an increase in oxidative DNA damage compared to the disease + treatment groups,
as illustrated in Figure 5F. The results, as shown in Figure S3, indicate that prolonged
exposure to Cu?* for 16 weeks caused an increase in brain Cu?* levels compared to the
control group. Treatment with CUR suspension and CUR-NE demonstrated its chelation
efficacy by significantly reducing Cu?* concentrations in brain tissue, highlighting its
potential therapeutic effect.
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Figure 5. (A) Evaluation of superoxide dismutase (SOD) activity. (B) Evaluation of catalase (CAT)
activity. (C) Measurement of malondialdehyde (MDA) levels. (D) Assessment of nitric oxide (NO)
activity. (E) Determination of reactive oxygen species (ROS) levels. (F) Evaluation of 8-hydroxy-
2'-deoxyguanosine (8-OHAG) levels. (G) Histopathological analysis of brain tissue in the control
group. (H) Histopathological analysis of brain tissue in the Cu?* control group. (I) Histopathological
evaluation of brain tissue in the Cu?* + CUR suspension group. (J) Histopathological analysis of brain
tissue in the Cu®* + CUR-NE group. All experiments were conducted with a sample size of n = 6. Data
were analyzed using one-way ANOVA with Dunnett’s multiple comparison. All treatment groups
were statistically compared to the control group to assess differences in the measured outcomes
(denoted with *, *** 0.0001 < p < 0.001, ** 0.001 < p < 0.01, * p < 0.05). The CUR vs. CUR-NE groups
were statistically analyzed using a one-way ANOVA followed by the Sidak multiple comparisons
test (denoted with #); ###: 0.0001 < p < 0.001, ##: 0.001 <p < 0.01, #: p < 0.05.

2.8. Histopathological Evaluation

In the brain histopathological assessment, the control group showed no signs of
inflammation or cellular imbalance. In contrast, the diseased groups exhibited significant
brain structural changes, including cellular swelling, vacuolation, myelin breakdown, and
neuronal damage [28]. The Disease + CUR/CUR-NE groups displayed mild alterations
in the myelin sheath, with fewer cellular abnormalities (Figure 5G-J). Importantly, both
the CUR suspension and CUR-NE groups demonstrated healthier brain tissue compared
to the Cu?*-treated rats [29]. The blue arrows indicate the absence of inflammation or
cellular imbalance, representing healthy morphology in the control group. In contrast, the
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yellow arrows highlight signs of neuronal damage and structural alterations, reflecting
pathological changes.

3. Materials and Method

Curcumin (99% purity) was purchased from Himedia Laboratory, India. Ginger
oil was purchased from Sigma, Germany. Tween 80, PEG 400, and Transcutol P were
purchased from SRL, Taloja. Ethanol and methanol were purchased from Merk, Mumbai.
The 6-diamidino-2-phenylindole (DAPI) and FITC-dextran were purchased from Sigma-
Aldrich (USA). The 3-(4,5-Dimethylthiazol-2-yl)-2,5-Diphenyltetrazolium bromide) (MTT),
Dulbecco’s Modified Eagle Medium (DMEM), Tris-HCI buffer, fetal bovine serum, and
penicillin-streptomycin (penstrep) antibiotics were obtained from Thermo Scientific™.
Triple-distilled water, used in the formulation preparation, was sourced from the Milli-Q
system (Millipore, Merck) and was in-house. Biochemical assay kits were purchased from
Bioassay Technology Laboratory.

3.1. Pre-Formulation Studies
3.1.1. Solubility Analysis of Curcumin

The solubility of CUR was evaluated in various oils (olive, clove, and ginger oil),
surfactants (Tween 40, 60, 80, and Span series), and cosurfactants (PEG 400, ethanol,
Cremophor EL, Transcutol P, and soy lecithin). CUR was added to 1.5 mL of each selected
oil, surfactant, and cosurfactant mixture in microcentrifuge tubes. The tubes were vortexed
using a Spinix vortex mixer to ensure complete dispersion. To achieve equilibrium, the
tubes were incubated at 37 & 1.0 °C in a shaking water bath for 72 h [30]. After completion
of 72 h, the samples were diluted in methanol and quantified using UV spectroscopy at
425 nm [31].

3.1.2. Design of Pseudo-Ternary Phase Diagram

The pseudo-ternary phase diagram assists in the understanding of the spontaneous
emulsification process. The pseudo-ternary point diagram demonstrated clear, turbid, and
biphasic states, which were coded with colors. Ginger oil, Tween 80 as a surfactant, Tran-
scutol P, and ethanol as a cosurfactant was used in NEs components after the assessments
of different oils, surfactants, and cosurfactants on the basis of miscibility and solubility
analysis. The pseudo-ternary phase diagrams were designed using oil, S,x, and distilled
water and were built using the aqueous titration method. For the selected Tween 80 and
DGME, ethanol was mixed in different ratios of 1:1, 1:2, and 2:1. Each oil: S;; ratio was
slowly titrated with a water phase, and visual inspection of the samples was done for
indications of separation of the phases [32].

3.2. Preparation of Curcumin-Loaded Nanoemulsion (CUR-NE)

CUR-loaded nanocarriers were synthesized using a spontaneous emulsification tech-
nique, which involved the gradual addition of an aqueous phase into a pre-mixed oil
and surfactant blend under controlled conditions with gentle stirring to form stable O/W
nanoemulsions. The emulsification process is governed by factors such as phase transition
regions, interfacial tension, viscosity, structural properties, and the concentration of surfac-
tants. The preparation method was executed in three stages: initially, an organic solution
was prepared by dissolving 4 mg of CUR in 5% ginger oil. Subsequently, a surfactant system
comprising hydrophilic surfactant (Tween 80) and cosurfactant (ethanol) was formulated.
Finally, the aqueous phase was introduced dropwise into the CUR-containing oily phase
while stirring continuously at room temperature to achieve uniform emulsification. This
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method yielded CUR-encapsulated nanocarriers with desirable characteristics for potential
applications [33].

Thermodynamic Stability Analysis

A thermodynamic stability study was accomplished for the various batches of na-
noemulsion manufactured by varying the concentration of stabilizer and water chosen
from the pseudo-ternary phase diagrams at different stress conditions [34]. The stability
of the samples was analyzed through three different tests: the heating—cooling cycle, cen-
trifugation, and freeze—thaw cycle. The heating—cooling cycle test involved subjecting the
formulations to six temperature series ranging from 4 °C to 45 °C, with each tempera-
ture maintained for at least 48 h. Following this, a centrifugation test was conducted on
the formulations to evaluate their stability and identify those that remained stable under
these conditions. To evaluate the stability of the samples, batches were first centrifuged at
3500 rpm for 30 min. Samples that showed no signs of instability after centrifugation were
then subjected to a freeze-thaw cycle. This test involved subjecting the samples to repeated
freezing and thawing to check for any phase separation or instability under temperature
changes. Three consecutive freeze-thaw cycles were conducted at temperatures ranging
from —20 °C to room temperature over a 48 h period for the storage of samples. Only those
samples that remained clear and did not exhibit any phase separation were selected for
further analysis.

3.3. Characterization of CUR-NE
3.3.1. Droplet Size and Surface Charge Analysis

The droplet diameter, PDI, and zeta potential were assessed using Zetasizer (Malvern
Instruments Ltd., Worcester, UK). A total of 200 pL test samples of nanocarriers were
mixed with 2 mL triple-distilled water, and the measurement was taken in triplicate by
using normal disposable cuvettes for size and disposable folded capillary cuvette for zeta
potential at 25 °C temperature [34].

3.3.2. Drug Contents

The nanoformulation was subjected to centrifugation at 1200 rpm, and the resulting
pellet was resuspended in methanol. The drug content was determined using HPLC
(Agilent 1100 series, (Agilent Technologies, Memphis, TN, USA) at 425 nm. The percentage
of drug content in the CUR-NE was calculated using the following formula:

Amt. of CUR measured by Spectrophotomer

Total amount of CUR added *100

% Drug contents =

3.3.3. FTIR Analysis

The compatibility of excipients and the purity of the formulation were assessed using
FT-infrared spectroscopy (Bruker Alpha-P FTIR, Bruker, Boston, MA, USA). A sample
consisting of the drug and excipients was placed on the sample holder, and the clean probe
was positioned accordingly. The analysis was performed over a wavelength range of 450 to
4000 cm ™! to evaluate the interactions and determine the purity of the formulation [35].
The obtained data were evaluated on OPUS software version 9.0 and plotted.

3.3.4. Morphological Characterization of Prepared Nanocarrier

Scanning electron microscopy (SEM, JEOL JSM-IT 200, Tokyo, Japan) was employed
to assess the droplet size and surface morphology of the nanoemulsion. A 15 uL aliquot of
the sample was placed on a stub covered with carbon tape and allowed to dry in a vacuum
desiccator for 3 days. Prior to imaging, the sample was gold-coated for 2 min to enhance
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conductivity. The prepared sample was then mounted onto the sample holder, and its
morphology was examined under low voltage using the SEM [36].

3.3.5. Stability Studies

The accelerated stability of the CUR-NE was assessed by storing the formulation at
temperatures of 45 °C, 25 °C, and 4 °C for one month. Particle size, PDI, and zeta potential
were measured using dynamic light scattering (DLS) at regular time intervals to track any
changes in the formulation’s stability over time under different storage conditions [37].

3.3.6. In Vitro Drug Release Studies

The release profiles of CUR and CUR-NE were assessed using a dialysis bag with a
molecular weight cutoff of 12,000 Dalton. The study was conducted in three different pH
conditions (pH 1.2, 6.8, and 7.4) to simulate physiological environments. The dialysis bag
was pre-soaked overnight in the release medium to hydrate the membrane. A 2 mL aliquot
of CUR and CUR-NE (equivalent to 4 mg) was placed in the dialysis bag and submerged
in 100 mL of release medium, which was continuously stirred at 100 rpm and maintained
at 37 + 0.5 °C. At specified time intervals (0.5, 1, 2, 4, §, 12, and 24 h), 2 mL samples
were withdrawn from the release medium and replaced with fresh medium to ensure sink
conditions. The drug concentration was measured using UV-visible spectrophotometry at
425 nm [38,39].

3.3.7. Permeability Studies

The intestinal permeability of free drug and nanoformulation was evaluated by utiliz-
ing the non-everted intestinal (rats) sac technique. The intestine was taken from sacrificed
SD rat of the control group from an animal laboratory. The small intestine was freed from
intestinal content by passing the oxygenated cold normal saline solution with the blunt
syringe. Cleaned intestinal segments were cut into 8 cm long pieces and placed into a
Krebs Ringers buffer (7.4 pH) solution with oxygenation. A blunt needle was used to inject
each sac with an equivalent concentration of CUR suspension and CUR-NE, and both sides
of the intestine were then securely tied with silk thread. This non-everted intestine was
placed in beakers having 100 mL of Krebs Ringer buffer solution (7.4 pH) on a magnetic
stirrer with 100 rpm at 37 °C temperature equipped with laboratory aerators. An amount
of 5 mL of aliquot was taken at programmed time intervals and replaced with the same
volume of KRB to keep the sink state [40]. The samples were investigated by using Agilent
1100 series HPLC, (Memphis, TN, USA) techniques at 425 nm at room temperature. The
cumulative amount permeated per unit area (ug/cm?) of intestinal sacs was assessed.

3.4. Cell Line Protocol

The SH-SYS5Y cell line was obtained from institutional cell line repository. Cells were
seeded in the T25 flask under 5% CO; incubator. The media composition consists of equal
volumes of Minimum Essential Medium (MEM) and Dulbecco’s Modified Eagle Medium
(DMEM) supplemented with 0.1% penicillin—streptomycin solution.

3.4.1. Cell Viability Analysis

Cells were cultured in a 96-well plate and allowed to adhere for 12 h. After cell
adhesion, the complete medium was substituted with incomplete medium, and treatments
were carried out in two distinct experimental setups. In the first setup, cells were exposed
to Cu?* at varying concentrations of 1, 10, 20, 40, and 50 pM. In the second setup, cells
were subjected to different treatment combinations, including Cu?* at 50 uM alone, Cu?*
at 50 uM with CUR suspension at 2.5 uM, Cu®* at 50 uM with CUR suspension at 5 uM,
Cu?* at 50 uM with CUR-NE at 2.5 uM, and Cu?* at 50 uM with CUR-NE at 5 uM. After
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24 h, the media were replaced with MTT solution, and cell viability was assessed using a
multiplate reader (Synergy H1, BioTek, Woburn, MA, USA). Wells treated with 0.1% DMSO
served as the 100% viability control, while Cu?* (50 uM) acted as the positive control. The
percentage of cell viability was calculated using the following formula. All the readings
were calculated in triplicates. Data were analyzed using one-way ANOVA with Dunnett’s
multiple comparison. All treatment groups were statistically compared to the control group
to assess differences in the measured outcomes (denoted with *). The CUR vs. CUR-NE
groups were statistically analyzed using a one-way ANOVA followed by the Sidak multiple
comparisons test. Cell viability was defined according to the following equation:

Cell viability = [Absorbance of treatment group/Absorbance of control group] x 100

3.4.2. Cellular Uptake Analysis

The SH-SY5Y cells were seeded in 12-well plates and allowed to adhere for 12 h.
Following the attachment period, the cells were treated with FITC-labeled nanoemulsion
(NE) for 3, 6, and 24 h in a CO, incubator. After each treatment interval, the cells were
stained with DAPI for 5 min, followed by removal of the DAPI solution and washing
with fresh PBS. The coverslips were then mounted onto glass slides with 80% glycerol and
sealed with clear gel polish. The slides were examined using confocal microscopy (Leica
Microsystems DMIS8, Wetzlar, Germany), with images captured in both the green and blue
channels to assess the cellular uptake and distribution of the NE.

3.5. Animal Study Protocol

Sprague Dawley rats (SD) with 180 to 250 g weight range were selected. The animals
were acclimatized for 7 days and then were sorted via further randomization for treatment.
The pharmacokinetic and pharmacodynamic study (protocol no. NIPER/RBL/IAEC 192
and 8 March 2024) was approved by the Institutional Animal Ethics Committee (IAEC) at
NIPER-Raebareli.

3.5.1. Pharmacokinetic Analysis

Following an overnight fast, the rats were given an oral dose of CUR suspension at
80 mg/kg (prepared in 0.5% sodium carboxymethyl cellulose) and an equivalent dose of
CUR-NE (at equivalent concentration). The blood collection was carried via retroorbital
route under slight anesthesia in the following intervals: 0.25,0.5,1, 2,4, 8,12, and 24 h in
EDTA tubes. After 24 h, the rats were euthanized, and tissues like brain, kidneys, liver,
and lungs were isolated. These tissues were rinsed with PBS (pH 7.4), dried, weighed, and
homogenized in PBS using a tissue homogenizer. The resulting homogenates were stored
at —80 °C till evaluation. The samples were analyzed with HPLC analysis (emodin was
used as internal standard at 510 nm and CUR at 425 nm. The mobile phase was composed
of 0.05 M sodium acetate buffer: Acetonitrile at 60:40 ratio at 1 mL per minute. The isolated
homogenate samples were centrifuged with 500 pL acetonitrile at 12,000 rpm for 5 min
at 4 °C. The separated organic phase was evaporated to dryness and reconstituted with
acetonitrile and evaluated on HPLC instrument. The obtained data were analyzed with
the PKSolver software version 10. All the readings were calculated in (n = 6). Data were
analyzed using one-way ANOVA with Dunnett’s multiple comparison. All treatment
groups were statistically compared with the control group to assess differences in the
measured outcomes (denoted with *). The CUR vs. CUR-NE groups were statistically
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analyzed using a one-way ANOVA followed by the Sidak multiple comparisons test
(denoted with #). The drug targeting index was defined according to the following equation:

( AUC1)B1/(AUC1)pl
(AUC2)B2/ (AUC2)p2

Drug targeting Index =

B1 represents the AUC of CUR-NE in brain;

B2 represents the AUC of CUR-suspension in brain;
P1 represents the AUC of CUR-NE in plasma;

P2 represents the AUC of CUR suspension in plasma.

3.5.2. Pharmacodynamic Study

The animals were randomly assigned to four groups. In Group I (control), SD rats
received daily intraperitoneal (IP) injections of 0.9% NaCl. Group II was treated with
Cu?* (20 mg/kg) daily for 16 weeks in drinking water. In Group III, rats were given Cu?*
(20 mg/kg) daily for 16 weeks, followed by 14 days of oral CUR treatment at 80 mg/kg.
Group IV received Cu?* (20 mg/kg) daily for 16 weeks, followed by 14 days of oral
CUR-NE treatment at 80 mg/kg. Thus, the Cu®* treatment lasted 16 weeks, after which
the CUR and CUR-NE treatments were administered for 14 days. All the readings were
calculated in (n = 6). Data were analyzed using one-way ANOVA with Dunnett’s multiple
comparison. All treatment groups were statistically compared to the control group to assess
differences in the measured outcomes (denoted with *). The CUR vs. CUR-NE groups were
statistically analyzed using a one-way ANOVA followed by the Sidak multiple comparisons
test (denoted with #).

(i). Morris water maze test

The Morris water maze (MWM) test was employed to assess learning and memory
performance after exposure to Cu?* and subsequent treatments. Five rats from each group
participated in a four-day training period, during which they explored various quadrants to
locate a hidden platform submerged in the water. The time taken to reach the platform was
recorded during each trial. On the fifth day, a probe trial was conducted to evaluate memory
retention, measuring the time taken to identify the target quadrant and the duration spent
within it. Following the behavioral tests, the rats were sacrificed, and tissue samples were
collected for further analysis [41].

(ii). Nobel Object Recognition Test

The Novel Object Recognition Test (NORT) was conducted to evaluate the effects of
Cu?* toxicity on memory function. The setup included a black open-top box measuring
65 cm x 65 cm x 45 cm, with a high-definition camera (Lenovo 300 FHD Webcam) placed
above to record the rats” behavior. The test was divided into three stages: habituation,
familiarization, and recognition. During the habituation stage, rats were allowed to explore
the empty box freely. In the familiarization stage, they were introduced to two identical
objects placed within the box. Finally, in the recognition phase, one of the familiar objects
was replaced with a novel object, and the time spent exploring each object was recorded [42].

3.6. Assessment of Oxidative Stress Biomarkers in the Brain

(i). Quantification of Superoxide Dismutase Quantity
The brain homogenate was prepared by suspending the tissue in Tris-HCI buffer,
followed by centrifugation (sigma Z-16pk, Osterode, Germany) to collect the supernatant.

For the assay, a reaction mixture was prepared by combining 0.2 mL of the brain supernatant
with 0.8 mL of distilled water and 0.2 mL of NADH. After incubation, the reaction was
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terminated by adding acetic acid. The mixture was allowed to stand for 10 min, and the
absorbance was measured at 560 nm using a spectrophotometer to assess the intensity of
the reaction.

(ii). Quantification of Catalase Activity

CAT activity in brain tissue was measured by combining the homogenate with 1 mL
of substrate solution. The mixture was allowed to incubate for 2 min, after which the
reaction was terminated with 1 mL of ammonium molybdate, resulting in the formation of
a yellow-colored complex. The intensity of the color was then quantified by measuring the
absorbance using a spectrophotometer.

(iii). Quantification of MDA

To quantify thiobarbituric acid-reactive substances (TBARSs) in brain tissue, 100 pL of
brain homogenate was combined with 250 pL of 20% acetic acid, 250 pL of thiobarbituric
acid, and 8% sodium dodecyl sulfate, followed by the addition of distilled water to reach
the desired volume in a test tube. The mixture was incubated at 90 °C for 1 h and then
rapidly cooled under running tap water. After cooling, the samples were centrifuged, and
the absorbance was measured at 532 nm using a spectrophotometer. The results were
compared to a standard curve for quantification.

(iv). Quantification of Nitric oxide Levels

Brain nitric oxide levels were measured using the Griess reagent. To perform the test,
100 pL of the reagent was combined with equivalent volume of brain homogenate. After
incubation, the resulting reaction product was analyzed at 540 nm using a spectrophotome-
ter. A standard curve was created using sodium nitrite, and the nitrite levels in the brain
samples were calculated and reported in micromoles per milligram of protein.

(v). Estimation of ROS

The DCFDA assay was employed to assess oxidative stress levels in brain tissue. For
the assay, brain homogenate was mixed with DCFDA solution and 980 uL of buffer (pH 7.4).
The mixture was incubated in the dark for 20 min to prevent light interference. Fluorescence
measurements were obtained using a multimode plate reader, with excitation at 483 nm
and emission at 530 nm. The oxidative stress levels were quantified as fluorescence units
(FU) per milligram of protein.

(vi). Quantification of Neuroinflammatory Marker (8-OHdG)

To assess the levels of 8-hydroxy-2'-deoxyguanosine (8-OHdG) in brain tissue, the ho-
mogenate was combined with a commercially available pre-mixed solution and incubated
for 20 min. Following incubation, 200 pL of Folin—-Ciocalteu reagent was introduced to
the mixture, and the incubation continued. The absorbance of the resulting reaction was
measured using a spectrophotometer, and the concentration of 8-OHdG was calculated by
referencing a standard curve.

(vii). Assessment of cerebral Cu?* content

Brain Cu®* levels were quantified using inductively coupled plasma mass spectrome-
try (ICP-MS). In summary, brain tissue samples were subjected to a standard acid digestion
process. The resulting digested solutions were analysed for Cu?* concentration using a
PerkinElmer emission spectrometer.

All the readings were calculated in (n = 6). Data were analyzed using one-way ANOVA
with Dunnett’s multiple comparison. All treatment groups were statistically compared to
the control group to assess differences in the measured outcomes (denoted with *). The
CUR vs. CUR-NE groups were statistically analyzed using a one-way ANOVA followed by
the Sidak multiple comparisons test (denoted with #).
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3.7. Histopathological Evaluations

After the behavioural studies, the animals were sacrificed, and their brains were
carefully extracted. The tissues were then placed in a fixation solution until they became
firm. Following fixation, the brain tissue was embedded in paraffin wax and allowed to
solidify in a mold. Once solidified, the tissue was sliced into 5 mm thick sections. These
sections underwent a series of alcohol washes before being stained with hematoxylin and
eosin. Finally, the stained slides were examined under a microscope for analysis [2,43].

4. Conclusions

In this study, we highlight the significant potential of CUR-NE in overcoming the
challenges associated with CUR'’s therapeutic application in neurodegenerative diseases.
Our developed nanoformulation effectively enhances CUR’s pharmacokinetic profile and
improves its systemic bioavailability, which is crucial for targeting neurological conditions.
By amplifying CUR ’s anti-inflammatory, antioxidant, and metal chelation properties, this
nanoemulsion offers a multifaceted approach to addressing metal-induced neurodegenera-
tion. The inclusion of synergistic agents like ginger oil further strengthens the therapeutic
impact, potentially improving outcomes for diseases linked to oxidative stress and metal
toxicity. Our findings, including improvements in cognitive function and memory in
rat models, suggest the broader applicability of developed formulations in treating Cu?*
induced neurodegenerative disorders. We recognize the need for further investigation,
particularly regarding long-term safety, optimal dosing, and efficacy in clinical studies.
Overall, this work emphasizes the growing role of nanotechnology in enhancing the ef-
fectiveness of natural compounds, offering new avenues for the treatment of complex
neurological diseases.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/toxics13020108/s1, Figure S1: Solubility analysis: (A) Solubility
in co-surfactants (B) Solubility in surfactants. All data were calculated in triplicate, Figure S2: Ternary
phase diagram (A) Tween 80: DEME in 1:1, 1:2 and 2:1 ratio, (B) Tween 80: ethanol in 1:1, 1:2 and
2:1 ratio, (C) PEG400: ethanol in 1:1, 1:2 and 2:1 ratio, Figure S3: Evaluation of cerebral copper
content in different group (N = 3). All the readings were calculated in triplicates. Data was analyzed
using one-way ANOVA with Dunnett’s multiple comparison. All treatment groups were statistically
compared to the control group to assess differences in the measured outcomes (denoted with *). The
CUR vs. CUR-NE groups were statistically analyzed using a one-way ANOVA followed by the Sidak
multiple comparisons test.
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Abstract: Personality has been reported to influence fish response to stress. This study
aimed to assess whether shy and bold fish display different sensitivities to two environ-
mental contaminants: caffeine (CAF) and cadmium (Cd). Thus, the sensitivity to Cd was
compared based on lethal concentrations (LCs). The potential different response to CAF,
known to alter the social behavior and locomotor activity of zebrafish, was studied using
behavioral parameters. Overall, different LC values were found for each group: 48 h LCsq
values of 4.79 (shy fish) and 8.20 mg-L~! (bold fish); and 96 h LCs values of 3.79 (shy fish)
and 9.79 mg-L~! (bold fish). In terms of response to CAF, a significant interaction between
CAF and personality traits (bold and shy) was found in the locomotion activities (distance
travelled, and medium and rapid movements), in the mirror test (frequency of contact
and entries into the contact, approach, and distant zones), and in social tests (swimming
distance in zones 2 and 3; time spent in zones 1, 2, and 3; and number of entries into zones 1
and 2). Shy fish exposed to 300 ug-L~! of CAF presented hypoactivity, reduced aggressive
behavior, and reduced sociability. Conversely, CAF did not influence the behavior of bold
fish. In general, shy fish were more sensitive to Cd and exhibited anxious behavior when
exposed to CAF, which appears to be the factor responsible for changes in their social
behavior. Our results highlight the importance of taking personality traits into account in
future studies, as variations in behavioral responses between bold and shy individuals can
mask the toxicological effects of different chemicals.

Keywords: stress-coping styles; swimming behavior; short-term effects

1. Introduction

Personality traits are defined by individual behavioral traits that are persistent over
time and that are expressed in different situations [1-5]. Cattell and Cattell [6] through
empirical observation and statistical analysis, identified and defined 16 personality traits,
including the bold and timid (shy) axis. The bold and shy axis stands out as a distinct,
hereditary, and stable source of behavioral diversity [7]. Although this concept was ini-
tially described to detect individual differences in humans, personality traits are common
among animals in the natural world [6,8]. In this regard, based on stable characteristics,
including stress response, aggression, sociability, and the ability to explore a new environ-
ment, human and non-human individuals can be classified by personality [7,9,10]. Bolder
profiles typically represent proactive individuals, dominant in social hierarchies, more
aggressive, and more willing to take risks, and are also characterized by lower stress levels
and a stronger inclination towards routines compared to their shy counterparts [7,9-11].
These inherent individual distinctions give rise to a range of cognitive skills in response to
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specific challenges, such as food and mate search, competition, and predator avoidance
in fish [12]. Overall, bold and shy individuals display distinct susceptibilities to stressors.
This divergence results from variations in how these individuals adapt to different environ-
mental conditions, a process influenced by physiological differences (e.g., metabolic rate
and neuroendocrine variations) [13,14].

The study of the links between personality traits and responses to various stressors
in fish has been attracting the interest of the scientific community given the potential of
personality traits to modulate the impacts of stressors on different organisms (e.g., fish)
and consequently interfere in risk assessment. It has been reported that the effects of
alcohol on shoaling, swimming speed, and exploration are modulated by personality
traits [15-18]. Different responses have also been reported for nicotine (e.g., shy fish
exhibited stronger anxiety-type responses than bold fish, as they reduced exploratory
behavior [15]) and microplastics (bold zebrafish exhibited higher feeding activity levels,
captured microplastics more frequently, and ingested a greater quantity of microplastics
compared to shy zebrafish [19]).

Zebrafish have emerged as a good model for studying complex behaviors, including
characteristics related to personality traits [15-23]. Different studies on fish personality
usually assess the exploratory capacity (e.g., novel tank, T-labyrinth test, emergence test,
feeding test), sociability (social test and/or shoaling test, mirror test), habituation to light—
dark stimulus, and physiology of animals [2,24-26]. Nevertheless, there is a shortage
of research regarding the shy and bold axis and its impact on responses to chemicals
(e.g., pharmaceutical products) detected in the aquatic environment, as well as the resulting
ecological consequences.

This study aimed to assess the sensitivity of personality traits (bold versus shy) to
two chemicals known as environmental contaminants: cadmium (Cd) and caffeine (CAF).
Human exposure to Cd and CAF has been associated with toxic effects. Cd toxicity is
largely driven by oxidative stress, leading to DNA damage, impaired cell function, and
organ toxicity in the heart, brain, liver, lungs, and kidneys [27]. Additionally, adverse effects
of CAF consumption in healthy populations, particularly at high doses (above 400 mg/day),
have been linked to cardiovascular, behavioural, reproductive, developmental, bone, and
calcium disturbances [28,29].

Cd is a widely studied environmental pollutant and is considered a public health
problem due to its widespread presence in various environmental compartments and its
ability to cause toxicity in animals even at low concentrations, as well as its ability to
bioaccumulate [30,31]. CAF is known as a marker of anthropogenic contamination and
responsible for inducing behavioural alterations in zebrafish at concentrations ranging
from pg to mg-L~! [32-36]. In this regard, this study determined the median lethal con-
centration (LCsp) of Cd for bold and shy fish after 96 h of exposure and evaluated the
behavioural responses (locomotion and social behaviour) of bold and shy fish after a 7-day
exposure to CAF. We hypothesize that personality modulates the response to different
environmental stressors.

2. Materials and Methods
2.1. Zebrafish Culture

Zebrafish (D. rerio) (AB strain) were kept in a ZebTEC (Tecniplast, Buguggiate, Italy)
recirculating system at the University of Aveiro’s Biology Department (Aveiro, Portugal).
Culture water was generated by reverse osmosis, which was then complemented with
salt (Instant Ocean Synthetic Sea Salt, Spectrum Brands). The water temperature was
maintained at 27.0 £ 1 °C, conductivity at 800 4= 50 uS/cm, pH at 7.5 £ 0.5, and dissolved
oxygen at >95% saturation. The photoperiod cycle (light-dark) was 14:10 h. Adult fish were
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fed once daily with GEMMA Micro 500 artificial feed (Skretting®, Algeciras, Spain). Adult
zebrafish at 1 year old were chosen for the experimental assays. All procedures involving
the use of animals were performed in accordance with European Union guidelines and
regulations (e.g., OECD 203) and were approved by the Animal Care and Use Committee
of the University of Aveiro, Portugal.

2.2. Personality Determination: Emergence Test

The selection of animals’ personality based on an emergence test was conducted
following the study performed by Mackenzie et al. [37]. The emergence test has been
widely used to characterize bold and shy zebrafish based on their willingness to take risks.
In this sense, the test was executed to assess an animal’s tendency to leave a safe area and
explore a new, less safe area. Briefly, rectangular glass tanks (40.6 cm x 26 cm x 19.5 cm)
were used for acclimatization (acclimatization tanks) and for the test itself (test tanks).
The test tank was divided into two sections: a small section (15 x 26 cm) where the fish
are initially placed and a big section (25.6 x 26 cm). The two parts were divided by a
black wall with a hatch that can be opened and closed and that allows fish to move from
the small section to the big one. The day before to separation procedure, a set of 45 fish
were transferred for a period of 12 h to acclimatization tanks to encourage them to explore
the environment [38]. After acclimatization, 9 individuals were randomly selected and
introduced into the small compartment of the test tank, with the hatch closed, for 10 min
(Step 1). After this period, the hatch was open, allowing the fish to swim freely and explore
the other compartment (Step 2). The first 3 fish to cross within 10 min were considered
bold [37] and were immediately removed from the test tank and placed in a new tank.
Steps 1 and 2 were repeated with the remaining fish, and the 3 individuals passing to the
new compartment were labelled as intermediate (and were removed from the experiment).
Those that stayed in the small compartment were subjected to Steps 1 and 2 again, but Step
2 was extended to 30 min. Fish that did not move to the other division were classified as
shy, while those that did were discarded.

2.3. Chemicals

Cadmium chloride hemi(pentahydrate) (CAS number 7790-78-5; 99% purity) was
obtained from Sigma Aldrich (Madrid, Spain) and was used as a source of cadmium (Cd).

Analytical grade CAF (1,3,7-Trimethylxanthine; CAS number 58-08-2; 98% purity) was
obtained from TCI Chemicals (Zwijndrecht, Belgium).

The stock solution (Cd—250 mg-L~!; CAF—10 mg-L~!) and test solutions were
prepared in the zebrafish water system (Section 2.1).

2.4. Sensitivity of Bold and Shy Fish to Cd

In order to determine the median lethal concentration (LCsg), the zebrafish previously
selected as bold or shy were exposed for 96 h to 6 concentrations of Cd (0, 1.80, 3.00,
4.81,7.70, and 12.31 mg-L~!) selected based on preliminary range-finding tests. On the
day of exposure, bold (n = 60) and shy (1 = 60) male fish were distributed into 12 tanks
(bold = 6 tanks; shy = 6 tanks); each tank contained 10 fish (shy or bold) and 1 L of test
solution (0, 1.80, 3.00, 4.81, 7.70, or 12.31 mg-L’l). The assay was based on the OECD testing
guideline 203 on the Fish Acute Toxicity Test [39]. The temperature, the photoperiod, and
the physical-chemical parameters of the water were kept equal to those of the cultivation
(Section 2.1). During the test period, the medium was not renewed, and fish were not fed
according to OECD 203 [39]. Mortality was recorded every 24 h up to 96 h, to determine
LCsq values for bold and shy fish.
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2.5. Exposure to CAF

Bold and shy fish (1 = 12; ratio of 3 males to 1 female) were exposed to 3 concentrations
of CAF (0, 1.5, and 300 pg-L~1!) in semi-static settings over 7 days. The experiment was
conducted in 20 L tank containing 5 L of the test solution and 12 fish per concentration. The
concentrations tested were selected based on previous studies that reported the presence of
these concentrations in the aquatic environment (e.g., 1.5 pg-Lfl) [40,41] and their ability
to induce changes in exploratory and social behavior of zebrafish exposed after 7 days of
exposure (to 0.5. 1.5, and 300 ug~L’1) [36]. The medium was renewed every 2 days [42].
The temperature, the photoperiod, and the physical-chemical parameters of the water
remained similar to the cultivation conditions (Section 2.1). During the experiment, the fish
were fed once a day with the artificial diet Gemma Micro 500 (Skretting®, Algeciras, Spain)
corresponding to 2% of the weight of the fish in each tank.

2.6. Behavior Assays

All fish from each concentration were subjected to the different behavioral tests. Figure 1
illustrates the experimental design and the sequence in which the tests were conducted.

Test
compounds

Experimental
design

Behaviour
assays

Figure 1. The flowchart illustrates the experimental process developed in this study. The first step
involved conducting an emergence test to categorize the fish based on personality traits (bold and
shy). The second step consisted of exposing the fish (bold and shy) to two chemicals: (1) Cd, to
determine the median lethal concentration (LCsp) at 48 and 96 h of exposure; and (2) CAF, to assess
behavioral changes. Behavioral tests were conducted in the following sequence: locomotor activity
and thigmotaxis behavior, followed by the social test, and finally the mirror test.

2.6.1. Locomotor Activity and Thigmotaxis Behavior

Locomotion activity and thigmotaxis behavior were performed to assess anxiety-like
behavior [43]. The fish were relocated individually into a new aquarium (9.4 cm wide
and 14.1 cm long), and locomotor activity and thigmotaxis behavior were recorded using
the ZebraBox™ (Viewpoint, Lyon, France) video tracking system. The test started with
an acclimatization period (2 min) in the dark, followed by 2 min of light. The following
parameters were examined: total distance (mm), swimming time (minutes), swimming
speed in each area (slow—Iless than 8 mm/s; medium—between 8 and 40 mm/s; and
rapid—greater than 40 mm/s), and fish path angles (class 1—angles from 180° to 90° and
—180° to —90°; class 2—angles from —30° to —90° and from 30° to 90°; class 3—angles
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from —30° to —10° and 10° to 30°; and class 4—angles from —10° to 0° and 0° to 10°). To
assess the fish’s tendency to swim around the edges of the tank, (thigmotaxis behavior),
the tank was virtually divided into two zones: an inner zone and an outer zone [43,44].

2.6.2. Mirror Biting Test

To study zebrafish aggressive behavior or sociability, a mirror image stimulation
was used [45], following the protocol described by Santos et al. [36]. After experimental
exposure, each fish was individually transferred to a rectangular tank (9 cm wide and 14 cm
long) containing a mirror on one side. Fish behavior was recorded using the ZebraBox™
(Viewpoint, Lyon, France) video tracking system for 6 min, at 25 frames per second. The
protocol consisted of an acclimatization period—1 min of darkness, followed by 5 min of
light. For the behavior analysis, the tank was virtually divided in 3 zones: zone 1—zone of
contact with the mirror (0.5 cm); zone 2—zone of approach (2.5 cm); and zone 3—zone far
from the mirror (10 cm) [46]. The following parameters were analyzed: number of entries
per zone, time spent in each zone, and swimming distance in each zone. The time spent
in zone 1 was considered as the contact duration between the fish and the mirror. The
videos recorded during the test were later analyzed for manual counting of the number of
mirror contacts.

2.6.3. Social Test

Zebrafish are social animals that naturally form schools [47]. However, exposure to
some chemicals modulates this behavior, increasing (e.g., 17-ethyl estradiol or carbaryl) or
decreasing (e.g., CAF) school preference [36,43,48]. The methodology used in this study was
adapted from the original protocol by Calcagno et al. [49], for the ZebraBox™ (Viewpoint,
Lyon, France) video tracking system. The apparatus consisted of a tank (14 cm long x 6 cm
high x 9 cm wide) with two compartments of different sizes (small, 6 cm long x 6 cm
high x 9 cm wide; large, 8 cm long x 6 cm high x 9 cm wide) divided by a transparent
barrier. The smaller compartment of the tank was used to house three medium-sized adult
zebrafish that represented a school of zebrafish. These were placed in the tank before the
test began. At the beginning of the experiment, one fish was introduced in the tank’s largest
compartment and then its behavior was recorded using the ZebraBox™ (Viewpoint, Lyon,
France) video tracking system, for 6 min, at 25 frames per second. The protocol consisted
of acclimatization period—1 min of darkness, followed by 5 min of light. For the analysis,
the large compartment was virtually divided into three zones of equal size (approximately
2.6 cm): zone 1—zone close to the school; zone 2—intermediate zone; and zone 3—zone far
from the school. Then, the swimming distance, swimming time, and number of entries into
each zone were analyzed.

2.7. Statistical Analysis

Statistical analysis in this study was performed using SigmaPlot V.12.5 (SysStat Inc.
software, Chicago, IL, USA). The medium lethal concentration (LCsp) of Cd was calculated
using a 4-parameter logistic model (SigmaPlot 12.5 statistical package). The model choice
was decided based on the R2 and the estimated residual standard error.

Data from locomotion, mirror, and social testing were analyzed using a one-way
ANOVA (or Kruskal-Wallis test for non-normal distribution data), followed by multiple
comparison testing. A two-way ANOVA (personality traits vs. concentration as factors)
followed by a Holm-Sidak post-hoc test was performed to study the interaction between
personality traits (bold and shy) and CAF. The level of significance for all statistical analyses
was 0.05.
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Survival (%)

3. Results
3.1. Effects of Cd on Bold and Shy Zebrafish

The effects of Cd on bold and shy zebrafish survival were studied after 48 and 96 h of
exposure (Figure 2). All shy zebrafish exposed to 7.70 mg-L~! were dead after 24 h, whereas
in bold zebrafish total mortality at 24 h was only found for 12.31 mg-L~!. The 48 h Cd LCs
for bold fish was 8.20 4 0.035 mg-L~!, whereas for shy fish it was 4.79 & 0.001 mg-L~!
(Figure 2A). After 96 h, the estimated LCs( of bold fish was 9.79 + 2.372 mg-L’l, whereas
for shy fish it was 3.79 + 0.0447 mg-L~! (Figure 2B).
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Figure 2. Survival curves of bold and shy zebrafish after exposure to cadmium (Cd) (n = 10).
(A) Survival curve of bold and shy fish after exposure to Cd for 48 h, (B) survival curve of bold and
shy fish after exposure to Cd for 96 h.

3.2. Effects of CAF on Bold and Shy Zebrafish
3.2.1. Locomotor Activity and Thigmotactic in Zebrafish

No significant differences between control bold and shy fish were found in terms of
the distance travelled (Figure 3A), the percentage of distance travelled in slow movements
(Figure S1, Supplementary Materials), or the distance moved in the edges of the tank
(Figure 3D). However, control shy fish swam a significantly greater distance in medium-
speed movements than the control bold fish (Figure 3B), whereas control bold fish swam
greater distances in rapid movements (Figure 3C). No differences in swimming angles were
found between the bold and shy control fish (Figure S1, Supplementary Materials).

Exposure to CAF did not induce significant effects on the locomotion of bold fish.
However, shy fish upon exposure to the highest CAF concentration (300 pg-L~!) reduced
the total distance travelled (ANOVA on ranks (Kruskall-Wallis) followed the Dunn’s
post-hoc test (H = 7.650, p = 0.022) (Figure 3A).

A two-way ANOVA followed by a Holm-Sidak post-hoc test revealed a significant
interaction between CAF and personality traits in the distance travelled (p = 0.039), with shy
fish decreasing their swimming activity at 300 pg-L~!. Bold fish showed no alterations in
this parameter. A significant interaction between CAF and personality traits was also found
in medium (F 59) = 14.861, p < 0.001) and rapid movements (F(; 59) = 14.861, p < 0.001), with
shy fish exposed to 1.5 pg-L~! CAF exhibiting an increase in the percentage of medium
movements and a decrease in rapid movements while bold fish did not show alterations in
these movements.
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Figure 3. Effects on locomotion activity in bold and shy fish after 7 days of exposure to caffeine
(CAF) (n = 12). (A) Total swimming distance; (B) distance travelled in medium movements, and
(C) distance travelled in rapid movements; (D) percentage of distance moved at the edges of the tank
by bold (white bars) and shy (grey bar) zebrafish. Data are presented as means + standard errors.
Different letters in bars indicate significant differences between bold and shy fish (p < 0.05). Asterisks
(*) indicate differences from the respective control (p < 0.05).

3.2.2. Mirror Biting Test

No significant differences between bold and shy control fish were found in terms of
the latency time to the first mirror approximation (Figure 4A), frequency of mirror bites
(Figure 4B), or contact duration (Figure 4C).

Exposure to CAF significantly reduced the frequency of mirror biting in shy fish
exposed to 300 pg-L~! (one-way ANOVA followed by Dunnett’s post-hoc test, F(5 53, =
0.05, p = 0.012) (Figure 4B) when compared to shy fish in the control group.

The influence of personality on the mirror biting test on the CAF was evaluated by
performing a two-way ANOVA followed by a Holm-Sidak post-hoc test. A significant
interaction between personality and CAF was observed in the frequency of mirror contact
(F1,53) = 14.861, p = 0.001), with shy fish showing a reduction in the frequency of contact
with the mirror while bold fish did not exhibit any changes to this parameter. A significant
interaction was also observed in the number of entries into zones 1 (F(; 54) = 6.222, p = 0.016),
2 (F1,54) = 6.849, p = 0.011), and 3 (F(y 53y = 5.754, p = 0.020) of the tanks, with shy fish
showing a decrease in the number of entries into zone 1 and an increase in the number of
entries into zones 2 and 3 of the tank, while no changes were observed in bold fish.
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Figure 4. Effects on aggressive behavior in bold and shy fish after 7 days of exposure to caffeine
(CAF) (n = 12). (A) Latency for the first contact with the mirror; (B) frequency of contact; (C) duration
of contact; (D) number of entries into zone 1 (contact zone); (E) number of entries into zone 2
(approach zone); (F) number of entries into zone 3 (zone far from the mirror). Data are presented as
means =+ standard errors. Different letters in bars indicate significant differences between bold and
shy fish. Asterisks (*) indicate differences from the respective control (p < 0.05).

3.2.3. Social Test

The social test revealed that bold and shy fish naturally exhibit distinct social behavior.
According to a two-way ANOVA followed by a Holm-Sidak post-hoc test, bold control
fish travelled a significantly greater distance in zone 3 (F; 58) = 14.512, p < 0.012) and spent
more time in zone 1 (F(j 59 = 27.841, p = 0.004) than shy control fish (Figure 5C,D). Shy
control fish, on the other hand, spent significantly more time in zone 2 (F; 57) = 14.384,
p = 0.006) (Figure 5E). Bold control fish also entered zone 3 (F(; 59) = 5.878, p = 0.031) more
frequently than shy control fish (Figure 5I).
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Figure 5. Effects on social behavior in bold and shy fish after 7 days of exposure to caffeine (CAF)
(n =12). (A) Swimming distance in zone 1; (B) swimming distance in zone 2; (C) swimming distance
in zone 3; (D) time spent in zone 1; (E) time spent in zone 2; (F) time spent in zone 3; (G) number
of entries into zone 1; (H) number of entries into zone 2; (I) number of entries into zone 3. Data
are presented as means =+ standard errors. Different letters in bars indicate significant differences
between bold and shy fish (p < 0.05). Asterisks (*) indicate differences from the respective control
(p <0.05).

Exposure to CAF did not elicit significant effects on the social behavior of bold fish.
However, shy fish increased or reduced social behaviors compared to the shy control
depending on CAF concentration. CAF-exposed shy fish displayed significantly different
behavior than their control organisms in a variety of parameters (e.g., distance travelled in
zone 2, time spent in zone 2, and number of entries into zones 1 and 2). In terms of distance
travelled (Figure 5B) and time spent in zone 2 (Figure 5E), fish exposed to CAF significantly
lowered the distance travelled (1.5 ug-L’l) (Fo,57) = 2.622, p = 0.048) and increased the
time spent (300 ug~L’1) (F,57) = 3.809, p < 0.001) when compared to the shy control group.
Additionally, shy fish exposed to 300 ug-L~! CAF significantly decreased the number of
entrances into zone 1 (F(y57) = 4.357, p = 0.019), and increased in zone 2 (F 57y = 6.056,
p < 0.001) of the tank, when compared to the shy control group.
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According to a two-way ANOVA followed by a Holm-Sidak post-hoc test, there was
no interaction between the CAF and personality traits in terms of the distance travelled in
zone 1 (Figure 5A) or the number of entries into zone 3 (Figure 5I). Interaction between
CAF and personality traits was observed in the distance travelled in zone 2 (F(y 57 = 14.384,
p <0.001) (Figure 5C) and zone 3 (F(y 57) = 14.512, p < 0.001) (Figure 5B) of the tank, with
shy fish exposed to CAF showing an increase in the distance travelled in zone 2 and in
zone 3, while bold fish did not exhibit changes in the distance travelled in these two areas.
A significant interaction was observed in the time travelled in zones 1 (F(j 59y = 27.841,
p <0.001) (Figure 5D), 2 (F(59) = 20.863, p < 0.001) (Figure 5F), and 3 (F(y 59) = 6.682,
p = 0.012) (Figure 5E) of the tank, with shy fish showing a decrease in time spent in zone
1 and an increase in time spent in zone 2 and zone 3, while bold fish did not show any
change in the time spent in any of these areas (Figure 5D-F). A significant interaction was
also observed in the number of entries into zone 1 (F(y 59) = 3.565, p = 0.002) (Figure 5G) and
2 (F1,59) = 12.129, p < 0.001) (Figure 5H) of the tank, with shy fish showing a decrease in the
number of entries into zone 1, and an increase in the number of entries into zone 2, while
fish bold did not significantly change the number of entries into different areas of the tank
(Figure 5G-I).

4. Discussion

This study analyzed the sensitivity of personality traits (bold and shy) to cadmium
(Cd) and caffeine (CAF). In the case of Cd, clear differences in Cd sensitivity between
bold and shy fish were observed. At 48 and 96 h of exposure, bold fish exhibited greater
resistance to Cd as evidenced by a higher LCsy value compared to shy fish (Figure 2A,B).
Cd and related compounds are environmental pollutants, known for their capacity to cause
toxicity in animals and humans, as well as for their ability to bioaccumulate [30,31,50]. LCs
values for Cd were previously determined in zebrafish (disregarding personality traits). The
estimated LCs values for the same periods tested in the present study were 12.88 mg-L ™!
at48 h and 9.68 mg-Tf1 at 96 h [31]. In the present study, the LCs values of Cd for bold
fish were 1.7 and 2.6 times higher than those for shy fish at 48 and 96 h, respectively. One
of the pathways by which Cd exerts toxicity in fish is through the increased synthesis
of reactive oxygen species (ROS) [51]. It has been observed that shy individuals exhibit
higher levels of ROS and subsequent oxidative stress due to elevated stress hormone levels
when compared to bold fish [52]. In this context, higher basal ROS levels in shy fish add to
the ROS induced by Cd exposure, leading to the higher susceptibility of shy fish towards
the compound. In this sense, differences in personality traits may serve as predictors of
susceptibility to compounds and physical fitness [53]. However, further studies addressing
ROS levels and oxidative stress enzymes activities in both bold and shy zebrafish exposed
to Cd are needed for a clearer understanding.

Previous studies revealed that bold fish are more active than shy fish, explore new
environments more, spend more time in unprotected areas, and have a greater speed while
moving [16,20,54-56]. Our data (distance travelled by the control in slow movements,
medium movements, and rapid movements) are in agreement with those studies. In terms
of locomotion activity (total distance travelled; distance travelled in medium and rapid
movements), an interaction between CAF and personality traits could be observed. For
example, exposure to 1.5 pg-L~! did not change the distance travelled by shy fish in slow,
medium, and rapid movements when compared to the shy control fish. However, they
displayed a higher percentage of medium movements and a lower percentage of rapid
movements when compared to bold fish subjected to the same conditions (Figure 3B,C).
Shy fish exposed to 300 pg-L.~! CAF presented hypoactivity (reduced distance travelled),
while bold fish showed no differences in these parameters. Hypoactivity associated with
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increased anxiety levels after exposure to CAF is a behavior commonly described in both
larvae and adult zebrafish [33,57]. Santos et al. [36] identified that a 7-day exposure of
adult zebrafish to 300 pg-L~! of CAF did not have a significant impact on their locomotion
behavior (e.g., distance travelled), although it reduced the vertical exploratory behavior of
these fish. In the locomotion test performed in the present study, CAF interacted differently
with bold and shy fish. Broadly, bold fish did not display behavioral change when exposed
to CAF compared to the control group, which suggests the low susceptibility of these fish
to CAF. Exposed shy fish showed significant behavioral variations when compared to
shy controls, indicating higher susceptibility to CAFE. Factors like variations in metabolic
rates between bold and shy fish or the presence of a greater number of type A; adenosine
receptors, which are linked to decreased zebrafish swimming activity following CAF
exposure, may account for differences in their locomotor activity [58,59]. Differences in
bold and shy responses appear to vary depending on the chemical they are exposed to,
e.g., in agreement with the effects of CAF observed in this study, such as the increased
susceptibility of shy fish. Araujo-Silva et al. [15] reported that shy zebrafish displayed
anxiety-like responses following a 60 min exposure to 1 mg-L~! of nicotine when compared
to bold fish. On the other hand, bold zebrafish are more susceptible to alcohol than shy
fish, as they exhibit anxiety-like behavior when exposed to 0.1% alcohol for 60 min [15].
Bold and shy brook trout (Salvelinus fontinalis) show different levels of aggression [56].
In this study, short-term CAF (300 pg-L~!) exposure significantly reduced aggressive
behavior (reduced the frequency of contact with the mirror and the number of entries
into zone 1) or caused shy fish to become more cautious but did not change bold fish
behavior. Exposure to CAF is linked to heightened aggression and anxiety in zebrafish.
Zebrafish anxious behavior is linked to a decrease in exploratory behavior [33,36,57] and
risk-taking. As demonstrated by the locomotion test (e.g., total distance) and the reduced
mirror approach, shy fish exposed to 300 pg-L~! of CAF show anxious behavior that
is not observed in bold fish. In the mirror test, the shy responses to the mirror image
stimulus are in accordance with what has previously been described, i.e., in the presence
of acute stress, shy fish tend to respond passively, seeking to “hide/freeze” [60]. On the
other hand, it was expected that bold fish would respond actively through “fight/flight”
behavior [60]; however, fight behavior was not detected, which may suggest that the CAF
concentrations tested were insufficient to alter the behavioral pattern in bold fish. A study
carried out by Santos et al. [36] demonstrated that exposure to 0.5, 1.5, and 300 ugL’l
of CAF for 7 days induced aggressive behavior in zebrafish (in undifferentiated fish).
On the other hand, similar to the results observed in the present study with shy fish
in the mirror test, Gutiérrez et al. [61] reported that a 30 min exposure to 19.4 pg-L~!
of CAF led to a reduction in mirror aggression in undifferentiated juvenile zebrafish.
Differences in responses between studies (e.g., [36,61]) can be explained by the presence
of personality traits. For example, in this study, bold fish exposed to CAF did not change
their response to the mirror image; however, shy fish have reduced aggressive behavior.
In general, anxiety influences social behaviors. In rats, anxiety-like behaviors encompass
social avoidance [62]. The results from the social test performed in this study also support
the hypothesis of increased anxiety observed in shy individuals exposed to 300 pg-L~!
of CAF as suggested by locomotion activity and the mirror test results. Exposure to
300 ug- L~! of CAF significantly reduced the sociability of shy fish. In zebrafish, a decrease
in social interaction has also been linked to increased anxiety [63]. A study carried out by
Santos et al. [36] showed that the exposure of undifferentiated zebrafish to CAF for 7 days
reduced sociability at CAF concentrations of 0.5 and 1.5 ug-Lfl. However, it did not affect
fish social behavior when exposed to 300 pug-L~! of CAF. Results similar to those found in
this study on social behavior have been described by Araujo-Silva [17], who described that

62



Toxics 2025, 13, 147

the exposure of shy fish to 0.1% of alcohol for 60 min reduced the sociability of fish. In this
regard, the results observed in the present study in both shy and bold zebrafish during the
social test agree with the results of the locomotion activity and the mirror test, confirming
the difference in the consistent behavioral pattern between these different personality traits.

In general, it was observed that, in this study, the CAF concentrations tested were
not able to alter the behavior of bold fish but induced behavioral changes in shy fish. It
is known that individual fish behaviors are controlled by endogenous and exogenous
factors [60]. Therefore, individual characteristics can explain the differences between the
results described by Santos et al. [36] and the results of the present study. For example,
the increase in anxiety levels associated with CAF consumption is linked to its interaction
with Aj-like receptors [58]. The exposure of zebrafish to CAF from 1 h post fertilization can
increase Aj expression [64]. Therefore, variation in the gene expression of these receptors
between bold and shy zebrafish could influence the anxiety level displayed by these fish
when exposed to CAF. Furthermore, there is evidence that dopamine plays an important
role in regulating anxiety. Thornqvist et al. [55] found that bold zebrafish, characterized by
higher risk-taking behavior and increased locomotor activity, exhibit elevated expression
of Dy-type dopamine receptors (drd2a and drd2b) in comparison to shy fish. In general,
there are several physiological variations between bold and shy fish, such as changes in
metabolic rate and the generation of ROS, which can influence the rate of metabolization
and chemical excretion [52,60,65]. In this sense, more studies are needed to understand the
differences in CAF metabolism rates and the mechanisms involved in the responses of bold
and shy individuals when exposed to chemicals.

5. Conclusions

This study evaluated the sensitivity of bold and shy zebrafish when exposed to
cadmium (Cd) or caffeine (CAF), two well-studied environmental contaminants. There are
differences in Cd sensitivity between bold and shy fish, with bold zebrafish being more
resistant to Cd. Shy fish are also more sensitive to CAF. CAF induced anxious behavior
in shy fish, detected by reduced locomotion activity, reduced aggressive behavior, and
sociability, but had no effect on bold fish. Overall, our findings highlight those differences
between shy and bold individuals can influence fish responses during chemical exposure.
In conventional tests, where fish are not differentiated based on personality traits, the
response to chemicals can vary depending on the proportion of bold and shy fish. The lack
of classification of fish by personality traits may mask behavioral effects after chemical
exposure. Studying personality traits may reduce the variability in behavioral responses
described in the literature in chemically exposed fish.
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Abstract: This study investigates the association between blood Mn and bone mineral density
(BMD), focusing on the mediating role of sex steroids, using data from 8617 participants in
the National Health and Nutrition Examination Survey (NHANES) 2013-2018. Weighted
multiple linear regression models were used to examine the association of blood Mn and
total BMD, and mediation analyses were used to explored the roles of total testosterone
(TT), estradiol (E2), and sex hormone-binding globulin (SHBG) in the Mn-BMD relationship,
stratified by sex and menopausal status. Blood Mn was negatively associated with BMD in
both sexes, with a pronounced effect in postmenopausal women. SHBG mediated 37.16%
of the Mn-BMD association in men, whereas no mediating effects were found in women.
E2 exhibited a significant indirect effect, suggesting that reduced E2 levels may amplify Mn’s
effect on BMD. These findings indicate that Mn exposure is associated with decreased BMD,
potentially through alterations in sex steroids, highlighting the importance of considering
hormone status when evaluating the impact of Mn exposure on BMD.

Keywords: manganese; bone mineral density; sex steroid hormone; mediation; NHANES

1. Introduction

Osteoporosis is a disease characterized by decreased bone mineral density (BMD),
compromised bone architecture, and an increased risk of fracture [1]. According to the
World Health Organization (WHO), osteopenia is defined as a BMD value measured by
dual-energy X-ray absorptiometry (DXA) that is 1 to 2.5 standard deviations below the
mean of a healthy, sex-matched population. Osteoporosis is a significant risk factor for
fractures, particularly in postmenopausal women and the elderly [2,3]. According to a
study from the 2005-2010 National Health and Nutrition Examination Survey (NHANES),
the prevalence of osteoporosis in U.S. adults aged 50 and older is 10.3%, with projections
suggesting it could rise to 32% by 2030 [4]. Both intrinsic factors such as genetics, age,
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and sex, as well as extrinsic environmental considerations like exposure to metals may
contribute to the risk of BMD loss [5,6].

Manganese (Mn) is a common heavy metal widely present in mines, steel mills, dry
cell battery manufacturing plants, and welding operations [7]. Excessive exposure to Mn
through inhalation, ingestion, or skin contact can lead to toxicity [8], which is associated
with adverse health outcomes, such as impaired neurodevelopment [9], inflammatory liver
damage [10], spleen apoptotic injury [11], and testes dysfunction [12]. Bone is one of the
primary tissues that accumulates Mn, holding approximately 40% of the body’s total Mn
content [13]. Despite this, epidemiological studies on the relationship between Mn expo-
sure and BMD are limited and yield mixed results. For example, several NHANES studies
have reported negative correlations between blood Mn and BMD in both adolescents and
adults [14-16]. Similarly, a study among retired Chinese workers found that 304 women
with long-term Mn exposure had a higher incidence of osteoporosis compared to 277 con-
trols [17]. In contrast, a study of 627 Chinese individuals aged 50 and older suggested
that co-exposure to high concentrations of Mn, iron (Fe), copper (Cu), and selenium (Se)
may have a protective effect on bone health, although Mn was not identified as the main
contributor to the observed outcomes [7]. These contradictory findings may be due to
differences in population size, age and sex composition, as well as in co-exposure to other
metals, highlighting the need for further investigations into the effects of Mn exposure on
bone health.

Previous studies have suggested that excessive Mn may interfere with bone metabolism
by disrupting the endocrine system, altering sex steroid levels, and thereby increasing
the risk of bone loss [18,19]. In vitro experiments have shown that Mn may inhibit sex
steroid biosynthesis by reducing StAR protein levels, which are responsible for cholesterol
transport to the mitochondria, where sex steroids are synthesized [20]. Sex steroid hor-
mones play a key role in maintaining bone mass. Estrogen (E2) regulates bone remodeling
by inhibiting bone resorption and promoting bone formation. Testosterone acts on bone
either directly by stimulating androgen receptors, or indirectly by being converted into
E2 by aromatase enzymes in peripheral tissues (e.g., adipose tissue, skin, bone, brain, and
liver), or influencing bone metabolism through cytokines and growth factors [21,22]. Sex
hormone-binding globulin (SHBG) regulates the activity of sex steroids by binding them.
Nevertheless, relevant evidence is limited, and we believe that studying the role of sex
steroids might help elucidate the link between Mn exposure and BMD loss.

As noted, we hypothesize that sex steroid hormones may mediate the effects of Mn
exposure on BMD. Investigating the relationship between Mn, BMD, and sex steroids may
help clarify the pathways through which Mn induces bone loss. Therefore, we conducted a
cross-sectional study to examine the association between Mn exposure and BMD, as well
as the mediating roles of sex steroid hormones using data from the NHANES.

2. Materials and Methods
2.1. Study Population

Data used in this study were collected from the 2013-2018 NHANES. The NHANES
was a population-based program designed to assess the health and nutritional status of U.S.
adults and children. The NHANES employed a stratified multistage probability cluster
sampling and collected information through a series of in-home interviews and standard-
ized physical examinations, which surveyed about 5000 persons per year. The National
Center for Health Statistics of the Centers for Disease Control and Prevention’s Research
Ethics Review Board ratified the procedure and all participants provided informed consent.

Among three NHANES cycles (2013-2014, 20152016, and 2017-2018), 16,927 individ-
uals aged 8-59 years and not pregnant underwent BMD measurement. From this group,
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those with missing data on either BMD (1 = 3577) or blood Mn (n = 4733) were further
excluded, leaving a total of 8617 participants. Due to the absence of serum sex steroid hor-
mone measurements in the 2017-2018 cycle, we further focused on 4540 participants with
complete information on total BMD, blood Mn, and sex steroid hormones from the two ear-
lier cycles (2013-2014 and 2015-2016). After excluding individuals with a history of female
hormone use (1 = 101), those who had undergone oophorectomy (n = 22), and participants
with missing covariates of BMI (1 = 9) or cotinine (1 = 3), a final total of 4405 participants
were included for the mediation analysis. All participants were adults aged 20 years or
over. The specific inclusion process of study subjects is presented in Figure 1.

Participants in NHANES 2013-2018, N=29,400
NHANES 2013-2014 (n=10,175)
NHANES 2015-2016 (n=9971)
NHANES 2017-2018 (n=9254)

A

Participants aged 8—59 years and non-pregnant
women underwent DXA examination (N=16,927)

: Excluded (n=8310)
> Missing total BMD (n=3577)
Missing blood Mn (n=4733)

NHANES 2013-2018
Participants with complete data on >
total BMD and blood Mn (N=8617)

‘Weighted multiple linear
regression analysis

Excluded (n=4077)
Missing serum hormones (n=4077)

A
NHANES 2013-2016
Participants with complete data on total
BMD, blood Mn and serum sex steroid hormones
(N=4540)

| Excluded (n=135)

! Witha history of female hormone use (n=101)
—>  With a history of oophorectomy (n=22)

i Missing BMI (n=9)

i Missing cotinine (n=3)

}

4405 participants were finally included —> Mediation analysis

Figure 1. The inclusion process of the participants.

2.2. Measurement of Variables

The exposure variable was blood Mn, measured by an inductively coupled plasma
mass spectrometer (ICP-MS) [23]. The lower limit of detection (LLOD) for blood Mn was
0.99 ug/L and the LLOD divided by the square root of two was used to indicate the
measured values below LLOD. As the outcome variable, the total BMD was measured
using DXA. The whole-body scans were performed using software version Apex 3.2 on the
Hologic Discovery model A densitometers (Hologic, Inc., Bedford, Marlborough, MA, USA).
Radiology technologists who performed the DXA examination were all well trained and
certified. Less than 20 uSv of radiation was emitted during DXA whole-body scans, which
was extremely minimal. Individuals aged < 8 or >60 years, and pregnant females (positive
urine pregnancy test and/or self-report), were excluded from the DXA examination. BMD
data were set to missing for participants who self-reported the use of radiographic contrast
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material (barium) within the past 7 days, or self-reported weight over 450 pounds or height
over 6'5".

Three typical sex steroid hormones, total testosterone (TT), E2, and SHBG, in serum
were quantified in NHANES 2013-2014 and 2015-2016 cycles. Wherein TT and E2
were measured using isotope dilution liquid chromatography-tandem mass spectrometry
(ID-LC/MS/MS) [24], and SHBG was quantified based on its reaction with immuno-
antibodies and chemo-luminescence measurements of the reaction products occurring after
two incubation periods. The LLODs for TT, E2, and SHBG were 0.75 ng/mL, 2.994 pg/mL,
and 0.800 nmol /L, respectively.

2.3. Menopausal Status Definitions

Hormone levels varied among women based on their menopausal status. There-
fore, we further separated the female sample in analyses into premenopausal and post-
menopausal groups, as determined by a self-reported reproductive health questionnaire
in NHANES. Women were classified as premenopausal if they responded “yes” to the
question, “Have you had at least one menstrual period in the past 12 months?”. Post-
menopausal women were those who answered “hysterectomy” or “menopause/change
of life” to the question “What is the reason that you have not had a period in the past 12
months?”.

2.4. Covariates

Several potential confounders, identified from previous Mn-BMD studies and theo-
retical considerations, were incorporated into the analyses, including age (continuous in
years), sex (male or female), race/ethnicity, body mass index (BMI), smoking status, and
physical activity (PA). Race/ethnicity, as NHANES defined, was categorized as Mexican
American, other Hispanic, non-Hispanic white, non-Hispanic black, and other races. BMI
was calculated by dividing weight in kilograms by the square of height in meters (kg/m?)
and was categorized as follows: underweight/normal weight (<25.0 kg/m?), overweight
(25.0~29.9 kg/ m?), and obesity (>30.0 kg/ m?). Smoking status, as a continuous variable,
was determined by serum cotinine level (ng/mL) [25]. PA levels were assessed using
the validated International Physical Activity Questionnaire (IPAQ) and calculated based
on the metabolic equivalent (MET) values for the type, frequency, and duration of activi-
ties per week. The results were then categorized into three levels: <600 MET-min/week,
600~3000 MET-min/week, and >3000 MET-min/week.

2.5. Statistical Analysis

To account for the complex sampling design of NHANES, we used weighted propor-
tions for categorical variables and weighted means (standard errors, SEs) for continuous
variables to describe participant characteristics. Participants were categorized into four
groups based on BMD quartiles. Differences in continuous variables across groups were
assessed using the weighted linear regression, while categorical variables were compared
using the Rao-Scott chi-square test. For the descriptive and regression analyses applied
to all included participants, we created a 6-year weight as one-third of the value of the
examination weights to represent the smallest subsample of the study.

Blood Mn and serum sex steroid hormones were log-transformed to approximate
a normal distribution. To examine the potential non-linearity between blood Mn and
total BMD, a restricted cubic spline (RCS) regression with 4 knots at the 5th, 35th, 65th,
and 95th percentiles was applied. Based on the RCS results, weighted multiple linear
regression models were used to investigate the association between blood Mn and total
BMD [26], and effect estimates were presented as the percentage (%) change in total BMD
per interquartile range (IQR) in blood Mn. Moreover, subgroup analyses were performed by
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age (<45 and >45 years), sex (male and female), BMI (<25.0, 25.0~29.9, and >30.0 kg/m?),
and PA levels (<600, 600~3000, and >3000 MET-min/week), and interaction tests were
conducted to examine the Mn-BMD association across these subgroups. Three models
were conducted as follows: Model 1 (crude model), Model 2 (adjusted for age, sex, and
race/ethnicity), and Model 3 (adjusted for age, sex, race/ethnicity, BMI, smoking status and
PA, with additional adjustment for menopause status in women). Mediation analyses was
performed using the R mediation package [27]. One-half subsample blood metal subsample
weights were used, and bootstrap analyses with 1000 resamples were performed. All data
analyses were conducted using R software 4.2.2. A two-tailed p value < 0.05 was considered
statistically significant.

2.6. Sensitivity Analysis

There is the possibility that the Mn—-BMD association is attenuated by the impact of
osteoporosis treatment or glucocorticoids use. Therefore, we excluded individuals who
answered “yes” to the question “Have you ever been told by a doctor or other health
care professional to take a prescribed medicine for osteoporosis?” (n = 60) and those who
answered “yes” to the question “Have you ever taken any prednisone or cortisone pills
nearly every day for a month or longer?” (n = 58) in NHANES 2013-2014, 2017-2018, but
such information was not available in NHANES 2015-1016.

3. Results
3.1. Characteristics of the Study Population

Table 1 shows the characteristics of 8617 participants extracted from the NHANES
2013-2018. Nearly half of the participants were male (50.54% weighted), with a mean age
of 32.49 £ 0.22 years. Significant differences were observed across the four groups based
on BMD quartiles in terms of age, sex, race/ethnicity, BMI, smoking status, PA, blood Mn,
serum TT, E2, and SHBG (all p < 0.001). Overall, participants with lower BMD exhibited
significantly higher levels of blood Mn and serum SHBG, while having lower levels of
serum TT and serum E2. Additionally, those with elevated BMD were more likely to be
older, male, have a higher BMI, be smokers, and engage in higher levels of PA.
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3.2. Association Between Blood Mn and Total BMD

As shown in Figure 2, no significant non-linearity was detected between log-
transformed blood Mn and total BMD using RCS. Table 2 reveals a significantly negative
association between blood Mn and total BMD across all three models. After adjusting for
all potential confounders, each IQR (4.46 ng/mL) increase in blood Mn was associated with
a —9.3% (—13.5%, —4.9%) change in BMD.

P for overall <0.001

**1" P for nonlinear = 0.421

0.024

0.001

BMD (g/cm?)

-0.02 A

15 20 25 30 35
Log-transformed Mn (ng/ml)

Figure 2. RCS analysis of the association between log-transformed blood Mn and total BMD.

Table 2. Association between blood Mn and total BMD (NHANES 2013-2018).

Model ? n B (95% CI) P % Change (95% CI) ¢ Mn, IQR (ng/mL)
Model 1 Total 8617 —0.065 (—0.077, —0.052) * —24.9% (—28.9%, —20.7%) *  4.43
Men 4279 —0.080 (—0.100, —0.060) * —26.8% (—32.3%, —20.8%) *  3.91
Women 4338 —0.024 (—0.0.37, —0.011) * —11.1% (—16.6%, —5.2%) * 4.88
Premenopausal 2445 —0.019 (—0.035, —0.004) * —9.5% (—16.6%, —1.9%) * 5.22
Postmenopausal 641 —0.043 (—0.066, —0.019) * —17.0% (—25.0%, —8.1%) * 4.35
Model 2 Total 8617 —0.021 (—0.034, —0.009) * —9.0% (—13.9%, —3.9%) * 443
Men 4279 —0.044 (—0.061, —0.027) * —15.8% (—21.3%, —9.9%) * 3.91
Women 4338 —0.021 (—0.035, —0.008) * —9.8% (—15.5%, —3.7%) * 4.88
Premenopausal 2445 —0.015 (—0.030, 0.001) —~7.5% (—14.6%, 0.3%) 5.22
Postmenopausal 641 —0.041 (—0.064, —0.020) * —16.5% (—24.3%, —7.8%) * 4.35
Model 3 Total 7441 —0.022 (—0.033, —0.011) * —9.3% (—13.5%, —4.9%) * 4.46
Men 3675 —0.037 (—0.053, —0.021) * —13.4% (—18.6%, —7.8%) * 3.88
Women 3766 —0.027 (—0.040, —0.014) * —12.4% (—17.7%, —6.7%) * 4.86
Premenopausal 2168 —0.019 (—0.034, —0.004) * —9.5% (—16.2%, —2.2%) * 5.23
Postmenopausal 631 —0.045 (—0.068, —0.023) * —17.9% (—25.6%, —9.6%) * 436

Notes: Sample size changes due to data availability. ® Model 1 was a crude model; Model 2 adjusted for age
and race/ethnicity; Model 3 adjusted for age, race/ethnicity, BMI, smoking status, and PA. In addition, sex was
adjusted in Model 2 and 3 for the total population, and menopause status in all models for women. ® Regression
coefficient (95% CI) for a 1-unit increase in log-transformed blood Mn on BMD. € Percentage change (95% CI) in
BMD for each IQR increase in blood Mn. * p < 0.05. Abbreviations: BMD, bone mineral density; Mn, manganese;
BMI, body mass index; PA, physical activity; CI, confidence interval; IQR, interquartile range.

Similar negative associations were observed in both men and women. Further strati-
fied analyses of the women group by menopause status revealed a stronger negative asso-
ciation between blood Mn and total BMD in postmenopausal women (% BMD change per
4.36 ng/mL Mn increase = —17.9%, 95% CI: —25.6%, —9.6%) compared to premenopausal
women (% BMD change per 5.32 ng/mL Mn increase = —9.5%, 95% CI: —16.2%, —2.2%).
After excluding participants who underwent osteoporosis treatment and glucocorticoids
users, the Mn-BMD association remained stable in size, except in postmenopausal women,
where the effect was slightly enhanced, showing a —20.5% (—28.3%, —12.0%) change in
BMD per IOR (4.44 ng/mL) increase in blood Mn (Table S1). In addition, the association
was more pronounced in young adults (<45 years) (p for interaction < 0.05). There were
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also indications of stronger associations between higher blood Mn levels and lower to-
tal BMD in individuals with lower BMI (<25.0 kg/m?), and those with higher PA levels
(>600 MET-min/week), although these associations did not reach statistical significance
(Figure 3).

0.10 0.10
. . . . -®- Men
P for interaction = 0.002 @ <45 years P for interaction = 0.006
A >45 years Women
0.05 0.05 -% Premenopausal women
++ Postmenopausal women
= =
2 2
SN 0,00 dveneiiieeiiiee g eernneernneeriaeenan e foeneeean e aaeeeaa e T e e SN 0.00 deeiniiiinn OO (B 1= W—— - L ——
@ wh P 573 I @ Yak % }
K 1=y ek .
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Figure 3. Subgroup analyses of the association between blood Mn and total BMD. *** p < 0.001,
**p<0.01,*p<0.05.

3.3. Association Between Blood Mn and Serum Sex Steroid Hormones

Table S2 demonstrates the associations of blood Mn with TT, E2, and SHBG in partic-
ipants, and stratified by sex and menopausal status. In men, higher levels of blood Mn
were associated with lower levels of TT, E2, and SHBG. However, after adjusting for all
potential confounders, including age, race/ethnicity, BMI, smoking status, and PA, these
associations were attenuated and became statistically non-significant, with the exception of
SHBG, which remained negatively associated with blood Mn (3 = —0.130, 95% CI: —0.220,
—0.041). In women, no significant associations were observed between blood Mn and TT,
E2, or SHBG, whether in the total women group or when stratified by menopausal status.

3.4. Association Between Serum Sex Steroid Hormones and Total BMD

Table S3 presents the associations of TT, E2, and SHBG with total BMD. In men,
significant associations of TT, E2, and SHBG with BMD were observed. Specifically,
TT and E2 were positively associated with BMD (TT: = 0.049, 95% CI: 0.046, 0.053;
E2: 3 =0.088, 95% CI: 0.080, 0.096), whereas SHBG was negatively associated (3 = —0.055,
95% CI: —0.065, —0.044). In women, only E2 showed a significant positive association with
BMD, with a much smaller effect size than in men (3 = 0.008, 95% CI: 0.004, 0.012), and this
association was only observed in postmenopausal women.

3.5. Mediation Analyses

As shown in Table 3, the inverse relationship between blood Mn and total BMD was
partially mediated by SHBG and E2. Specifically, the indirect effect of SHBG was 0.004
(95% CI: 0.002, 0.006) in the total population. This means that each IQR (4.47 ng/mL)
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increase in Mn was associated with lower SHBG, which in turn resulted in a 1.7% (1.0%,
2.6%) change in BMD, with a proportion of mediation of —15.70% (—33.05, —8.03). This
effect was more substantial in men, where a per IQR (3.87 ng/mL) increase in Mn resulted
in a 5.8% (4.2%, 7.6%) change in BMD, with a proportion of mediation of —37.16% (—66.07,
—21.66). However, no significant mediating effects of TT, E2, or SHBG were observed in
women. Although stratifying analyses by menopausal status revealed that E2 exhibited a
significant indirect effect of -0.007 (95% CI: —0.021, —0.000) in postmenopausal women, the
proportion of mediation did not reach statistical significance. Overall, the mediation effects
of SHBG and E2 varied across different subgroups.
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4. Discussion
4.1. Main Study Findings

Based on the 2013-2018 NHANES data, our study demonstrated a negative association
between blood Mn and total BMD, which remained robust in both sexes. Notably, this
negative correlation was more pronounced in postmenopausal women and among young
adults. Furthermore, our studies revealed that SHBG and E2 mediated the association
between blood Mn and total BMD across different subgroups. Specifically, SHBG mediated
37.16% of the association between blood Mn and total BMD among men, while no mediating
effects were found in women. E2 in postmenopausal women exhibited a significant indirect
effect on the relationship between blood Mn and total BMD. However, no significant
mediating effect of TT was observed in either sex.

4.2. Interpretations and Comparisons with Other Studies

Previous studies have explored the effects of Mn exposure on bone mass, but the con-
clusions have been inconsistent. For instance, an animal study revealed that Mn supplemen-
tation might protect against ovariectomy-induced osteopenia in ovariectomized Sprague-
Dawley rats fed a diet with varying Mn intake amounts [28]. In a Chinese population-based
study of 51 seniors, cancellous bone Mn concentration was considerably higher in the non-
osteoporosis group (1.96%) compared to the osteoporosis group (0.81%) [29]. However, a
cross-sectional study analyzing data from 2545 adults in the NHANES 2011-2016 found
a negative association between multiple metals co-exposure and BMD, with Mn being
a primary contributor, accounting for 26.3% of the effect [16]. Another NHANES study
involving 1703 U.S. adolescents also confirmed a negative association between blood Mn
and BMD [14]. The discrepancies in findings across studies may stem from variations in
study design, population characteristics, sample sizes, and the levels of Mn exposure. Our
study, which supplements previous NHANES analyses with additional samples, similarly
found a negative association between Mn and BMD in both sexes. Specifically, each IQR
increase (around 4.0 ng/mL) in blood Mn was associated with a change in total BMD from
—17.9% to —9.3% across different sample groups.

The exact mechanisms underlying this relationship remained unclear. Several potential
explanations may apply. First, Mn functions as a cofactor for several enzymes. Excessive
Mn may lead to enzymatic abnormalities that disrupt bone metabolism. For example,
Mn superoxide dismutase could enhance the production and activity of osteoclasts [20],
promoting thinning and degradation of trabecular bone, which eventually contributes to
osteoporosis. Second, BMD reduction was intimately related to oxidative stress [18]. Mn
exposure may induce osteotoxicity by increasing the production of reactive oxygen species
(ROS), exacerbating oxidative stress and inflammation. Furthermore, excessive Mn could
interfere with the metabolism of macro minerals and other trace elements, disrupting bone
tissue [30].

Another potential mechanism involves sex steroids. In this study, Mn exposure was
negatively correlated with serum SHBG levels, consistent with previous studies. A Chinese
study in 118 men reported an inverse correlation between urinary Mn and TT levels [31].
Lower SHBG levels may reduce Mn’s negative impact on BMD in men. Previous research
reported the negative association between SHBG and osteoporosis [32]. SHBG regulates
the bioavailability of sex hormones such as TT and E2 by binding to them, reducing their
free, active form. Elevated SHBG levels may decrease the biological activity of TT in men,
including its protective effect on bone. As known, TT performs a crucial role in maintaining
bone mass, especially in men. TT in vivo can convert to dihydrotestosterone, inducing
androgenic activity by binding to androgen receptors. TT also acts directly on osteoblasts
by androgen receptors, promoting bone formation and increasing bone mass [22]. A
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clinical trial with 105 males with type 2 diabetes injected intramuscularly with testosterone
cypionate (200 mg) biweekly for 18 months proved that testosterone therapy contributed to
increased BMD [33]. Cross-sectional studies of postmenopausal women from the NHANES
also reported positive associations between serum TT levels and BMD [34,35], indicating
the protective effect of high TT levels on bone mass. Nevertheless, the mediation by TT in
the relationship between Mn exposure and BMD was not evident in our findings.

The observed reduction in SHBG levels could represent a physiological response to Mn
exposure, potentially serving as an adaptive mechanism to enhance the bioavailability of
bone-protective sex hormones. Mn-induced oxidative stress may impair hepatocyte function,
leading to reduced SHBG synthesis [36], or disrupt the hypothalamic—pituitary—gonadal
(HPG) axis, thereby affecting SHBG regulation [37]. Additionally, Mn exposure may trigger
systemic inflammation, increasing cytokine levels such as IL-6 and TNF-c, both of which have
been reported to downregulate SHBG production [38]. Similar effects have been observed for
other metals [39], For instance, cadmium (Cd) exposure was linked to alterations in the levels
and activity of sex steroid hormone receptors, potentially influencing intracellular signaling
and contributing to a proinflammatory state in endothelial cells [40]. These findings support
the hypothesis that metal exposures, including Mn, may influence SHBG through common
mechanisms. However, these hypotheses warrant further investigation.

Previous studies have explored the role of E2 in the relationship between heavy metal
exposure and adverse health outcomes [41-43], though results have been inconsistent
across different populations. In this study, the stronger negative association between Mn
and BMD in postmenopausal women compared to premenopausal women suggests that
lower E2 levels may exacerbate the effects of Mn exposure on bone health. Previous an-
imal studies have shown that E2 can enhance the activity of antioxidant enzymes such
as manganese superoxide dismutase (MnSOD), which helps mitigate oxidative damage
exacerbated by Mn exposure, thus protecting bone cells. E2 may also interact with estro-
gen receptors (ERs) on mitochondria to help maintain mitochondrial homeostasis [44],
preventing bone loss caused by mitochondrial dysfunction. Additionally, E2 supports
bone mass by influencing osteoclast and osteoblast activity [45] and aiding in calcium
absorption and retention [46]. As E2 levels decline after menopause, its protective role
in bone metabolism weakens, increasing the vulnerability to bone loss from factors like
Mn exposure. In contrast, premenopausal women, with more stable and higher E2 levels,
may be better protected. However, the wide confidence intervals of mediation estimates
suggest considerable uncertainty. These findings imply that while E2 may have a role in
the relationship between Mn exposure and BMD, its exact contribution remains unclear
and warrants further investigation.

We identified a more pronounced negative correlation between blood Mn and total
BMD in young adults (aged < 45 years). During key stages of bone growth, particularly
in younger individuals, the increase in bone density and the maturation of bone structure
are crucial for lifelong bone health [47]. At this stage, bone turnover is faster, and bone
remodeling is more active, making it more susceptible to external disruptions. Furthermore,
younger individuals generally have a higher metabolic rate, which may lead to faster intake
and accumulation of Mn, exacerbating its toxic effects on bone tissue. Therefore, exposure
to Mn during this period of bone development could have a more significant negative
impact on BMD.

Moreover, the negative association appeared to be more pronounced in individuals
with lower BMI, suggesting that Mn’s impact on BMD might be influenced by body
composition. Lower BMI was often associated with reduced fat reserves, which may result
in less protection for bones [48]. A pilot screening study among women in Singapore
found that lower BMI was linked to an increased risk of low bone mass [49]. Adipose
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tissue plays a crucial role in bone metabolism, as fat cells secrete hormones like E2, which
positively influence BMD [21,22]. Individuals with lower BMI tend to have relatively
lower E2 levels [50], making their bones more susceptible to external factors such as
Mn exposure. In addition, Mn plays a significant role in regulating lipid metabolism.
Animal studies have shown that lean mice have considerably higher Mn concentrations
in their bones compared to obese mice [51]. A cross-sectional study in China found that
higher Mn intake was associated with a reduced risk of abdominal obesity in men [52].
Alternatively, adipose tissue may function as a reservoir for Mn, reducing its bioavailability
and thereby lessening its impact on BMD. Lean individuals may have less adipose tissue to
sequester Mn, potentially leading to higher bioavailability and increased oxidative stress.
Nevertheless, this hypothesis requires further verification.

4.3. Strengths and Limitations

A strength of this study was the use of a large, nationally representative sample of the
U.S. population, which confirmed the negative association between blood Mn and total
BMD. The study further explored the mediating role of three hormones (TT, E2, and SHBG)
between Mn exposure and BMD, testing the hypothesis that Mn exposure may influence
hormone levels and consequently reduce BMD. In addition, the study separated the sample
by sex, and within women, stratified by menopausal status. This allowed the identification
of different hormonal mediators across subgroups, highlighting the importance of sex-
and menopause-specific effects that may not have been detected in a pooled sample. By
accounting for these differences, the study provided a more nuanced understanding of
how sex steroids modulate the relationship between Mn exposure and BMD in different
demographic groups.

Nevertheless, several limitations deserve consideration. First, TT rather than free
testosterone, was measured in this study. Although free testosterone accounted for only
1~2% of circulating TT, it is the biologically active form [53]. Most testosterone was
bound to SHBG, which may limit our ability to fully access the role of testosterone in
mediating the relationship between Mn exposure and BMD. Second, the relatively small
sample size of women with menopausal information posed a challenge, particularly when
stratifying by menopausal status, which limited the power of statistical testing. Third,
strict homeostatic regulation, a short half-life, and individual variability limited the use
of blood Mn as an indicator of long-term exposure [54]. However, we used blood Mn as
an exposure indicator since the NHANES merely measured Mn content in whole blood
and urine. Additionally, while we lacked data on specific exposure routes, which could
influence Mn’s bioavailability and toxicity, blood Mn levels reflect the integrated exposure
from various pathways, including inhalation and ingestion. Fourth, the analysis was
constrained by its cross-sectional design and therefore could not infer a causal relationship
between blood Mn and BMD. Also, since this study primarily focused on the effects
of Mn exposure on BMD, the potential synergistic or antagonistic effects of multiple
metal exposures were beyond its scope. Indeed, other metals may also be risk factors
for osteopenia or osteoporosis, such as lead (Pb), aluminum (Al), and Cd [55]. Given
that metal exposures often occur simultaneously, future studies should investigate how
co-exposure to various metals may affect bone health, and how these effects compare with
our findings. Due to the lack of thyroid function data in the NHANES 2013-2018, we were
unable to further explore the potential impact of conditions such as hypothyroidism and
hyperparathyroidism on the Mn-BMD association. The biological mechanisms underlying
our findings remained unclear, including whether interventions such as chelation therapy or
hormone supplementation could mitigate Mn-related bone loss. Thus, further prospective
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studies, as well as experiments in vivo and in vitro, are needed to verify our findings,
elucidate the physiological processes involved, and explore possible preventive strategies.

5. Conclusions

In this study, we found that exposure to Mn was negatively associated with total
BMD, with sex steroids including SHBG and E2 serving as mediators. Specifically, SHBG
mitigated the negative relationship between Mn exposure and BMD in men. Mn exposure
was associated with decreased E2 levels, which in turn correlated with reduced BMD
in postmenopausal women. These findings suggested that Mn exposure may disrupt
hormonal balance, leading to decreased BMD, particularly in sex- and menopause-specific
subgroups. Future research with larger sample size, as well as prospective cohort studies
and experimental research, are needed to confirm these findings.

Supplementary Materials: The following supporting information can be downloaded at:
https://www.mdpi.com/article/10.3390/toxics13040296/s1. Table S1 Sensitivity analyses of the
association between blood Mn and total BMD: excluding individuals under osteoporosis treatment,
and glucocorticoid users (NHANES 2013-2018). Table S2 Weighted regression coefficients for log-
transformed serum sex steroid hormones relative to a unit increase in log-transformed blood Mn
(NHANES 2013-2016). Table S3 Weighted regression coefficients for total BMD relative to a unit
increase in log-transformed serum sex steroid hormones (NHANES 2013-2016).

Author Contributions: X.Z.: Conceptualization, methodology, software, formal analysis, writing—original
draft preparation; ].L.: methodology, software, visualization, validation, writing—review and editing; ].Y.:
methodology, data curation; Y.S.: methodology, data curation; M.T.: writing—review and editing, supervision,
project administration. X.Z. and J.L. contributed equally to this manuscript. All authors have read and agreed
to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: This study was conducted in accordance with the Declaration
of Helsinki, and approved by the US National Center for Health Statistics (NCHS) Ethics Review Board
(ERB) authorized the 2013—2018 NHANES (protocol number: Protocol #2011-17, Protocol #2018-01) (see
details at https:/ /www.cdc.gov/nchs/nhanes/irba98.htm (accessed on 24 February 2025)).

Informed Consent Statement: Not applicable.

Data Availability Statement: The data used in this study can be downloaded for free in NHANES
(https:/ /wwwn.cdc.gov/nchs /nhanes/Default.aspx (accessed on 24 February 2025)).

Acknowledgments: The authors would like to express their sincere gratitude to all the participants
and staff of the NHANES study:.

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

References

1.  Consensus, A. Consensus Development Conference: Diagnosis, Prophylaxis, and Treatment of Osteoporosis. Am. |. Med. 1993,
94, 646-650. [CrossRef]

2. Xiao, P-L.; Cui, A.-Y,; Hsu, C.-J.; Peng, R,; Jiang, N.; Xu, X.-H.; Ma, Y.-G.; Liu, D.; Lu, H.-D. Global, Regional Prevalence, and Risk
Factors of Osteoporosis According to the World Health Organization Diagnostic Criteria: A Systematic Review and Meta-Analysis.
Osteoporos. Int. 2022, 33, 2137-2153. [CrossRef] [PubMed]

3. Yoo, J.E.; Shin, D.W.; Han, K.; Kim, D.; Yoon, ].W.; Lee, D.-Y. Association of Female Reproductive Factors with Incidence of
Fracture Among Postmenopausal Women in Korea. JAMA Netw. Open 2021, 4, e2030405. [CrossRef]

4. Wright, N.C.; Looker, A.C.; Saag, K.G.; Curtis, ].R.; Delzell, E.S.; Randall, S.; Dawson-Hughes, B. The Recent Prevalence of
Osteoporosis and Low Bone Mass in the United States Based on Bone Mineral Density at the Femoral Neck or Lumbar Spine.
J. Bone Min. Res. 2014, 29, 2520-2526. [CrossRef]

5. Morris, J.A.; Kemp, ].P; Youlten, S.E.; Laurent, L.; Logan, ].G.; Chai, R.C.; Vulpescu, N.A; Forgetta, V.; Kleinman, A.; Mohanty,

S.T,; et al. An Atlas of Genetic Influences on Osteoporosis in Humans and Mice. Nat. Genet. 2019, 51, 258-266. [CrossRef]

80



Toxics 2025, 13, 296

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.
20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Huang, Z.; Wang, X.; Wang, H.; Zhang, S.; Du, X.; Wei, H. Relationship of Blood Heavy Metals and Osteoporosis among the
Middle-Aged and Elderly Adults: A Secondary Analysis from NHANES 2013 to 2014 and 2017 to 2018. Front. Public Health 2023,
11, 1045020. [CrossRef] [PubMed]

Wei, M.; Huang, Q.; Dai, Y.; Zhou, H.; Cui, Y.; Song, W.; Di, D.; Zhang, R.; Li, C.; Wang, Q.; et al. Manganese, Iron, Copper, and
Selenium Co-Exposure and Osteoporosis Risk in Chinese Adults. J. Trace Elem. Med. Biol. 2022, 72, 126989. [CrossRef]

Baj, J.; Flieger, W.; Barbachowska, A.; Kowalska, B.; Flieger, M.; Forma, A.; Teresinski, G.; Portincasa, P.; Buszewicz, G,;
Radzikowska-Biichner, E.; et al. Consequences of Disturbing Manganese Homeostasis. Int. |. Mol. Sci. 2023, 24, 14959. [CrossRef]
Chung, S.E.; Cheong, H.-K; Ha, E.-H.; Kim, B.-N.; Ha, M,; Kim, Y,; Hong, Y.-C.; Park, H.; Oh, S.-Y. Maternal Blood Manganese
and Early Neurodevelopment: The Mothers and Children’s Environmental Health (MOCEH) Study. Environ. Health Perspect.
2015, 123, 717-722. [CrossRef]

Liu, Y.; Yu, M,; Cui, J.; Du, Y,; Teng, X.; Zhang, Z. Heat Shock Proteins Took Part in Oxidative Stress-Mediated Inflammatory
Injury via NF-kB Pathway in Excess Manganese-Treated Chicken Livers. Ecotfoxicol. Environ. Saf. 2021, 226, 112833. [CrossRef]
Zhu, Y,; Li, S.; Teng, X. The Involvement of the Mitochondrial Pathway in Manganese-Induced Apoptosis of Chicken Splenic
Lymphocytes. Chemosphere 2016, 153, 462—-470. [CrossRef] [PubMed]

Du, Y,; Zhu, Y,; Teng, X.; Zhang, K.; Teng, X; Li, S. Toxicological Effect of Manganese on NF-«kB/iNOS-COX-2 Signaling Pathway
in Chicken Testes. Biol. Trace Elem. Res. 2015, 168, 227-234. [CrossRef] [PubMed]

O’Neal, S.L.; Hong, L.; Fu, S.; Jiang, W.; Jones, A.; Nie, L.H.; Zheng, W. Manganese Accumulation in Bone Following Chronic
Exposure in Rats: Steady-State Concentration and Half-Life in Bone. Toxicol. Lett. 2014, 229, 93-100. [CrossRef]

Liu, J; Tang, Y.; Chen, Y.; Zhang, X.; Xia, Y.; Geng, B. Association between Blood Manganese and Bone Mineral Density in US
Adolescents. Env. Sci. Pollut. Res. 2023, 30, 29743-29754. [CrossRef]

Wang, C.; Zhu, Y.; Long, H.; Ou, M.; Zhao, S. Relationship between Blood Manganese and Bone Mineral Density and Bone
Mineral Content in Adults: A Population-Based Cross-Sectional Study. PLoS ONE 2022, 17, €0276551. [CrossRef]

Wei, M.-H.; Cui, Y.; Zhou, H.-L.; Song, W.-].; Di, D.-S.; Zhang, R.-Y.; Huang, Q.; Liu, J.-A.; Wang, Q. Associations of Multiple
Metals with Bone Mineral Density: A Population-Based Study in US Adults. Chemosphere 2021, 282, 131150. [CrossRef]

Li, D.; Ge, X,; Liu, Z.; Huang, L.; Zhou, Y.; Liu, P; Qin, L.; Lin, S.; Liu, C.; Hou, Q.; et al. Association between Long-Term
Occupational Manganese Exposure and Bone Quality among Retired Workers. Environ. Sci. Pollut. Res. Int. 2020, 27, 482-489.
[CrossRef]

Li, L.; Yang, X. The Essential Element Manganese, Oxidative Stress, and Metabolic Diseases: Links and Interactions. Oxidative
Med. Cell. Longev. 2018, 2018, 7580707. [CrossRef] [PubMed]

Zofkova, I; Nemcikova, P,; Matucha, P. Trace Elements and Bone Health. Clin. Chem. Lab. Med. (CCLM) 2013, 51, 1555-1561. [CrossRef]
Guo, T;; Zhang, L.; Konermann, A.; Zhou, H.; Jin, E; Liu, W. Manganese Superoxide Dismutase Is Required to Maintain Osteoclast
Differentiation and Function under Static Force. Sci. Rep. 2015, 5, 8016. [CrossRef]

David, K.; Narinx, N.; Antonio, L.; Evenepoel, P.; Claessens, F.; Decallonne, B.; Vanderschueren, D. Bone Health in Ageing Men.
Rev. Endocr. Metab. Disord. 2022, 23, 1173-1208. [CrossRef] [PubMed]

Shigehara, K.; Izumi, K.; Kadono, Y.; Mizokami, A. Testosterone and Bone Health in Men: A Narrative Review. J. Clin. Med. 2021,
10, 530. [CrossRef]

Spaur, M.; Nigra, A.E.; Sanchez, T.R.; Navas-Acien, A.; Lazo, M.; Wu, H.-C. Association of Blood Manganese, Selenium with
Steatosis, Fibrosis in the National Health and Nutrition Examination Survey, 2017-2018. Environ. Res. 2022, 213, 113647.
[CrossRef]

Zhou, H.; Wang, Y.; Gatcombe, M.; Farris, ].; Botelho, ].C.; Caudill, S.P.; Vesper, H.W. Simultaneous Measurement of Total Estradiol
and Testosterone in Human Serum by Isotope Dilution Liquid Chromatography Tandem Mass Spectrometry. Anal. Bioanal. Chem.
2017, 409, 5943-5954. [CrossRef]

Seccareccia, F; Zuccaro, P.; Pacifici, R.; Meli, P.; Pannozzo, F.; Freeman, K.M.; Santaquilani, A.; Giampaoli, S. Serum Cotinine as a
Marker of Environmental Tobacco Smoke Exposure in Epidemiological Studies: The Experience of the MATISS Project. Eur. |.
Epidemiol. 2003, 18, 487-492. [CrossRef]

Zhang, M.; Hou, Y.; Ren, X.; Cai, Y.; Wang, J.; Chen, O. Association of a Body Shape Index with Femur Bone Mineral Density
among Older Adults: NHANES 2007-2018. Arch. Osteoporos. 2024, 19, 63. [CrossRef] [PubMed]

Tofighi, D.; MacKinnon, D.P. RMediation: An R Package for Mediation Analysis Confidence Intervals. Behav. Res. 2011,
43, 692-700. [CrossRef] [PubMed]

Bae, Y.-].; Kim, M.-H. Manganese Supplementation Improves Mineral Density of the Spine and Femur and Serum Osteocalcin in
Rats. Biol. Trace Elem. Res. 2008, 124, 28-34. [CrossRef]

Lin, S.; Yang, F; Ling, M.; Fan, Y. Association between Bone Trace Elements and Osteoporosis in Older Adults: A Cross-Sectional
Study. Ther. Adv. Musculoskelet. Dis. 2022, 14, 1759720X221125984. [CrossRef]

Gaffney-Stomberg, E. The Impact of Trace Minerals on Bone Metabolism. Biol. Trace Elem. Res. 2019, 188, 26-34. [CrossRef]

81



Toxics 2025, 13, 296

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.
54.

55.

Zeng, Q.; Zhou, B.; Feng, W.; Wang, Y.-X; Liu, A.-L.; Yue, J.; Li, Y.-F,; Lu, W.-Q. Associations of Urinary Metal Concentrations and
Circulating Testosterone in Chinese Men. Reprod. Toxicol. 2013, 41, 109-114. [CrossRef] [PubMed]

Narinx, N.; David, K.; Walravens, J.; Vermeersch, P; Claessens, E; Fiers, T.; Lapauw, B.; Antonio, L.; Vanderschueren, D. Role of
Sex Hormone-Binding Globulin in the Free Hormone Hypothesis and the Relevance of Free Testosterone in Androgen Physiology.
Cell. Mol. Life Sci. 2022, 79, 543. [CrossRef] [PubMed]

Colleluori, G.; Aguirre, L.; Napoli, N.; Qualls, C.; Villareal, D.T.; Armamento-Villareal, R. Testosterone Therapy Effects on Bone Mass
and Turnover in Hypogonadal Men with Type 2 Diabetes. . Clin. Endocrinol. Metab. 2021, 106, e3058-e3068. [CrossRef] [PubMed]
Yang, J.; Kong, G.; Yao, X.; Zhu, Z. Association between Serum Total Testosterone Level and Bone Mineral Density in Middle-Aged
Postmenopausal Women. Int. J. Endocrinol. 2022, 2022, 4228740. [CrossRef]

Nunes, E.; Gallardo, E.; Morgado-Nunes, S.; Fonseca-Moutinho, J. Steroid Hormone Levels and Bone Mineral Density in Women
over 65 Years of Age. Sci. Rep. 2023, 13, 4925. [CrossRef]

Sun, Y.; Li, S.; Liu, H.; Bai, H.; Hu, K.; Zhang, R.; Liu, Q.; Fan, P. Oxidative Stress Promotes Hyperandrogenism by Reducing Sex
Hormone-Binding Globulin in Polycystic Ovary Syndrome. Fertil. Steril. 2021, 116, 1641-1650. [CrossRef]

Nkpaa, KW.; Amadi, B.A.; Adedara, I.A.; Wegwu, M.O.; Farombi, E.O. Ethanol Exacerbates Manganese—Induced Functional
Alterations along the Hypothalamic-Pituitary-Gonadal Axis of Male Rats. Neurosci. Lett. 2018, 684, 47-54. [CrossRef]
Osmancevic, A.; Daka, B.; Michos, E.D.; Trimpou, P.; Allison, M. The Association between Inflammation, Testosterone and SHBG
in Men: A Cross-Sectional Multi-Ethnic Study of Atherosclerosis. Clin. Endocrinol. 2023, 99, 190-197. [CrossRef]

Chen, C.; Wang, N.; Nie, X,; Han, B.; Li, Q.; Chen, Y.; Zhai, H.; Zhu, C.; Chen, Y,; Xia, F,; et al. Blood Cadmium Level Associates
with Lower Testosterone and Sex Hormone-Binding Globulin in Chinese Men: From SPECT-China Study, 2014. Biol. Trace Elem.
Res. 2016, 171, 71-78. [CrossRef]

Fittipaldi, S.; Bimonte, V.M.; Soricelli, A.; Aversa, A.; Lenzi, A.; Greco, E.A.; Migliaccio, S. Cadmium Exposure Alters Steroid
Receptors and Proinflammatory Cytokine Levels in Endothelial Cells in Vitro: A Potential Mechanism of Endocrine Disruptor
Atherogenic Effect. J. Endocrinol. Investig. 2019, 42, 727-739. [CrossRef]

Chen, Y;; Pu, Y;; Liu, H.; Cao, A; Du, Y;; He, S.; Ai, S.; Dang, Y. A Study on the Mediating Role of Serum Hormones in the Effects
of Heavy Metals on Preeclampsia. Environ. Pollut. 2024, 360, 124721. [CrossRef]

Liu, H.; Li, Z,; Xie, L.; Jing, G.; Liang, W.; He, J.; Dang, Y. The Relationship Between Heavy Metals and Missed Abortion: Using
Mediation of Serum Hormones. Biol. Trace Elem. Res. 2024, 202, 3401-3412. [CrossRef]

Li, X.; Yu, X,; Luo, K;; Liu, H.; Fan, X,; Yin, X.; Zhao, Q.; Liu, X.; Yang, Y. Exposure to Metals and the Disruption of Sex Hormones
in 6-19 Years Old Children: An Exploration of Mixture Effects. Ecotoxicol. Environ. Saf. 2023, 250, 114477. [CrossRef] [PubMed]
Vasconsuelo, A.; Pronsato, L.; Ronda, A.C.; Boland, R.; Milanesi, L. Role of 173-Estradiol and Testosterone in Apoptosis. Steroids
2011, 76, 1223-1231. [CrossRef] [PubMed]

Riggs, B.L.; Khosla, S.; Melton, L.J., III. Sex Steroids and the Construction and Conservation of the Adult Skeleton. Endocr. Rev.
2002, 23, 279-302. [CrossRef]

Pinsino, A.; Roccheri, M.C.; Costa, C.; Matranga, V. Manganese Interferes with Calcium, Perturbs ERK Signaling, and Produces
Embryos with No Skeleton. Toxicol. Sci. 2011, 123, 217-230. [CrossRef]

Yang, Y.; Wu, F; Winzenberg, T.; Jones, G. Tracking of Areal Bone Mineral Density from Age Eight to Young Adulthood and
Factors Associated With Deviation From Tracking: A 17-Year Prospective Cohort Study. J. Bone Miner. Res. 2018, 33, 832-839.
[CrossRef] [PubMed]

Lin, S.; Chen, C.; Cai, X.; Yang, F,; Fan, Y. The Concentrations of Bone Calcium, Phosphorus and Trace Metal Elements in Elderly
Patients with Intertrochanteric Hip Fractures. Front. Endocrinol. 2022, 13, 1005637. [CrossRef]

Ang, S.B.; Xia, ].Y.; Cheng, S.J.; Chua, M.T,; Goh, L.; Dhaliwal, S.S. A Pilot Screening Study for Low Bone Mass in Singaporean
Women Using Years since Menopause and BMI. Climacteric 2022, 25, 163-169. [CrossRef]

Qiao, D.; Li, Y;; Liu, X.; Zhang, X.; Qian, X.; Zhang, H.; Zhang, G.; Wang, C. Association of Obesity with Bone Mineral Density
and Osteoporosis in Adults: A Systematic Review and Meta-Analysis. Public Health 2020, 180, 22-28. [CrossRef]

Kennedy, M.L.; Failla, M.L.; Smith, J.C. Influence of Genetic Obesity on Tissue Concentrations of Zinc, Copper, Manganese and
Iron in Mice. J. Nutr. 1986, 116, 1432-1441. [CrossRef] [PubMed]

Zhou, B.; Su, X,; Su, D.; Zeng, F.; Wang, M.H.; Huang, L.; Huang, E.; Zhu, Y.; Zhao, D.; He, D; et al. Dietary Intake of Manganese
and the Risk of the Metabolic Syndrome in a Chinese Population. Br. J. Nutr. 2016, 116, 853-863. [CrossRef] [PubMed]

Kanakis, G.A.; Tsametis, C.P,; Goulis, D.G. Measuring Testosterone in Women and Men. Maturitas 2019, 125, 41-44. [CrossRef]
Karyakina, N.A ; Shilnikova, N.; Farhat, N.; Ramoju, S.; Cline, B.; Momoli, F.; Mattison, D.; Jensen, N.; Terrell, R.; Krewski, D.
Biomarkers for Occupational Manganese Exposure. Crit. Rev. Toxicol. 2022, 52, 636—663. [CrossRef] [PubMed]

Battistini, B.; Greggi, C.; Visconti, V.V.; Albanese, M.; Messina, A.; De Filippis, P,; Gasperini, B.; Falvino, A.; Piscitelli, P; Palombi, L.; et al.
Metals Accumulation Affects Bone and Muscle in Osteoporotic Patients: A Pilot Study. Environ. Res. 2024, 250, 118514. [CrossRef]

82



Toxics 2025, 13, 296

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.

83



Article
Health Risk Assessment of Potentially Toxic Element Uptake by
Lotus (Nelumbo nucifera) in Floating Lake Gardens

Mohssen Elbagory 1 FarahatS. Moghanm 2 Tbrahim Mohamed 3, Sahar El-Nahrawy 4 Alaa El-Dein Omara 4,
Madhumita Goala %, Pankaj Kumar 7, Boro Mio¢ &, Zeljko Andabaka ® and Ivan Sirié 8*

Health Specialties, Basic Sciences and Applications Unit, Applied College, King Khalid University,

Mohayil Asir Abha 61421, Saudi Arabia; mhmohammad@kku.edu.sa

2 Soil and Water Department, Faculty of Agriculture, Kafrelsheikh University, Kafr El-Sheikh 33516, Egypt;
fsaadr@yahoo.ca

Department of Soil and Water Sciences, Faculty of Agriculture, Benha University, Moshtohor,

Toukh 13736, Egypt; ibrahim.ali@fagr.bu.edu.eg

Soil Microbiology Research Department, Soils, Water, and Environment Research Institute (SWERI),
Agriculture Research Center (ARC), Giza 12112, Egypt; sahar.elnahrawy@yahoo.com (S.E.-N.);
alaa.omara@yahoo.com (A.E.-D.O.)

Department of Environmental Science, Graphic Era (Deemed to be University), Dehradun 248002, India
School of Environmental Studies, Maa Shakumbhari University, Punwarka, Saharanpur 247120, India
Research and Development Division, Society for AgroEnvironmental Sustainability, Dehradun 248007, India
Faculty of Agriculture, University of Zagreb, Svetosimunska 25, 10000 Zagreb, Croatia; bmioc@agr.hr (B.M.)
Correspondence: isiric@agr.hr

® N o Wl

Abstract: The present study investigated the uptake and health risks of potentially toxic
elements (PTEs) by lotus (Nelumbo nucifera) cultivated in floating lake gardens of Dal Lake,
Srinagar, India. Rapid urbanization and anthropogenic activities have led to PTE contam-
ination in the lake, raising concerns about food safety and ecological sustainability. The
objectives were to evaluate the physicochemical properties of water and sediment and to
quantify PTEs (Cd, Cu, Cr, Co, Fe, Mn, Ni, and Zn) accumulation in different tissues of N.
nucifera with associated health risks. A systematic sampling approach was adopted across
four zones of the lake, collecting water, sediment, and plant tissues (August to October
2024). The results showed significant PTE contamination, with sediment showing high
concentrations of Fe (1610.51 mg/kg), Mn (31.48 mg/kg), and Cr (29.72 mg/kg). Bioac-
cumulation factors indicated preferential PTE accumulation in roots, with Fe exhibiting
the highest uptake (95.11). Translocation factors were low for most PTEs, suggesting lim-
ited mobility to edible parts. Health risk assessment indicated that Cr posed the highest
non-carcinogenic risk (HRI = 1.8000 in rhizomes). The cumulative target hazard quotient
(THQ) remained below 1, suggesting no immediate risk, but long-term exposure war-
rants concern. The study provided valuable information on the necessity of continuous
monitoring and pollution mitigation strategies to ensure the food safety of floating lake
garden-derived crops.

Keywords: bioaccumulation; floating lake gardens; health risk assessment; lotus cultiva-
tion; toxic element contamination

1. Introduction

The lotus (Nelumbo nucifera), commonly known as the sacred lotus, is an aquatic plant
with deep evolutionary and ecological significance [1]. Fossil records suggest that N. nu-
cifera has existed for over 135 million years, with its lineage dating back to the Cretaceous
period [2]. Its distribution is largely affected by precipitation and availability of water
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bodies [3,4]. The species has developed specialized adaptations, such as hydrophobic
leaves, thermoregulation in flowers, and seed dormancy, which allow it to thrive in aquatic
environments [5]. N. nucifera plays an important role in stabilizing wetland ecosystems
by improving water quality, controlling algal blooms, and providing habitat for various
aquatic organisms [6,7]. Apart from its ecological importance, N. nucifera has been widely
used in traditional medicine, culinary practices, and religious ceremonies [8]. The rhi-
zomes, seeds, leaves, and flowers of N. nucifera contain bioactive compounds such as
alkaloids, flavonoids, and polyphenols, which exhibit antioxidant, anti-inflammatory, and
antimicrobial properties [9]. N. nucifera is valued in Asian cultures for its nutritional [10]
and medicinal properties, used in Ayurveda and traditional Chinese medicine for various
ailments, and symbolizes purity and enlightenment in Hinduism and Buddhism [11]. Thus,
due to its wide ecological, medicinal, and cultural applications, N. nucifera is one of the
significant aquatic plants in both natural and human-influenced landscapes [12].

N. nucifera horticulture practice is widespread across Asia, particularly in China, India,
Japan, and Southeast Asian countries, where it is grown for food, medicine, and ornamental
purposes [13,14]. China is the leading producer, cultivating N. nucifera on large-scale aquatic
farms, particularly in provinces like Hubei and Jiangxi, where the plant is used for seed and
rhizome production [15]. In India, N. nucifera is grown in the water bodies of Uttar Pradesh,
Bihar, Kashmir, and Tamil Nadu states [16]. The edible parts of N. nucifera, especially the
rhizomes (locally called Nadru in Kashmir) and seeds (Makhana), contribute significantly to
local economies [17]. The growing market for N. nucifera products is related to herbal teas,
essential oils, and pharmaceuticals [18], alongside its cultivation for religious, aesthetic,
and agro-tourism purposes [19]. Therefore, the increasing recognition of N. nucifera as a
high-value crop has encouraged research into optimized cultivation methods, value-added
processing, and market expansion to enhance its commercial viability.

Floating lake gardens are a unique agricultural system practiced in various parts of
the world that provides a sustainable means of cultivating aquatic crops like N. nucifera [20].
These gardens are prevalent in regions with extensive water bodies such as Dal Lake in
Kashmir, Inle Lake in Myanmar, and parts of Bangladesh [21,22]. Farmers construct floating
beds using organic materials such as decomposed plant matter, allowing crops to grow on
water surfaces. This method optimizes land use, provides livelihood opportunities, and
ensures year-round cultivation. In Dal Lake, floating gardens (Rad) serve as an essential
resource for local farmers who grow N. nucifera alongside vegetables and other aquatic
crops [23]. The system also enhances nutrient recycling in lakes, contributing to ecological
balance. However, increasing anthropogenic activities have led to severe water quality
degradation in many lakes, including Dal Lake [24]. Unregulated sewage discharge,
agricultural runoff, and urban expansion have introduced high levels of organic pollutants,
potentially toxic elements (PTEs), and excess nutrients, leading to eutrophication and
contamination of aquatic ecosystems [25,26]. Water quality assessments of Dal Lake have
revealed elevated concentrations of biochemical oxygen demand (BOD), chemical oxygen
demand (COD), and potentially toxic elements (PTEs) such as cadmium (Cd), lead (Pb),
and chromium (Cr) [27,28]. These pollutants pose serious threats to aquatic biodiversity,
disrupt ecosystem functions, and jeopardize the safety of crops grown in floating lake
gardens [29].

The ability of aquatic plants to absorb and accumulate PTEs raises concerns about
the safety of edible crops cultivated in polluted water bodies [30]. N. nucifera, with its
extensive root system, can absorb and store PTEs from sediments and water, leading
to bioaccumulation in rhizomes, leaves, and seeds [31]. Studies have reported high
concentrations of PTEs such as Cd, Pb, nickel (Ni), and arsenic (As) in N. nucifera tissues
when grown in contaminated water [32]. The translocation of these PTE from roots to
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edible parts increases potential health risks for consumers. PTE accumulation in food
crops is associated with several toxicological effects, including neurotoxicity, kidney
damage, and carcinogenicity [33]. Chronic exposure to Cd and Pb through dietary
intake can result in bioaccumulation in human tissues, leading to oxidative stress, bone
demineralization, and cardiovascular diseases [34]. The target hazard quotient (THQ)
and hazard risk index (HRI) are commonly used to evaluate the potential health risks
associated with consuming PTE-contaminated food [35]. Elevated THQ values indicate
a significant non-carcinogenic health risk, particularly for populations that consume N.
nucifera thizomes as a staple [36].

Despite increasing concerns about heavy metal contamination in aquatic envi-
ronments, limited research has examined the bioaccumulation of PTEs in N. nucifera.
Previous studies have reported PTE in various macrophytes, yet there is insufficient data
on the extent of PTE uptake by N. nucifera, particularly in highly polluted freshwater
ecosystems, i.e., Dal Lake. The contamination of water and sediment by anthropogenic
activities raises concerns regarding metal accumulation in edible plant parts, which may
pose health risks to consumers [37]. However, no study has specifically assessed the
bioaccumulation and health risks associated with N. nucifera growing in the floating lake
gardens of Dal Lake.

Thus, this study hypothesizes that N. nucifera accumulates PTEs from contaminated
water and sediments, leading to potential health risks. The objectives of this study were:
(1) to evaluate the physicochemical properties of water and sediment, as well as the
bioaccumulation and translocation patterns of PTEs in different parts of N. nucifera; and
(2) to assess the health risks associated with the consumption of N. nucifera rhizomes and
seeds. The findings of this research provide valuable information for metal contamination
in edible aquatic plants and contribute to environmental monitoring efforts, risk assessment
frameworks, and potential remediation strategies for contaminated aquatic ecosystems.

2. Materials and Methods
2.1. Study Area

This study was conducted in Dal Lake, Srinagar, Kashmir (34.1106° N, 74.8683° E), a
freshwater lake renowned for its scenic beauty and cultural significance (Figure 1). The
lake, historically fed by the Jhelum River, has transformed into an urban water body due
to increasing tourism and anthropogenic activities. It has a shoreline of approximately
15.5 km and covers an area of 18 km?, with an average depth of 1.5 m and a maximum depth
of 6 m. The lake is divided into four basins: Hazratbal, Bod Dal, Gagribal, and Nigeen.
The present study was conducted between August and October 2024, coinciding with the
growth and harvest period of N. nucifera, locally known as Nadru. N. nucifera cultivation is
a traditional practice in the floating gardens (Rad in the local language) of Dal Lake, which
serve as an important economic resource for local farmers. These gardens are established in
shallow shore areas (1-2 m depth), where organic content-rich sediments provide suitable
conditions for N. nucifera growth. The plant is cultivated for seeds (Makhana), rhizomes,
and flowers, which hold nutritional, medicinal, and religious importance. Previously, the
plant was genetically identified by Mehraj et al. [38] using the DNA barcoding method
(MatK primer).
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Jammu
and
Kashmir

Figure 1. (a) Map of the Dal Lake located in Jammu and Kashmir state of India, and (b) floating lake
gardens with N. nucifera (map created using Bhuvan 2D and Power-user).

2.2. Sampling Design and Sample Collection

A comprehensive sampling approach was employed to assess the uptake of potentially
toxic elements in Nelumbo nucifera in Dal Lake, Srinagar. Samples were collected over three
phases during the N. nucifera growth and harvest period, specifically from August to
October 2024. The study area was divided into four distinct spatial zones—Hazratbal,
Bod Dal, Gagribal, and Nigeen. In each zone, three samples were collected per month,
resulting in a total of 12 samples per month. Over the three-month study period, 36 samples
were collected separately for water, sediment, and plant tissues. In this, water samples
were collected in 5 L capacity PVC containers, following standard procedures. These
containers were pre-rinsed with distilled water before sample collection. Sediment samples
were collected using a Van Veen grab sampler at a bottom depth of 5-10 cm [39]. The
samples were transferred into pre-cleaned polyethylene bags, stored on ice, and transported
to the laboratory for analysis. On the other hand, plant samples, including N. nucifera
rhizomes, roots, petioles, leaves, and seeds, were carefully harvested by cutting using a
sharp knife and stored in sterile zip-lock polybags to prevent microbial degradation and
cross-contamination. All collected samples were transported under controlled conditions
to the laboratory for further physicochemical and elemental analysis.

2.3. Analytical Methods

Water and sediment quality parameters were analyzed to assess the physicochemical
characteristics of Dal Lake. The pH of water and sediment samples was measured using a
digital pH meter to determine the acidity or alkalinity. Electrical conductivity (EC) and total
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dissolved solids (TDS) were analyzed using a multimeter. Dissolved organic matter (DOM)
was quantified using a UV-Vis spectrophotometric method [40]. Biochemical oxygen
demand (BODs) was determined using the Winkler method. Chemical oxygen demand
(COD) was analyzed by the open reflux method, which estimates the oxidizable organic
and inorganic matter in water. Total nitrogen (TN) was quantified using the Kjeldahl
method [41]. Total phosphorus (TP) was estimated using a spectrophotometric method.
PTE concentrations (Cd, Cu, Cr, Co, Fe, Mn, Ni, and Zn) in water and N. nucifera tissue were
analyzed using Inductively Coupled Plasma Optical Emission Spectroscopy (ICP-OES).
Water samples were acidified with nitric acid (HNO3) and subjected to microwave digestion
before ICP-OES analysis. Sediment and plant samples were oven-dried, ground into a
fine powder, and digested using a mixture of HNOj3; and hydrogen peroxide (H,O,). The
resulting digests from three matrices were filtered, diluted to 50 mL using 2% HNOj3, and
analyzed using ICP-OES for quantification of PTE concentrations [42]. Method validation
was performed by assessing recovery rates using Certified Reference Materials (CRM), with
analytical accuracy within an acceptable range of 96-102%. The Limit of Detection (LOD)
and Limit of Quantification (LOQ) were determined for each PTE using signal-to-noise
ratios of 3:1 and 10:1, respectively.

2.4. Data Analysis

The bioconcentration factor (BCF) and translocation factor (TF) were calculated to
assess the uptake and internal mobility of elements in N. nucifera. The BCF was determined
as the ratio of PTE concentration in plant tissues to that in water. The TF was calculated as
the ratio of PTE concentration in the aerial parts to that in the roots.

BAF = PTEplant/PTEwater @)

TF = PTEaerial/PTEroot )

To evaluate potential health risks, dietary intake of metal (DIM), hazard risk index
(HRI), and target hazard quotient (THQ) were computed for edible plant tissues, particu-
larly rhizomes, using established risk assessment models [35]. In this, Equations (3) and (4)
were used to compute HRI and DIM values, as given below:

DIM
HRI = ——

RID 3)

DIM — SL x L1E€ @)

where RfD, SL, PTEc, and Bw represent oral reference dose, serving of N. nucifera thizome
and seeds (dried weight), PTE concentration, and body weight of consumer (70 kg), respec-
tively. Additionally, THQ [43] was used to evaluate the health risk of PTE accumulation in
saffron as per the following model (Equation (5)):

Ef x Ed x Ir x PTEc
Bw x Cp x RfD

THQ =107 x ®)
where 1073 is the conversion factor, Ef is the exposure frequency, Ed is the exposure
duration (365 days), Ir represents the saffron ingestion rate (0.30 kg/day), PTEc is the
PTE concentration in the N. nucifera sample (mg/kg), Bw corresponds to the average

body weight (70 kg), Cp is the consumption period (25550 days), and Rd is the reference
dose in suggested by USEPA [44] terms of mg/kg/day (Cd: 1.0 x 1073; Cu: 4.0 x 107
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Cr: 5.0 x 107%; Co: 2.0 x 1072, Fe: 7.0 x 10~!; Mn: 1.4 x 10~2, Ni: 2.0 x 10~2, and Zn:
3.0 x 10~ 1). Further, the combined toxicity of PTE intake from N. nucifera was calculated as
per Equation (6):

Y THQ = THQ(Cd + Cu + Cr + Co 4 Fe + Mn + Ni + Zn) (6)

To determine the contribution of each PTE in N. nucifera uptake, the Accumulation
Nutrient Elements (ANEs) method was applied [45]. The ANEs model quantifies the uptake
of elements by N. nucifera by assessing their accumulation in plant tissues. This model
helps determine the contribution of each element to overall uptake, providing insights into
bioaccumulation patterns. The percentage contribution of each PTE was computed using
the following model (Equation (7)):

Y=Y (Z:2) )

where Y represents the total accumulation of participating PTE in mmol./kg. Z denotes
the concentration of PTE (mg/kg), and z is its ion valency. The percentage contribution (X)
of each PTE was then calculated using the formula (Equation (8)):

X = [W’] ®)

One-way analysis of variance (ANOVA), followed by Tukey’s Honest Significant
Difference (HSD) test, was conducted to compare PTE concentrations across different
plant tissues (statistical significance at p < 0.05). All statistical analyses and graphical
visualization were performed using MS Excel 365 (Microsoft Corp, Redmond, WA, USA)
and OriginPro 2024b (OriginLab, Northampton, MA, USA).

3. Results and Discussion
3.1. Water and Sediment Quality of Dal Lake

As depicted in Table 1, the water quality parameters of Dal Lake exhibit significant
variations from permissible limits set by CPCB and BIS. The average pH of lake water was
recorded to be alkaline (8.12) while sediment showed an acidic reaction (6.30). The observed
pH difference between lake water and sediment can be attributed to several environmental
and geochemical factors. The alkaline nature of lake water is likely influenced by high
biological productivity, photosynthetic activity, and carbonate buffering, which increase
hydroxyl ion concentration [46]. In contrast, the sediment exhibits an acidic reaction due to
organic matter decomposition, microbial activity, and the accumulation of metal sulfides,
which release protons and lower pH. Additionally, limited mixing between sediment and
overlying water prevents pH equilibration, contributing to this disparity [47]. The BOD of
15.72 mg/L exceeds the permissible limit of 3 mg/L, indicating high organic pollution and
microbial activity, likely due to anthropogenic inputs. Similarly, COD is high (135.15 mg/L),
which is the result of a considerable load of non-biodegradable organic pollutants. TN
and TP concentrations in water are also high. PTE concentrations in water, particularly
Cd (0.06 mg/L), Cr (0.30 mg/L), and Ni (0.45 mg/L), exceeded regulatory limits. On the
other hand, the bottom sediment data showed substantial accumulation of PTEs, with Fe
(1610.51 mg/kg), Mn (31.48 mg/kg), and Cr (29.72 mg/kg) exceeding background levels.
Herein, Cd concentration (0.94 mg/kg) exceeds the Canadian Sediment Quality Guidelines
(CSQG) threshold (0.68 mg/kg) [48] and national sediment quality guidelines (SQGs) [49].
Moreover, DOM in sediments (455.37 mg/kg) further suggests high organic contamination.
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The observed EC in sediments (2.26 dS/m) was high compared to water (0.36 dS/m), which
indicated ionic enrichment over time.

Table 1. Water and bottom sediment quality of floating gardens in Dal Lake, Srinagar, India.

Water Bottom Sediment
Parameter Value CPCB BIS Value CSQG USEPA
Standard  Standard Standard Standard
pH 8.12 +0.05 6.50-9.00  6.50-8.50 6.30 = 0.04 - 6.00—8.50
EC (dS/m) 0.36 4+ 0.02 0.75 0.75 2.26 +0.51 - 4.00
TDS 242.85 + 6.95 mg/L 500.00 500.00 - - -
DOM 2295 + 6.20 mg/L - - 455.37 = 79.05 mg/kg - 0.10—5.00%
BOD 15.72 £ 042 mg/L 3.00 3.00 - - -
COD 135.15 £ 12.85 mg/L 250.00 250.00 - - -
TN 9.89 +1.28 mg/L - - 581.04 £ 45.09 mg/kg - 0.02—0.50%
TP 5.60 + 0.46 mg/L - - 94.20 + 8.71 mg/kg - 200—1000
Cd 0.06 + 0.03 mg/L 0.01 0.01 0.94 + 0.12 mg/kg 0.68 4.98
Cu 3.40 £ 0.29 mg/L 1.50 1.50 13.24 £1.87 mg/kg 18.70 149.00
Cr 0.30 + 0.07 mg/L 0.05 0.05 29.72 £ 3.90 mg/kg 52.30 111.00
Co 0.52 + 0.10 mg/L - - 11.63 £ 0.42 mg/kg - -
Fe 295+ 0.16 mg/L 0.30 0.30 1610.51 = 249.03 mg/kg  2.00-5.00% -
Mn 0.50 &+ 0.07 mg/L 0.10 0.10 31.48 +3.72 mg/kg - 460.00
Ni 0.45 + 0.09 mg/L 0.02 0.02 410 £+ 0.21 mg/kg 15.90 48.60
/n 1.15 £ 0.03 mg/L 5.00 5.00 66.86 = 8.32 mg/kg 124.00 459.00

Values are means followed by the standard deviation of 36 samples; CPCB: Central Pollution Control Board,
India; BIS: Bureau of Indian Standards; CSQG: Canadian Sediment Quality Guidelines; USEPA: United States
Environmental Protection Agency.

The observed water quality in Dal Lake indicated severe anthropogenic stress, pri-
marily driven by unregulated sewage discharge, agricultural runoff, and industrial ef-
fluents [50]. The high BOD and COD levels indicate significant organic pollution, likely
from untreated wastewater and decaying plant matter, which triggers microbial activity.
Also, high nutrient levels, particularly TN and TP, indicated eutrophication possibili-
ties [51], which could result in promoting algal blooms and oxygen depletion [52]. PTE
contamination, particularly Cd, exceeding permissible limits, points to industrial and other
commercial emissions, as well as leaching from urban waste. The acidic sediment pH
and high EC also show that the lake has undergone long-term ionic enrichment and PTE
accumulation, intensified by limited sediment removal. Previous studies on Dal Lake
have shown significant natural and anthropogenic influences on its water and sediment
chemistry. Water samples show a predominance of carbonate and silicate weathering, with
lower pH and higher total dissolved solids in some areas due to sewage inputs [28]. PTE
analysis also showed moderate enrichment of Cr, Ni, Cu, Zn, Pb, Fe, and Mn in sediments,
with pollution levels increasing towards the central parts of the lake. Higher total organic
carbon and nitrogen contents suggest eutrophic conditions in the lake basin [53]. In a study,
Ahamad et al. [27] compared Dal and Nigeen lakes, showing higher levels of BOD, EC,
COD, and PO43~ in Dal Lake. Similarly, Kumar et al. [24] showed a significant decline
in water quality over the past 40 years due to anthropogenic pressures, with decreased
transparency and dissolved oxygen, and increased phosphates, nitrates, and chlorides.

3.2. PTE Concentrations in N. nucifera Tissues

As shown in Table 2, the distribution of PTEs in N. nucifera tissues varied signifi-
cantly, with roots exhibiting the highest accumulation across most elements. Specifically,
Cd was concentrated in roots (0.45 £ 0.05 mg/kg), significantly higher than in rhizomes
(0.15 £ 0.03 mg/kg) and petioles (0.13 &= 0.02 mg/kg), while leaves and seeds contained the
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lowest concentrations. Similarly, Cu followed a similar trend, with roots accumulating the
highest levels (9.50 & 0.22 mg/kg), whereas seeds had the lowest (1.80 £ 0.05 mg/kg). Also,
Cr and Co showed the highest accumulation in roots (3.60 £ 0.10 and 2.85 & 0.08 mg/kg,
respectively), with significant reductions in aerial parts. However, Fe was most abun-
dant in roots (280.57 + 18 mg/kg), followed by leaves (173.96 + 8 mg/kg) and petioles
(150.76 £ 10 mg/kg). Likewise, Mn and Ni concentrations were highest in roots, with
significant declines in rhizomes, petioles, and leaves. Similarly, Zn exhibited the max-
imum accumulation in roots (40.30 + 1.20 mg/kg), while seeds had the lowest levels
(7.50 & 0.25 mg/kg).

Table 2. The concentration (mg/kg dwt.) of PTEs in different plant tissues of N. nucifera grown in the
floating lake gardens of Dal Lake.

N. nucifera Tissues

PTE Rhizome Roots Petiole Leaves Seeds
Cd 0.15+0.03b 0.45 +0.05a 0.13 +0.02b 0.04 £ 0.01 ¢ 0.08 = 0.01 ¢
Cu 6.25+0.15b 9.50 =022 a 480 £0.10c¢ 3.20 = 0.08 d 1.80 = 0.05e
Cr 2.10 £ 0.07 b 3.60 £0.10 a 1.75 £ 0.05 ¢ 1.10 £0.03 d 0.65 +0.02e
Co 1.75 £ 0.06 b 2.85 +£0.08 a 1.30 £0.04 ¢ 0.90 +£0.02d 0.50 +0.01e
Fe 120.06 =12 ¢ 280.57 =18 a 150.76 £ 10 b 173.96 =8 b 10540 £5¢
Mn 8.50 £0.20b 12.75+0.35a 6.40 £0.15¢ 4254+0.10d 210+ 0.05e
Ni 2.60 £ 0.08b 430+0.12a 2.00 4+ 0.06 ¢ 1.40 £0.04d 0.754+0.02¢
/n 2550 +£0.80 b 4030 £ 1.20a 18.40 = 0.55 ¢ 12.60 +0.40 d 750 £0.25¢e

Values are means followed by the standard deviation of 36 samples; different letters within each row indicate
significant differences among plant tissues (p < 0.05) based on Tukey’s HSD.

The uptake of PTEs by N. nucifera from lake water and sediment is affected by several
factors such as root system, metal-binding capacity, and physiological adaptations. Roots
act as primary sites for metal absorption due to their direct contact with sediment, where
metals exist in bioavailable forms [54]. In particular, Cd is taken up due to its similarity
to essential elements like Ca?*, allowing it to enter through Ca?* transport channels [55].
Meanwhile, Cu is essential for enzymatic functions and is actively absorbed, but can
accumulate excessively under contamination [56]. Similarly, Cr, particularly Cr(IIl), is
absorbed due to its resemblance to essential micronutrients like Fe, while Co is taken up due
to its role in nitrogen metabolism [57,58]. Fe is essential for chlorophyll synthesis, leading
to high accumulation as evident in this study [59]. Also, Mn assists in photosynthesis and
enzyme activation, Ni is required in trace amounts for urease activity, and Zn is absorbed
as a cofactor for numerous enzymes [60]. Previously, Abd Rasid et al. [61] investigated the
potential of N. nucifera in treating surface water and found that it can significantly reduce
pollutant load while accumulating high levels of different mineral elements. Similarly, Liu
et al. [62] also reported that N. nucifera could accumulate high levels of Cd in its tissues and
clean the polluted waters. However, high Cd levels in plants could bring negative impacts
on plants as well as consumers. In another study, Painuly et al. [63] also determined the
As(III) accumulation capacity of N. nucifera. [64] found that N. nucifera has the potential to
accumulate nine PTEs (Zn, Cu, Pb, Ni, Mn, Hg, Cr, Cd, and As) from irrigation lakes in
Debarawewa and Galewela provinces in Sri Lanka.

3.3. Bioaccumulation and Translocation Factors

The BCF indicates the efficiency of N. nucifera in accumulating PTEs from its water
body to its vegetative tissues (Table 3). In this, roots exhibited the highest BCF values
for all PTEs, particularly Fe (95.11), Cr (12.00), and Mn (25.50), indicating their strong
metal-binding capacity. Nevertheless, rhizomes also showed high accumulation, especially
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for Fe (40.70) and Zn (22.17). For aerial parts such as petioles and leaves, lower BCFs
were recorded, exhibiting limited translocation from roots. Seeds consistently exhibited the
lowest BCF values, which might be due to restricted PTE mobility. The high root BCF values
showed the phytostabilization potential, where PTEs are sequestered in belowground
tissues, minimizing translocation to edible parts. On the other hand, TF values (Table 4)
showed the translocation efficiency of PTEs from roots to different tissues of N. nucifera. The
highest TF was observed for Fe (0.62) from roots to leaves, which might be due to its active
translocation via xylem transport for metabolic functions. Other PTEs exhibited lower
translocation efficiencies, with Cd (0.09) showing the least mobility to leaves, suggesting
strong retention in roots. Mn (0.67) and Cu (0.66) had relatively higher TF values from
roots to rthizomes, indicating their moderate mobility. However, PTEs showed limited
translocation to seeds (TF < 0.40). As given in Table 5, the results of ANE modeling showed a
proportional contribution of each PTE in N. nucifera tissues. In this, Fe exhibited the highest
accumulation across all tissues, accounting for 80.95-92.92% of total PTE uptake, indicating
its requirement for plant metabolism and its strong affinity for root and shoot tissues.
However, Zn also demonstrated a significant accumulation (6.10-9.79%), particularly in
roots and rhizomes. Mn contributed 1.25-3.88%, while uptake of non-essential PTEs such
as Cd, Cr, and Ni remained below 1.11%, which might be due to restricted translocation
and possible detoxification mechanisms. In this, root tissues consistently accumulated the
highest PTE concentrations, reinforcing their role as primary sites for PTE sequestration.
The low participation of Cd (0.01-0.05%) indicates its minimal uptake, likely due to its
toxicity. Overall, the results indicate that N. nucifera primarily stabilizes PTEs in below-
ground tissues, minimizing translocation to aerial parts.

Table 3. Bioconcentration factors (BCFs) of PTE uptake by N. nucifera plant tissues.

N. nucifera Tissues

BCF
Rhizome Roots Petiole Leaves Seeds
Cd 2.50 7.50 217 0.67 1.33
Cu 1.84 2.79 1.41 0.94 0.53
Cr 7.00 12.00 5.83 3.67 217
Co 3.37 5.48 2.50 1.73 0.96
Fe 40.70 95.11 51.11 58.97 35.73
Mn 17.00 25.50 12.80 8.50 4.20
Ni 5.78 9.56 4.44 3.11 1.67
/n 22.17 35.04 16.00 10.96 6.52

Values are means followed by the standard deviation of 36 samples.

Table 4. Translocation factors (TFs) of PTE uptake by N. nucifera plant tissues.

N. nucifera Tissues

TF

RO.Ot ~ Root — Petiole Root — Leaves Root — Seed
Rhizome

Cd 0.33 0.29 0.09 0.18

Cu 0.66 0.51 0.34 0.19

Cr 0.58 0.49 0.31 0.18

Co 0.61 0.46 0.32 0.18

Fe 0.43 0.54 0.62 0.38

Mn 0.67 0.50 0.33 0.16

Ni 0.60 0.47 0.33 0.17

Zn 0.63 0.46 0.31 0.19

Values are means followed by the standard deviation of 36 samples.
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Table 5. Accumulation of nutrient elements (ANEs) modeling for PTE uptake by N. nucifera plant tissues.

N. nucifera Tissues

Element Rhizome Roots Petiole Leaves Seeds

X P (%) X P (%) X P (%) X P (%) X P (%)

LPTE 79673 10000 174579 10000 92277 10000 101073 100.00 609.36  100.00

(mmol./Kg)

Cd 0.27 0.03 0.80 0.05 0.23 0.03 0.07 0.01 0.14 0.02
Cu 19.67 247 29.90 1.71 15.11 1.64 10.07 1.00 5.67 0.93
Cr 8.08 1.01 13.85 0.79 6.73 0.73 4.23 0.42 2.50 0.41
Co 5.94 0.75 9.67 0.55 441 0.48 3.05 0.30 1.70 0.28
Fe 644.96 80.95 1507.23 86.33 809.88 87.77 934.52 92.46 566.21 92.92
Mn 30.94 3.88 46.42 2.66 23.30 2.52 1547 1.53 7.64 1.25
Ni 8.86 1.11 14.65 0.84 6.82 0.74 4.77 047 2.56 0.42
Zn 78.01 9.79 123.28 7.06 56.29 6.10 38.54 3.81 22.94 3.77

Values are means followed by the standard deviation of 36 samples; X: total accumulation of the respective PTEs
in N. nucifera tissues, expressed in mmol./kg; P (%): percentage contribution of the respective PTE to the total
PTE accumulation in each tissue. WHO permissible limits in vegetables: Cd: 0.02, Cu: 10.00, Cr: 1.30, Ni: 10.00,
Zn: 0.60, Co, Fe, and Mn: not defined.

Several studies have investigated bioaccumulation and translocation factors in lake
plants and modeled PTE accumulation. Galal and Farahat [65] examined Pistia stratiotes in
Lake Mariut, finding bioaccumulation factors greater than one for most PTEs, except Cu,
while translocation factors were also less than 1, suggesting its suitability for rhizofiltration.
Bai et al. [66] evaluated the bioaccumulation potential of four aquatic plants in Taihu
Lake, revealing that submerged plants, especially their stems, showed a closer relationship
with PTEs in water and sediment compared to floating-leaf plants. Also, Skorbitlowicz
et al. [67] used Phragmites australis as a bioindicator in the Bug River catchment, demon-
strating that roots accumulated the highest levels of potentially toxic elements, making
them necessary for monitoring PTE concentrations. In another study, Parzych et al. [45]
applied ANE modeling to assess the capacity of Salix viminalis (willow) leaves and bark
to accumulate PTEs from contaminated environments. They quantified the concentration
of PTEs such as Cd, Pb, and Zn to assess the plant’s potential for phytoremediation and
environmental monitoring.

3.4. Health Risk Assessment of PTEs

As shown in Table 6, the health risk assessment of PTE in N. nucifera edible tissues
(rhizome and seeds only) was evaluated using HRI, DIM, and THQ indices. The results
indicate that Cr exhibited the highest HRI in both rhizomes (1.8000) and seeds (0.5571),
suggesting potential non-carcinogenic health risks upon prolonged consumption. Other
PTEs, including Cd, Cu, and Fe, showed moderate HRI values, while Co, Mn, and Zn
exhibited the lowest. The DIM values followed a similar trend, with Fe showing the highest
intake, particularly in rhizomes (0.5143 mg/kg/day), while Cd had the lowest across
both tissues. The THQ values for all PTEs remained below 1, indicating no immediate
non-carcinogenic risk. The cumulative THQ (3" THQ) was 0.0054 for rhizomes and 0.0021
for seeds, further confirming low health risks. However, chronic exposure to Cr and Cd,
given their relatively higher HRI, necessitates further monitoring. PTE contamination in
edible N. nucifera tissues poses health risks to consumers.

The accumulation of PTEs in N. nucifera has ecological and health implications, as these
elements can enter the food chain and affect aquatic ecosystems. Specifically, Cr is carcino-
genic and induces oxidative stress, leading to cellular damage, which may impact aquatic
organisms and plant health [68]. Plants primarily take up chromium in the hexavalent
form [Cr(VI)] through root absorption, as it is more soluble and mobile in water compared
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to trivalent chromium [Cr(III)] [69]. However, Cr(III) can also be absorbed to a lesser extent
if present in a bioavailable chelated form. In this, Cr(VI) is known to be more toxic than
Cr(Il) [70]. If contaminated N. nucifera is consumed by humans, Cd could accumulate
in the kidneys and liver, causing renal dysfunction and bone demineralization, raising
concerns about its bioaccumulation in edible plant parts [71]. While Cu is essential for
enzymatic functions, excessive intake results in gastrointestinal distress and liver toxicity,
posing risks to both plants and herbivorous consumers [72]. Fe is crucial for hemoglobin
synthesis, but elevated levels contribute to oxidative stress and organ damage, potentially
affecting plant physiology and aquatic biota [73]. Mn supports metabolism, yet excessive
amounts impair neurological function, which may influence the health of organisms relying
on contaminated water sources [74]. Ni exposure is linked to respiratory and cardiovascular
issues, emphasizing risks for both aquatic and terrestrial ecosystems [75]. Co, essential
for vitamin B12 synthesis, can be cardiotoxic at high concentrations, necessitating careful
monitoring in sediment and water. Excess Zn disrupts immune function and nutrient ab-
sorption, potentially altering plant growth and ecosystem balance [76,77]. Understanding
these effects is crucial for assessing environmental contamination, managing sediment
quality, and ensuring the safe use of N. nucifera in food and medicine.

Table 6. Health risk assessment of PTEs in edible parts of N. nucifera plants grown in floating

lake garden.
HRI DIM THQ

Element
Rhizome Seeds Rhizome Seeds Rhizome Seeds
Cd 0.6429 0.3429 0.0006 0.0003 0.0006 0.0003
Cu 0.6696 0.1929 0.0268 0.0077 0.0007 0.0002
Cr 1.8000 0.5571 0.0090 0.0028 0.0018 0.0006
Co 0.3750 0.1071 0.0075 0.0021 0.0004 0.0001
Fe 0.7347 0.6429 0.5143 0.4500 0.0007 0.0006
Mn 0.2602 0.0643 0.0364 0.0090 0.0003 0.0001
Ni 0.5571 0.1607 0.0111 0.0032 0.0006 0.0002
Zn 0.3643 0.1071 0.1093 0.0321 0.0004 0.0001
Y THQ - - - - 0.0054 0.0021

Values are means followed by the standard deviation of 36 samples; Health Risk Index: HRI < 1 (safe), HRI > 1
(potential risk); Daily Intake of Metal: Compared against tolerable daily intake limits of WHO/USEPA [78] (Cd:
1.00 pug/kg, Cu: 0.50 mg/kg, Cr: 25.00 nug/kg, Fe: 0.8 mg/kg, Mn: 0.06 mg/kg, Ni: 0.005 mg/kg, Zn: 1.00 mg/kg,
Co: not defined); target hazard quotient: THQ < 1 (no risk), THQ > 1 (potential health risk); } " THQ (Cumulative
Risk): Y THQ < 1 (safe), y THQ > 1 (potential non-carcinogenic risk).

Previously, Ologundudu et al. [79] assessed the PTE bioaccumulation potential of
Corchorus olitorius (L.) and Amaranthus hybridus (L.) collected from a polluted dumpsite and
found increased values of DIM and HRI. Obasi et al. [80] studied the health risks of PTEs
(Hg, Cd, Mn, Pb, Cu, Co, As, Cr, Zn, and Mo) and found that Hg, Cd, and Pb had HRI and
THQ > 1. In the Jammu and Kashmir region of India, Abou Fayssal et al. [35] studied the
health risk of PTE uptake by saffron (Crocus sativus L.) cultivated in soils irrigated with
domestic wastewater and Sarbal Lake water. They found that crops irrigated with domestic
and Sarbal Lake water both had higher values of HRI, DIM, and THQ compared to those
irrigated with borewell supplies. Therefore, these studies also corroborate the findings of
the present study on the potential health risks associated with edible crop contamination
grown in lakes.

4. Conclusions

The results of the present study indicated a significant accumulation of PTEs in N.
nucifera cultivated in Dal Lake. The study revealed significant PTE contamination, with high
sediment concentrations of Fe (1610.51 mg/kg), Mn (31.48 mg/kg), and Cr (29.72 mg/kg),
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preferential accumulation in roots (Fe uptake: 95.11), low translocation to edible parts,
and Cr posing the highest non-carcinogenic risk (HRI = 1.8000 in rhizomes), while the
cumulative THQ remained below 1, indicating no immediate risk but potential concerns
with long-term exposure. In this, PTEs were primarily sequestered in root tissues, thereby
reducing their translocation to edible parts. While the THQ values indicate no immediate
health risk, the high HRI for Cr necessitates continued monitoring, especially given the
chronic toxicity associated with PTE exposure. The findings are useful for policymakers and
environmental agencies aiming to regulate lake water quality and mitigate contamination
sources. However, this study has limitations, including the absence of long-term exposure
assessments and potential variability in PTEs due to seasonal changes. Future research
should focus on remediation strategies, such as phytoremediation enhancements, and
evaluate the impact of varying environmental conditions on PTE bioaccumulation. Further
studies are also needed to explore the genetic and physiological responses of N. nucifera to
PTE stress, which may aid in the development of bioengineered aquatic plants for improved
phytoremediation efficacy.
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Abstract: Harmful heavy metals (HHMs) in marine sediments pose significant ecological
and human health risks. This research developed a novel one-dimensional mathematical
model to investigate the desorption rates and background concentrations (Cpe) of HHMs
in cohesive sediments of coastal environments, using Cartagena Bay (CB), Colombia, as a
reference for estuarine systems. The model integrates mass balance and molecular diffusion
equations incorporating porosity and tortuosity. Both the particulate and dissolved phases
of HHMs were considered. Numerical experiments were conducted over 28 years with a
daily time step, simulating four primary hydrodynamic processes: molecular diffusion,
desorption, sedimentation, and turbulent water exchange. The spatiotemporal evolution of
Cpg provides valuable insights for sediment modeling, policy development, and advancing
the understanding of HHM pollution in sediments. Results of the model align closely with
empirical data from CB, demonstrating its applicability not only to local conditions but also
to similar contaminated areas through a generalized approach. This model can be used as
a reliable computational tool for managing coastal environments.

Keywords: estuarine sediments; heavy metals; background concentrations; desorption
rate; cohesive sediment transport; mathematical modeling

1. Introduction

Heavy metal pollution poses a global environmental concern due to its severe toxic-
ity [1,2], long-term persistence, and bioaccumulation in food chains [3-5]. Harmful heavy
metals (HHMs) are continuously introduced into the environment [6] through natural
and anthropogenic sources [7,8]. In estuarine waters, the presence of HHMs is generally
observed in two distinct phases: dissolved in the water column and particulate adsorbed
on the sediments. The partitioning of HHMs between these phases depends on the physical
and chemical characteristics of suspended particles [9,10], in conjunction with environmen-
tal conditions such as salinity, pH, and dissolved organic matter [10].

Upon entering surface waters, HHMs are transported by rivers through wash load
transport and eventually accumulate in marine sediments. Hydro-sedimentary processes
such as desorption [11], resuspension, and dredging can release these contaminants back
into the overlying water column [12], affecting water quality, the marine environment,
and human health. Although HHM adsorption initially occurs near areas with significant
anthropogenic activities, this study emphasizes the downstream consequences, particularly
focusing on sediment contamination.
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Various researchers rely on predicting interactions between water and sediments
as a critical method for understanding HHM pollution [5,13-15]. Mathematical models
have become powerful tools to address complex research questions related to coastal
environments, offering reliable, cost-effective, and time-saving approaches [16].

Specifically, reaction-transport models, as described by Boudreau [17], Lynch and
Officer [18], and Nicolis [19], have been pivotal in advancing sediment diagenesis and
biogeochemical modeling, integrating key processes such as molecular diffusion, advection,
and chemical reactions. These frameworks form the theoretical foundation of this study,
focused on the vertical distribution and temporal evolution of HHMs in sediments.

Previous studies, such as Wu et al. [10], developed a two-dimensional (2D) transport
model, later integrated into a one-dimensional (1D) framework to simulate the movement
of dissolved and particulate HHMs along estuaries. However, these models did not
explicitly address the accumulation of HHM contaminants or their subsequent phase
evolution within the substrate, a significant gap in understanding the long-term impacts
and interactions of HHMs with sediment dynamics.

Numerous studies have focused on HHM accumulation in sediments near contamina-
tion sources. However, limited studies have been published on desorption rates and their
dynamics in downstream depositional environments such as lakes, lagoons, and estuaries.
In systems dominated by wash load transport of fine cohesive sediments, the deposition
and accumulation pathways of metal-bearing particles are not well documented. Appar-
ently, sediment accumulation may occur slowly in distal areas, comparable to sorption
rates, or rapidly near river mouths due to abrupt precipitation of materials, limiting metal
exchange with the water column. These spatial heterogeneities affect HHM redistribution
within sediments, complicating the estimation of background concentrations (Cpg ).

This study advances existing frameworks by proposing a novel 1D model that couples
transport and reaction processes. This model is designed for application at each compu-
tational node of a generalized three-dimensional (3D) hydrodynamic model, serving as
a boundary condition at the water—sediment interface to simulate HHM accumulation
and sediment evolution over time. The innovation of this approach is the integration of
both dissolved and particulate HHM phases. Four critical hydrodynamic processes are
quantified and modeled to evaluate their influence on HHM dynamics. This model, in
accordance with empirical data, assumes that the dissolved-phase concentration (Cy) is
considerably lower than the particulate-phase concentration (Cp) in the water column
(Caq << Cp).

To demonstrate the model’s applicability, simulations were referenced against estuar-
ine conditions in the Cartagena Bay, Colombia (CB), a system subject to intense sedimenta-
tion and HHM inputs. Results obtained through this model align closely with empirical
observations, reinforcing its validity.

The aim of this study is (1) to develop a novel 1D mathematical model to investigate
HHM dynamics in estuarine sediments and (2) to elucidate the processes of HHMs gov-
erning background concentrations (Cpg). These concentrations serve as critical indicators
for identifying anthropogenic inputs [20] and facilitate the formulation of effective man-
agement and remediation strategies [7,21]. This research represents the first attempt to
establish the Cp, of HHMs in Colombia, highlighting its significance in addressing local
and regional environmental concerns.

The model is applicable beyond the specific conditions of the Colombian coastline and
could be effectively extended to various aquatic systems, including rivers, estuaries, and
lakes worldwide affected by sediment contamination. Model outputs, including dynamic
profiles illustrating the temporal drift of Cj,, are presented and critically discussed.
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2. Materials and Methods
2.1. Cartagena Bay: A Reference System for Estuarine Conditions

CB is a semi-enclosed estuarine system on Colombia’s Caribbean coast (Figure 1)
(10°16'-10°26' N, 75°30'-75°35’' W), with an average depth of 16 m, a maximum depth of
32 m, and a surface area of 84 km? [22]. The bay receives large amounts of sediments [23],
nutrients, wastewater runoff [24], and contaminants from the Dique Channel [25,26], an
artificial structure connected to the extensive Magdalena River basin (260,000-km?) [26,27].

Internal Bay e
A CARTAGENA

05m/25y

Internal Bay

TIERRA BOMBA
[(EELL)]
CARTAGENA
BAY

CARIBBEAN SEA 1m/25y

Bocachica

o — 10m/25y
Channel Dique
Channel

Figure 1. Location of the Cartagena Bay, Colombia (10°24' N, 75°30’ W), showing the variability
of sedimentation across the bay with three estimated deposition rates: Dique Channel mouth: 10
m/25 y; the central bay: 1 m/25 y; and the northern sector: 0.5 m/25 y. The Dique Channel is
highlighted as the main sediment input pathway. Source: authors, modified from Google Earth;
pictures taken from Google Images (accessed May 2025).

The Magdalena River transports a sediment flux of 184 Mt yr~! and delivers the
highest freshwater discharge (6496 m3 s71) and sediment load (144 Mt yr’l) to the
Caribbean [26,27]. Seasonal rainfall from the Magdalena River, where the Dique Channel
diverges, strongly influences the hydrology and sediment quality of CB [28]. CB’s sedimen-
tation patterns and morpho-dynamic characteristics have been previously studied through
observations and modeling [29-31]. Due to wash load transport, HHM adsorption does
not occur in CB but rather in distant sources before HHMs are transported downstream.
This explains the HHM accumulation in precipitated sediments.

2.2. Mathematical Model
2.2.1. Definition of the Physical Problem

This research considers the wash load transport [32] of fine cohesive sediments (silt
and clay) loaded with HHMs in particulate form. The primary source of HHMs is the rapid
upstream industrialization in the Magdalena River. Particles are deposited at the bottom in
the form of flocs. In the porous medium of precipitated sediments, desorption continues
but at a lower rate than that during transport in the water column.

In the water column, HHMs exist in colloidal, particulate, and dissolved phases. The
concentration of HHMs in dissolved form (Cy) is generally lower than that in particulate
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form (Cp). For instance, field measurements in the Magdalena River show that C; values
are approximately 1000 times lower than C, in suspended and bottom sediments. This
aligns with observations by Bartlett and Craig (1981) [33], who reported strong correlations
(r = 0.94) between mercury (Hg) and silt in British estuaries, demonstrating Hg's affinity for
fine particles and sulfur-rich organic matter (<0.0625 mm). The volumetric concentration
of suspended sediments at the transition between dilute and concentrated systems is
typically below 10~ (dimensionless). Considering that desorption occurs over several
years (~6 years), the mass of HHMs released from particulates is dispersed into a much
larger water volume, further supporting the assumption C; << C,. Combined with the
infinite-dilution diffusion concept [34], these theoretical and empirical insights justify the
assumption as a valid simplification within this modeling framework.

Hereafter, we assume that C; concentrations are multiplied by the constant K;, which
represents the equilibrium distribution coefficient. In the sediment substrate, these concen-
trations are also assumed to reach equilibrium due to limitations in molecular diffusion,
which is partially restricted by porosity (1) and tortuosity (8). Lower porosity and higher
tortuosity restrict molecular diffusion, reducing HHM exchange with overlying waters and
consequently promoting high accumulation and persistence within the sediment layer.

Tortuosity quantifies the complexity of pore pathways through which water and
dissolved substances, such as HHMs, move within sediment layers [35]. Porosity, defined
as the ratio of pore volume to total sediment volume [17], also plays a critical role in
transport dynamics. Lower porosity implies fewer and smaller pores, restricting mobility
and facilitating contaminant accumulation. As sediment compacts over time, porosity
typically decreases with depth (z), becoming a time-dependent function. This leads to a
gradual increase in substrate thickness in the absence of resuspension.

The desorption rate (), reflects the release of HHMs from C;, to C; and depends on
the grain diameter of sediments (d5(), their porosity (1), salinity (S), and pH. The porosity
and tortuosity together influence molecular diffusion, calculated in the model using the
Schmidt number (Sc), a dimensionless parameter used to characterize the relationship
between the molecular viscosity of water and the diffusion of substances [36].

A 1D vertical model was formulated, neglecting the horizontal dispersion of HHMs,
with the vertical axis directed upward from z = 0 (the reference level is assumed to be the
starting point of sedimentation, as shown in Figure 2). The 1D model can be considered a
sufficient approximation, considering that (a) the relationship between the vertical scale
of the sediment layer and its horizontal extent along an estuary or river is small, and
(b) exchange processes in the substrate in the vertical direction are much faster than the
horizontal dynamics.

The domain is defined as {0 < z < D(f);t > 0}, where D = sediment thickness as a
function of time (). At the initial time, D was set as D(t = 0) = 0. To avoid singularities
when solving the differential equations of the model, we assumed that aa—? > (0,Vt under
the absence of resuspension. The dynamics of the layer D(t) are expressed as follows:

aD 1 —wg(1—n)'Cu
- = weCy(1—n)"" = o , @

where w, is the settling velocity of sediments due to gravity, given by the Stokes formula
(wg < 0), and Cy, Cyy, and ps are the volumetric and mass concentrations of suspended
sediments and their density, respectively. Within the bottom substrate, the molecular
diffusion flux of the C; is defined as follows:

B dC,
Q= “SV¥/ )
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where v is the kinematic molecular viscosity of water (Constant) and «g defines the inverse
Schmidt number (x5 = Sc ™) [36], which generally depends on time and substrate level or

porosity 7.
Z Water column
<< Cp Aggrtlﬂ,gation
Particles HHMs
?mc Flocs adsorbed
Turbulent ? Sadi : onto
/ exchange (rate) T, We cl:gg;t?;m O/ sediments
& / ) bed-load transport |
urrent v
bed line N (}/Q\ngg QQOD Q 9
Z=D(1) AS? /i ‘@Q%QOOO O Tortuosity
it v 7 £ ﬁ ﬁ, & ”; x‘;‘r .
Molecular T i () z":"O S Og
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Figure 2. Conceptual model of HHM dynamics at the water-sediment interface and within the
sediment substrate.

To determine the desorption rate v = f(dso, 11, S, pH), at least three timescales must
be considered: (1) the molecular diffusion rate (T7) of HHMs; (2) the desorption rate (T3);
and (3) the sediment deposition rate (T3) at the bottom, as follows:

D2Sc
Tl - OT/ (3)
1
TZ = El (4)
Dy
T; = .
3 55Co ()

This study has focused on the formulation and evaluation of a generalized 1D model
for simulating HHM behavior in estuarine sediments, rather than on site-specific appli-
cations. The parameters of the model, particularly sedimentation and desorption rates,
were calibrated within observed HHM concentrations reported in empirical data from
CB [24,25,27,37]. The mathematical model was implemented and numerically solved
using FORTRAN 90. Model outputs were compared to published sediment data from
CB [23-25,38]. Simulated Cp, ranging from 1.0-2.4 mg kg1 dw closely matched these
empirical values at the sediment base (z = 0). The median grain diameter (dsp) (Table 1)
was measured using a laser diffraction particle size analyzer. HHM concentrations were
determined in the collected data using standard laboratory procedures involving acid di-
gestion followed by quantification via atomic absorption spectrometry (AAS) or inductively
coupled plasma mass spectrometry (ICP-MS). Although full calibration was limited by data
availability, alignment with observed depth-integrated values provides partial validation.
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Table 1. State variables and parameters used in this study.

Parameter Description Unit Value Reference
Crg HHM background concentration gL, mgkg ! (dw)* see Table 2 calculated
Cp Drag coefficient / 2 %1073 [39]

Cy Dissolved-phase HHM concentration g L1, mg kg’1 (dw) * / calculated
Cn Suspended-sediment mass concentration g L! / [40]

Cp Particulate-phase HHM concentration g Lt mg kg’1 (dw) * / calculated
Cpo Initial particulate HHM at precipitation gLt / assumed
Cy Suspended-sediment volumetric concentration / 1074-107> assumed
dso Median grain diameter of sediment m / measured

D Sediment thickness m 0-1.6 ** calculated

F Porosity—tortuosity factor / / calculated

HHMs Harmful heavy metals gL, mgkg! (dw)* varies measured
Ky Coefficient of equilibrium distribution / / assumed

m Exponent in the relationship of Sc and n / / literature
N Number of computational nodes / 100 assumed

n Porosity / 0.4 [34]

Q Molecular diffusion flux kg m 25! varies calculated

S Salinity / 0.06-35.7 assumed
Sc Schmidt number / 10-100 [6]

t Time s 0-8.64 x 108 s assumed
Ty Molecular diffusion rate yr 0.3-3 calculated
T> Desorption rate yr 315 (fory=5x 107%)  calculated
T3 Sediment rate yr >31 calculated
Ty Turbulent exchange rate yr / calculated
Iy Friction (dynamic) velocity ms~! 0-0.01 assumed
wWg Settling velocity of sediments due to gravity ms~! 107° assumed

Y Dimensionless vertical coordinate / 0-1 calculated

z Vertical level within the substrate m 0-1.6 calculated
z0 Roughness parameter m / literature
as Inverse Schmidt number (Scfl) / 0.01-0.1 [36]

¥ Desorption coefficient s1 5x 10781 x 107? [41]

Ay Vertical grid size in dimensionless coordinates / 1/(N—-1) calculated

0 Tortuosity / / [35]

K Karman constant / 0.41 literature

v Kinematic molecular viscosity of water m? s~ 10-° constant
0s Sediment-particle density kgm~3 2650 [39]

X0 Molecular diffusion coefficient (water only) m? 5! / [17]
Xs Molecular diffusion coefficients (with sediments) m2s~! / calculated

* C4 and C, represent concentrations expressed in g L™! or kg m~2 in the model for consistency, but in the
figures, they are presented in mg kg~! dry weight (dw) for easier comparison with laboratory data. Laboratories
generally measure HHM concentrations in mg kg !, dw. Note that this difference in units is important when
interpreting model results and comparing them with laboratory data or figures. ** D (0-1.6 m) based on 28 years
of sedimentation. “/” means no value.

Four numerical simulation scenarios (Cases 1-4) were analyzed to investigate
the influence of hydrodynamic parameters on HHM accumulation dynamics. Case 1
(y =5 x 1078 s71) represents relatively fast desorption conditions, whereas Case 2
(y = 1078 s71) examines the system response under slower desorption dynamics. Case 3
simulates a time-dependent increase in the C;, of HHMs, linearly increasing from 0 to 2.4 mg
kg~ ! over 28 years, reflecting observed historical contamination trends from distant sources
such as the Magdalena River. Case 4 incorporates variable sediment inputs (55-250 m3 s 1),
modeled through stochastic annual fluctuations to replicate seasonal variations typical
of the Dique Channel. These scenarios evaluate sedimentation and desorption processes
under contrasting environmental conditions with broader applicability.
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Table 2. Model-derived Hg background concentrations (Cpg) at boundary (z = 0) under different
simulation cases.

Estimated Cp,

Case Description mg kg1 (dw) Observation
1 vy=5x10"81/s 1.4-1.7 Long-term equilibrium atz =0
2 vy=10"8%1/s 1.0-1.2 Slower equilibrium from low y
3 Cpo increasing over 28 yr 2.0-24 Closest to observed CB field data
4 Variable sediment input * 2.0-22 Dynamic but consistent Ce atz =0
- Average Hg Cyy (model) 02+17 Variability across all cases

* Seasonal sediment variation using white noise flow 55-250 m® s~ 1.

2.2.2. Governing Equations and Boundary Conditions

The mathematical formulation of the problem is expressed in Equation (1). The
governing equations for C, and C; of HHMs are defined clearly below (Equations (6) and
(7)), including mass balance constraints and desorption processes:

aCy ()
oCy 0 aCy
o5 ’Y(Cp - Cd) + 3 (“SVaZ>r (7)
ACy+ Désl/aa% =0, atz = D(¥) (8)
oCy B
5 = 0, atz=0 )

In Equation (8), A is a constant defined in Appendix B, based on the fact that in the
water column, C; < Cp due to diffusion in open water systems. As stated by the no-flux
condition in Equation (9), an asymptotic equilibrium is assumed at z = 0 between C,, and
C4, with values equal to the Chg to be defined in this study.

This boundary condition assumes equilibrium at lower sediment layers (z = 0), reach-
ing a balance due to decreased porosity and restricted molecular diffusion over time. In
Equation (9), the molecular flux of C; at z = 0 is assumed to be zero. The boundary condi-
tions at z = 0 and z = D(t) ensure the mass balance of HHMs within the sediment, accurately
representing fluxes and the conservation of mass. Atz = D(t), the boundary condition
models the exchange between the sediment and the overlying water column.

2.2.3. Numerical Solution Under Variable Boundary Conditions

Equations (6)—(9), with their respective initial conditions of C,(z, t = 0) = Cy(z,t =0) =
0, have a variable boundary at an initial thickness of D(t = 0) = 0. The vertical coordinate (z)
was transformed into a non-dimensional coordinate, following Yao et al. [13], to improve
numerical solution robustness. The system herein was reformulated using a new variable:

Y= D)

This becomes y; = (j—1)Ay; j = 1,..., N; Ay = ~—1, Where N is the number of
vertical computational nodes. Thus, combining Equations (6) and (7) with Equation (1), we
obtain the following;:

aC,

y wgCv 9Cp _
ot  D(1—n) dy

= ')/(Cp — Cd) — %Cp()&(z — D), (10)
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y weCy a&_ v d < E)Cd) (11)

aC,
o Toa—may ~ &Gt pag sy,

These equations were then discretized using an implicit time scheme, ensuring nu-
merical stability regardless of the sediment thickness, D. The first derivatives concerning y
were then represented using an “upward” scheme of O(Ay'). The solution was obtained
using the Thomas factorization algorithm.

3. Results
3.1. Estimation of Molecular Diffusion (T1), Desorption (T,), and Sedimentation (T3)

To estimate the timescales (T, T, T3) given by Equations (3)—(5), a characteristic
sediment thickness (Dy = 1 m), molecular viscosity (v =10"° m? s~ 1), and Schmidt number
(Sc = 100) were adopted [6]. With these parameters, T was estimated to be 3 years. For
Sc =10, T{ was approximately 115 days. According to Liu et al. [42], the values of 7y vary
between 1078 and 1077 s~ 1. For 7 = 5 x 1078 571, the timescale of T, was 3.15 years.

Finally, assuming that the volumetric concentration was between 10~ and 107> and
the settling velocity due to gravity was 107> m/s, the value of T3 was greater than 31 years.
Therefore, T3 >> max (T, T») T3 has the slowest timescale, while the other two timescales
were similar to each other.

In addition to previously defined timescales (T1-T3), a fourth timescale (T4), repre-
senting the turbulent water column exchange of dissolved HHMs at the sediment-water
interface, was determined. Resuspension was not considered, as particulate-bound HHMs
do not significantly participate in this exchange.

3.2. Numerical Experiments

The sediment density (ps) was set at 2650 kg m~3, with porosity (n) fixed at 0.4. A
drag coefficient (Cp) of 2 x 1073 [39] and an initial dynamic velocity of 0.01 m s1
applied. Numerical experiments were conducted over 28 years, using a daily time step

were

(1 d). Figure 3 illustrates the temporal evolution of C; and C, from the beginning of
precipitation on both the surface and base when the desorption coefficient *y is varied.
Sedimentation was assumed to continue uniformly over the 28-year simulation at constant
rates, with fixed HHM concentrations in the precipitated sediments. In Figure 4, profiles of
HHM concentrations in sediments are presented at both the midpoint and the end of the
numerical experiments.

Over 28 years, the sediment layer grew to 1.6 m, which aligned well with data from
CB and served as a reference for this study. Following an initial transient period (Figure 3),
the C; and C, stabilized. The desorption rate was slower, corresponding to 6.3 years on the
timescale of this process, compared to the reference value of 3.15 years.

The vertical profiles exhibited an exponential variation in the upper layer of the
substrate (Figure 4), over 30-40 cm, followed by a uniform distribution. The variation
was attributed to the vertical molecular diffusion of HHMs and their loss, particularly
in C4, due to turbulent exchange with the water column at the bottom. The uniform
distribution in the lower sublayer indicates equilibrium between the two phases; however,
this equilibrium was not constant (Figure 4). Equilibrium stability between C; and Cy, is
crucial for ecological risk assessments, as it governs HHM bioavailability and potential
toxicity in benthic ecosystems [43].
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Figure 3. Temporal evolution of particulate (Cp) and dissolved (C;) HHM concentrations at the
variable bed level D(t) and the basal level (z = 0) of the bottom substrate for Cases 1 and 2.
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Figure 4. Temporal variability in the vertical profiles of particulate (C) and dissolved (C;) HHMs
for 14 and 28 years of sedimentation (y =5 x 1078 s™1).

4. Discussion
4.1. Temporal Evolution of Background Concentrations Estimated by the Model

A drift value, tentatively called the background Cpg, was observed, characterized by
a gradual decrease over time. This decrease is attributable to continuous slow molecular
diffusion within the non-zero sediment porosity, transporting HHMs towards the sediment-—
water interface. Subsequent experiments were conducted by minimizing the turbulent
exchange of the C; with the water column above the bed. This occurs when u, — 0
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(Figure 5). A nearly uniform distribution of C; in the vertical direction was observed,
along with the input of C, at the bottom surface. The total concentrations of HHMs in the
sediments were the sum of C and C;/Ky, and in the laboratory, a single value was defined:
“HHM concentrations in sediments”.

1.6 T
1.2 —
E _
7
g 0.8 —
9
=
= _
Cp, 14 years
o4 4 r === —== Cd, 14 years
Cp, 28 years
4 A ===== Cd, 28 years
0
! I ! | | ' |
1.4 1.6 1.8 2 2.2

Concentration (mg/kg, dw)

Figure 5. HHM concentrations in sediments under conditions of limited exchange between the

dissolved phase and the water column.

For Case 1, v was set to 5 x 1078 s71, which suggested a relatively faster desorption
rate compared to Case 2 (y = 1078 s71). Two additional cases (Cases 3 and 4) were simu-
lated (Figure 6). In Case 3, the initial particulate concentration C,, increased linearly from
0 to 2.4 mg kg ! over 28 years, reflecting observed trends in CB associated with increased
HHM loading from a distant source, the Magdalena River. Case 4 was similar to Case 3, but
with a variable sediment input that varied between 55 and 250 m> s ! to replicate the Dique
Channel’s seasonal flow, using annually periodic white-noise perturbations (stochastic
values 0-1).

The cases in Figure 6 were compared to Case 1 in Figure 3 where HHMs in sediments
accumulated more slowly. Notably, when HHM loading gradually increased (Case 3), the
concentrations at the sediment base (z = 0) consistently reached equilibrium (C; = C) = Cy).
Conversely, seasonal variations in sediment load from the Dique Channel (Case 4) did
not significantly alter the equilibrium Cy, value. These findings imply that C;, values
remain stable despite short-term fluctuations, highlighting their value as robust indicators
for long-term ecological risk assessments.
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Figure 6. Temporal evolution of particulate (C) and dissolved (C;) HHM concentrations at the
variable bed level D(t) and at the basal level (z = 0) of the bottom substrate for Cases 3 and 4.
4.2. Dimensionless Analysis and HHM Dynamics

To perform an analysis of the systems in Equations (1) and (6)—(9), dimensionless
variables were introduced as follows:

~ _ Ci.p PO TS T by _ 2.t 29D?
Cd—ch/Cp—CTg/ tl_Tl/tZ_TZ/t?)_TS/Z_EIZ_ asv =4a,
~ Coo t D ~ ~ C
po.ty WP p.p_ DLy Aasv =po
CPO = Gy’ ?3 gy _ﬁ’ D= Dy’ g_ u.D’ =p0 — Cig

The “~” symbol implies a dimensionless variable.

The systems originally presented in Equations (6) and (7), along with their respective
conditions (8) and (9), are reformulated in dimensionless form and have been renumbered
consecutively as Equations (12)—(15), as follows:

aa ~ ~ ~ ~ ~
it A (c,, - cd) - ﬁcpo(s(z - D), (12)
oty
afd=a<5p—?:d)+a~ 72|, (13)
81‘1 0z dz
1~ e -~ ~
Cf,CdJr@a%:O, at z =D (14)
dz
a%:o,m%:o. (15)
dz
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Adding Systems (12) and (13) and using conditions (14) and (15), the results are as
follows:

1
b a(C +cd> CgEd<E:5)

[ =BG - ——— (16)
0

Applying Leibniz’s rule and reformulating Equation (1) in terms of “fast” time ?1, we
obtain the following:

w___ G
2r,  UBI-m)

The temporal variation in the total HHM concentration of sediments over the entire

(17)

extent of its layers can be defined by the following equation:
1

b L c,%Ed(E = 5) .
T/ d>dz = |ﬁ|cp0 - 4 + UN — . (18)
at1y {|ﬁ|<1—n>}<cp+cd) )

D

The first term on the right-hand side of Equation (18) represents the input of HHMs
in Cp, into the sediment column, while the second term accounts for their loss through
exchange with the overlying water in the C;. The final term corresponds to the increase in
the total HHM concentration due to changes in substrate thickness and its redistribution in
the column. This term was considered less relevant when the T3 scale represented a slow
time relative to Ty and T,. Within the same body of water, as exemplified by CB, the T3
scale is spatially variable.

It aaD ~ 0 for the “fast” time in System (17), then systems (12)—(15) are represented as
tq

parabolic equations whose asymptotes in time are C p = Cd. Steady-state conditions are
possible only if the particle sedimentation process stops.

dz
flow is equal to zero throughout the substrate.

For — oo, ai (& S aC") = 0, considering condition (15) at a given level, the molecular
z

In this case, Cp = (Nfd = 1Vt (background concentration). The only reason this did not
occur throughout the entire sediment column is the permanent entry of HHMs, owing to
their precipitation on particles at the bottom and the exchange of the diluted phase with
the water column at the same vertical level.

The simulated sedimentation rates ranged from 0.5 m per 25 years (low deposition) to
10 m per 25 years (at the river mouth). Figure 1 presents the variability in sedimentation
across CB, highlighting three depositional zones: Dique Channel mouth: 10 m/25 y; the
central bay: 1 m/25y; and the northern sector: 0.5 m/25 y. Therefore, the 1D model should
be applied at each calculation node of a 3D hydrodynamic mesh, with local scales adjusted
accordingly.

The universality of the proposed model lies in its formulation using dimensionless vari-
ables and scale parameters. The analysis of dimensionless equations (Equations (12)—(15))
allows for a broad spectrum of environmental conditions. These ranges reflect both the
intra-basin variability within CB, such as differences between river mouth and inner-bay
sedimentation rates, and potential conditions in other estuarine systems. This dimensional
analysis enables the model to be applied across geographically distinct water bodies, pro-
vided that the local sedimentation dynamics and hydro-sedimentary conditions are within
comparable parameter bounds.

110



Toxics 2025, 13, 421

Considering the timescale variation in the main processes, the desorption rate, the
average speed of sediment settling by gravity, and the molecular viscosity of water were
fixed. The thickness of the sediment layer and its porosity (through the Schmidt number)
varied within reasonable limits, characterizing CB as an example of an estuary. The
resulting values of the dimensionless parameters for systems (12)—(15) were a = 1073 to 103;
B =10%to 10%; g/c,% =0.25 (1071-107%); and &g = 102 to 102.

Under these conditions, Equations (12) and (13) can present multiple scenarios of

HHM dynamics because the ratios of scale 22 and ! change four to six orders of magnitude.
t ts

In the case where the parameter a = £2, the scales become inverted. Regarding condition
t

~

(14), the relationship ¢/C l%)<< 1 implied an abrupt gradient aa%, which was observed in
Figure 4 at the interface between sediments and water. This detail was not observed
in the measurements of HHMs in sediments because the laboratories analyze the total
concentrations, where C;/K;+ Cp, and the C, concentration predominates in the samples.

4.3. Model Assumptions, Limitations, and Ecological Implications

While CB served as a reference system to contextualize parameter ranges and model
outputs, this study was not designed for site-specific application or empirical calibra-
tion. Rather, the model was developed to explore general physical processes governing
HHM desorption and accumulation in estuarine sediments. Field data from CB, including
reported sedimentation rates and Hg concentrations, were used qualitatively to guide
parameter selection and verify that simulated Cp; remained within empirically observed
values, supporting the model’s realism under estuarine conditions.

The proposed 1D model was developed under the assumptions of continuous sedi-
mentation without bottom erosion events. Technically, erosion could be easily included
in the model; however, it may be difficult to control over extended periods of sediment
dynamics. Changes in the porosity and tortuosity were also considered, which influence
HHM transport and accumulation. These mechanisms may require a rheological model.
Since the model operated under the assumption that the muddy substrate was not in
motion, no assumption of the fluid type or the Newtonian fluid approximation is required.

A notable limitation of the current model is the assumption of a constant sedimentation
velocity (wg), whereas sedimentation processes in estuarine environments typically exhibit
considerable spatial complexity. For instance, Figure 1 highlights sedimentation rates in
CB varying by an order of magnitude between the Dique Channel mouth (10 m/25 y)
and the northern bay sector (0.5 m/25 y). Such variations result from a combination of (a)
bed load transport, (b) the precipitation of suspended particles, and (c) the flocculation
of fine particles induced by brackish water salinity gradients. Determining the dominant
mechanism among these and assessing the impact of wash load transport on sediment
distribution throughout the bay remain challenging. Detailed geographic-specific analysis
and further refinement of sedimentation mechanisms given in Equation (1) would thus
enhance the model accuracy and applicability.

This modeling approach addresses a critical gap in the representation of sediment
processes, particularly the understanding of Cp; of HHMs in estuarine sediments, by inte-
grating transport and reaction processes with site-specific hydro-sedimentary influences,
often simplified in traditional frameworks. The relevance of Cy, lies in its strong associa-
tion with toxicological thresholds, bioavailability, and long-term ecological risks related to
HHM pollution. Although a 1D framework offers notable advantages in computational
efficiency, it limits horizontal transport and spatial interactions across estuarine gradients.
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Future initiatives could benefit from integrating diagenetic and hydrodynamic models to
support evidence-based environmental management for preserving estuarine ecosystems.

5. Conclusions

Under physically valid assumptions, a novel 1D mathematical model was developed
to simulate HHM dynamics in estuarine sediments, with broad applicability to water bodies
influenced by HHM contamination. This numerical framework advances prior approaches
by integrating coupled transport-reaction processes while dynamically accounting for
porosity and tortuosity. Unlike conventional models, this approach includes molecular
diffusion (T7), desorption (T;), sedimentation (T3), and water-turbulence exchange (T4) as
a distinct method to estimate HHM C;,;. A notable innovation is the separation of C; and
Cp, reaching an asymptotic equilibrium (C; = C = Cy,) at the sediment base (z = 0). This
mathematical formulation has not been previously reported in existing sediment models.

The Cp, for Hg in CB ranged from 1.0 to 2.4 mg kg~! dw, providing a valuable
reference for future ecological risk assessments, pollution indexing, and numerical model
calibration in estuarine sediments. Cp, of Hg were characterized by very slow desorption.
Particularly, Chg values did not remain constant but exhibited a drift, influenced by limited
exchange with upper layers and overlying water. These findings may improve ecological
risk assessment, environmental monitoring, and policy formulation to mitigate HHM
impacts in CB and similar contaminated ecosystems.

Spatial and temporal variability in Cp, arises from local sediment dynamics, precisely
variations in precipitation rates, highlighting the need for zone-specific assessments within
the same water body. Consequently, the 1D model can be applied to each node of the
general hydrodynamic model of the basin.

The observed drift in Cp, values demonstrates that profiling sediment layers dated
with 14C does not necessarily reflect historical in situ concentrations, as reported by Fukue
et al. [44]. This issue draws attention and stimulates future research using inverse models
to restore HHM ancient profiles from in situ measurements.

The 1D model would be implemented as an interface between the water column
and the consolidated substrate. This intermediate layer would capture processes at the
sediment-water interface, transitioning from Newtonian fluid properties in the water—
sediment upper layer of the bottom to solid substrate characteristics. The model acts
as a universal boundary condition applicable across diverse aquatic systems receiving
HHM contamination. However, site-specific calibration may be necessary due to local
sedimentological and hydrodynamic conditions.

Future works will focus on integrating the 1D model into a 3D hydrodynamic frame-
work to continuously simulate the long-term fate of sediments and HHMs to compare the
model’s stratification predictions to in situ measurements of the vertical substrate. Such
advancements could significantly aid in developing more effective management strategies
to mitigate HHM pollution in coastal marine environments.
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Appendix A

Without the source term and molecular diffusion in a closed system, Equations (6) and
(7) can be expressed as follows:

acp _

- Al
aC
= =G —Ca), (A2)
This represents the desorption from the particulate to the dissolved form of the HHMs,
with
AP T
ot

Assuming the initial conditions C,(t =0) = Cp and C4(t = 0) = 0, the respective
analytical solution of the system (Equations (A1) and (A2)) becomes the following;:

_2 _ 2
cp(t):CO(lze ")y = S0 : ") (A3)

until it reaches an equilibrium, where C, = C; = % for t — co. The characteristic scale of
this process, given in Equation (4), according to Equation (A3) is T, = %

Appendix B

To specify the boundary conditions for Equation (7) at the bottom surface, a flux
equilibrium was established for the dissolved components of the HHMs:

—w'C' +v— = agv——" (A4)

Here, the first and second terms on the left-hand side represent the turbulent and
molecular fluxes of the HHMs with concentrations C in the water, respectively. The term
on the right-hand side is the molecular diffusion flux of the substance in the sediments.

The sum of the turbulent and molecular fluxes was constant in a relatively thick
layer, known as the near-surface bulk layer or “layer of constant fluxes”. This could
be parameterized based on the K-theory of turbulence by defining the flux g within the
logarithmic profile of the substance:

_ (C—Ca)xu,

T m(z)

(A5)
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where x = Karman constant (x = 0.41); u, is the friction (dynamic) velocity in the near-
surface layer; zg is the roughness parameter. In this case, z extends from the bottom surface
zp upwards and is fixed with a reference value C of concentrations.

Introducing the drag coefficient Cp and assuming that the concentration in water is
C = 0in Equation (A5), and based C < C4, Equation (A4) gives the following:

—CdCéu* = ucsvaa%, (A6)
which is Equation (8) when A = C}D/ 24,

The fact that C < C; in the water column was justified under the assumption that
the volumetric sediment concentrations in the water were less than 10~%. In an extreme
hypothetical scenario, where equilibrium is reached between the HHMs in the water
column, encompassing both C, and C, the concentration C represents no more than 0.01%

of the C).

Appendix C

Generally, the molecular Schmidt number, Sc, characterizes the relationship between
the molecular viscosity of water and the molecular diffusion of substances; it measures
how fast the “diffusion of momentum” occurs relative to other fluid properties. Substances
with a water temperature of approximately Sc = 10 can increase by one or two orders of
magnitude [36].

The Schmidt number is associated with the porosity and tortuosity of a fluid composed
of liquid and bottom sediments. Porosity and tortuosity are considered to play major roles
in the increase of this number. In the proposed study by Maerki et al. [45], the molecular
flow (2) was identified as follows:

Q—”XSTZ—”XOG TZ—F Xogz (A7)

where 1 represents porosity, 0 characterizes tortuosity, and F combines the effect of both;
Xxs and xp are the molecular diffusion coefficients with and without sediment particles,
respectively.

If xo = v and all diffusion effects (substance, porosity, and tortuosity) are assigned to
the Sc number, then Sc = F. Based on Maerki et al. [45], we conclude the following:

Sc=1.02n"" (A8)

where m > 1 (m = 1.81 in the cited work).

Consequently, the Sc value depends on the substrate level, residence time, and com-
paction of the sediment, among other factors. Shen and Chen [46] provided further details
on the parameterizations of these effects in sediments.
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Abstract: Osteoporosis is a major public health concern, particularly among post-
menopausal women. Environmental exposure to metals has been proposed as a potential
contributor to osteoporosis, but human data remain limited and inconsistent. This study
investigated changes in urinary concentrations of 20 metal(loid)s in patients with osteo-
porosis, as well as the association of these elements with bone mineral density (BMD), in
a cohort of 380 postmenopausal women aged 50-70 years from Cascavel, Parand, Brazil.
Demographic, lifestyle, and clinical data were collected, and urinary concentrations of
aluminum (Al), barium (Ba), cadmium (Cd), cobalt (Co), cesium (Cs), copper (Cu), mercury
(Hg), lithium (Li), manganese (Mn), molybdenum (Mo), nickel (Ni), lead (Pb), rubidium
(Rb), antimony (Sb), selenium (Se), tin (Sn), strontium (Sr), thallium (T1), uranium (U), and
zinc (Zn) were measured by inductively coupled plasma mass spectrometry. BMD was
assessed at the lumbar spine, femoral neck, and total hip using dual-energy X-ray absorp-
tiometry. Osteoporosis was diagnosed in 73 participants (19.2%). Osteoporotic women
had significantly higher urinary concentrations of Cd, Mn, Pb, Sb, Sn, and Zn (p < 0.05).
Statistically significant negative correlations were observed between BMD and urinary
concentrations of Al, Cd, Hg, Mn, Sb, and U. After adjustment for confounders, elevated
urinary concentrations of Cd, Mn, Pb, and Sb remained independently and significantly
associated with higher odds of osteoporosis, with Cd (aOR = 1.495; p = 0.026) and Sb
(@aOR =2.059; p = 0.030) showing the strongest associations. In addition, women with uri-
nary concentrations above the 90th percentile for both Cd and Sb had a significantly higher
prevalence of osteoporosis compared to those with lower levels (44.4% vs. 18.0%; p = 0.011).
Longitudinal studies are needed to confirm causality and inform prevention strategies.

Keywords: metals; metalloids; environmental exposure; bone mineral density; women;
aging; osteoporosis

Toxics 2025, 13, 489 https://doi.org/10.3390/ toxics13060489
117



Toxics 2025, 13, 489

1. Introduction

Osteoporosis is a highly prevalent osteometabolic disorder characterized by a reduc-
tion in bone mass and the deterioration of bone microarchitecture, resulting in increased
bone fragility and risk of fracture [1,2]. This condition is recognized as a major public health
concern worldwide, particularly among postmenopausal women [3], driven by the dual
impact of estrogen deficiency and aging on bone health [4]. Estrogen plays a key role in reg-
ulating bone remodeling by inhibiting osteoclast-mediated bone resorption and supporting
osteoblast function. Following menopause, the abrupt decline in estrogen levels disrupts
this balance, resulting in accelerated bone loss [4,5]. Concurrently, aging contributes to a
gradual decline in bone formation due to reduced osteoblast activity, impaired calcium
absorption, and changes in bone microarchitecture [6,7]. This combination of hormonal
and age-related factors synergistically increases the risk of osteoporotic fractures, especially
those affecting the hip and spine, leading to significant morbidity, long-term disability,
reduced quality of life, and increased mortality [8].

Osteoporosis affects an estimated 500 million people worldwide, with women facing
a lifetime risk of osteoporotic fractures between 30-50%, compared to 15-30% in men [9].
According to the Global Burden of Disease Study 2019, low BMD was responsible for
438,000 deaths and 16.6 million disability-adjusted life years (DALYs) worldwide [1]. That
same year, 178 million new fractures were recorded, contributing to 25.8 million years
lived with disability (YLDs) [10]. As global populations continue to age, the global burden
of osteoporosis is projected to rise sharply, creating significant challenges to healthcare
systems. This issue is further compounded by the feminization of aging, as, on average,
women live longer than men and are disproportionately affected by the disease.

In Brazil, osteoporosis also poses a significant and growing public health challenge.
Recent national surveys estimate the prevalence of osteoporosis among Brazilian women
over the age of 50 to range between 15% and 33%, depending on the diagnostic criteria and
region studied [11]. The aging demographic profile of the Brazilian population, combined
with lifestyle factors such as sedentary behavior, sub-optimal nutrition, and low vitamin D
concentrations, has contributed to an increasing incidence of osteoporotic fractures. Hip
fractures, in particular, have shown a rising trend in hospitalization rates, imposing signifi-
cant costs on the Brazilian Unified Health System (SUS) and affecting patients” functional
independence and quality of life [8].

Given its significant clinical and socioeconomic impact, understanding the modifiable
risk factors for osteoporosis is essential to guide public health interventions and preventive
strategies. While traditional determinants, including age, sex, hormonal status, calcium
and vitamin D intake, and physical activity, are well established [12], growing evidence
suggests that environmental exposures to toxic metals, such as lead, cadmium, and arsenic,
may also play a significant role in bone health and the development of osteoporosis [13-15],
and this warrants further investigation.

Metals and metalloids are ubiquitous in the environment due to both natural and
anthropogenic activities, and humans can be exposed through inhalation, ingestion, or
dermal contact [16,17]. Several studies have investigated the influence of essential and
toxic elements on bone health, revealing complex and sometimes contradictory effects.
Essential trace elements, such as copper (Cu), manganese (Mn), selenium (Se), zinc (Zn),
and cobalt (Co), are essential for maintaining normal physiological functions, including
bone metabolism [18]. However, studies have shown that high levels of manganese (Mn)
exposure may be associated with an increased risk of osteoporosis [19]. Zn has been shown
to promote osteoblast proliferation and differentiation and bone matrix formation [20].
Selenium (Se), recognized for its antioxidant properties, may protect against oxidative
stress [21,22], a factor that has been implicated in bone loss, and cobalt (Co) is involved in
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vitamin B12 metabolism, which may indirectly influence bone health [23]. However, both
deficient and excessive intakes of these essential metals can have adverse effects [18,23].

Numerous epidemiological studies have highlighted the detrimental effects of ex-
posure to toxic metals, particularly cadmium (Cd) and lead (Pb), on BMD and fracture
risk [24-26]. Cd has been consistently linked to adverse skeletal outcomes. In a recent
systematic review and meta-analysis conducted by our group, we demonstrated that even
low-level environmental Cd exposure is linked to an increased risk of osteoporosis in
postmenopausal women [27]. Similarly, low-level Pb exposure has been implicated in bone
demineralization and disturbances in calcium homeostasis [28]. The effects of mercury
(Hg) on bone health are less well defined. Although human data are lacking, some studies
link Hg exposure to altered calcium homeostasis and increased osteoclast activity [29],
while others report inconsistent findings [30]. Furthermore, elements such as antimony
(Sb) and thallium (T1) have been shown to induce oxidative stress [31-33], a process detri-
mental to bone integrity. However, their specific roles and underlying mechanisms in bone
metabolism remain poorly understood and warrant further investigation.

Other less common elements, such as lithium (Li) and strontium (Sr), present more
complex or even contradictory effects, depending on the exposure level and the population
studied [34]. Lithium has been suggested to promote bone formation through the activation
of the Wnt/ 3-catenin signaling pathway [35,36], a critical signaling pathway in osteogene-
sis [37], while Sr, although used therapeutically in osteoporosis management, may impair
normal bone mineralization when present at high environmental levels [18,38,39]. Uranium
(U) and cesium (Cs) are radioactive elements that may also interfere with calcium homeosta-
sis in bone [40—42], though their effects in human populations remain poorly understood.

This cohort study seeks to address existing knowledge gaps by investigating the
associations between exposure to a broad range of metals and metalloids—including
aluminum (Al), barium (Ba), Cd, Co, Cs, Cu, Hg, Li, Mn, molybdenum (Mo), nickel
(Ni), Pb, rubidium (Rb), Sb, Se, tin (Sn), Sr, T1, U, and Zn—and BMD in postmenopausal
women. By biomonitoring urinary metal(loid) levels, this study offers novel insights into
how environmental exposure to these metals may affect bone health and contribute to
osteoporosis risk.

2. Methods
2.1. Study Design and Population

We conducted a cross-sectional study using a cohort of 380 postmenopausal women.
Ethical approval for the study was granted by the Research Ethics Committees of the State
University of Western Parana (Unioeste), Plataforma Brasil (approval number: 2.636.746),
and Fernando Pessoa University in Porto, Portugal. Prior to participation, all individuals
provided written informed consent.

Data collection spanned from March 2022 to February 2024. Participants were re-
cruited through announcements disseminated via social media platforms, universities,
medical clinics, health centers, hospitals, and both regional and municipal health depart-
ments. The inclusion criteria specified women between 50 and 70 years of age who were
postmenopausal, defined retrospectively as experiencing at least 12 consecutive months
without menstruation, and who had been residing in the study region for a minimum of
10 years. Exclusion criteria included the presence of serious active medical conditions such
as advanced hepatic or renal insufficiency and cancer, a medically confirmed diagnosis of
secondary osteoporosis—including but not limited to hyperparathyroidism, malignancies,
or chronic corticosteroid therapy—as well as any history of occupational exposure to metals
through industrial employment.
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After obtaining informed consent, participants completed a structured questionnaire
designed to collect data on osteoporosis risk factors, potential dietary and occupational
metal exposures, as well as relevant sociodemographic and health-related variables. Pro-
longed bed rest was defined as a duration of 28 days or more, while insufficient physical
activity was classified as engaging in less than 30 min of exercise per day. Following the
questionnaire, trained research staff measured each participant’s body weight and height,
from which body mass index (BMI) was calculated. The research team then coordinated
the scheduling of urine sample collection and bone mineral density (BMD) assessments for
all participants.

2.2. BMD Measurement

Bone mineral density (BMD) assessment was conducted for all participants using dual-
energy X-ray absorptiometry (DEXA). The examinations were performed within the same
radiology department utilizing the HOLOGIC Horizon-A model device. Measurements
were obtained at standardized anatomical locations, specifically the lumbar spine, femoral
neck, and total hip. The classification of bone health status followed the guidelines estab-
lished by the World Health Organization (WHO). According to these criteria, osteoporosis
is diagnosed when BMD is reduced by 2.5 SD or more at any of the evaluated bone sites.

2.3. Measurement of Urinary Metal(loid) Concentrations

First-morning urine samples were collected in metal-free tubes and stored at —20 °C
until analysis. Urinary metal and metalloid concentrations were performed using induc-
tively coupled plasma mass spectrometry (ICP-MS), equipped with a quadrupole ion
deflector (NexION® 2000, PerkinElmer, Shelton, CT, USA) and operated with high-purity
argon gas (99.999%, Air Liquide, Sao Paulo, Brazil), following the analytical protocol previ-
ously established in the laboratory [43]. All reagents employed were of analytical grade
(Sigma-Aldrich, St. Louis, MO, USA). Nitric acid (HNO3) used in sample preparation was
further purified through sub-boiling distillation in a quartz distillation apparatus (Kiirner
Analysentechnik).

For each element analyzed, calibration curves with matrix matching were constructed
using standard solutions ranging from 0 to 200 pg/L, prepared with a diluent composed of
0.5% HNOj3 and 0.01% Triton X-100. Method accuracy and precision were evaluated using
certified reference urine samples provided by the Institut National de Santé Publique du
Québec (INSPQ) (QM-U-Q1509, Quebec, Canada). A 200 uL aliquot of each urine sample
was diluted to a final volume of 5 mL with the prepared diluent, and all measurements
were conducted in triplicate. Urinary element concentrations falling below the limit of
detection (LOD) were estimated by assigning a value equal to the LOD divided by the
square root of two (LOD//2).

Urinary creatinine concentrations were determined using the alkaline picrate method
on the Atellica® CH analyzer (Siemens, Sao Paulo, Brazil). Metal and metalloid con-
centrations were then normalized to creatinine concentrations in urine and expressed as
ug/g creatinine.

All procedures were performed at the Analytical and Systems Toxicology Laboratory
(ASTox), Ribeirao Preto School of Pharmaceutical Sciences, University of Sao Paulo.

2.4. Statistical Analysis

Categorical variables were summarized as absolute and relative frequencies (n, %)
and compared using the chi-square test or Fisher’s exact test, as appropriate. Quantitative
variables were presented as medians with interquartile ranges (IQRs; Q1-Q3) and compared
between groups using the Mann—Whitney U test due to non-normal distributions.
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Associations between key variables were assessed using Spearman’s rank or Pearson
correlation coefficients, with In-transformation applied when necessary. A heatmap based
on Spearman’s correlation values (selected due to non-normality) was used to visualize
relationships among urinary concentrations of the analyzed elements.

Multiple linear regression with stepwise selection was used to identify independent
variables associated with BMD; variables were In-transformed when needed to meet
model assumptions. Additionally, binary logistic regression was performed to evaluate
the association between potential predictors and osteoporosis risk. Odds ratios (ORs) were
adjusted for age, BMI, duration of menopause, smoking status, and prolonged bed rest.

All analyses were performed using IBM SPSS Statistics version 30.0. A two-tailed
p-value < 0.05 was considered statistically significant.

3. Results
3.1. Characteristics of the Study Population

The sociodemographic characteristics, health habits, and clinical data of the post-
menopausal women included in this study are summarized in Table 1. The median age of
the 380 participants was 60 years. The median BMI was 27 kg/m?, with 75% of the women
presenting a BMI above the upper-normal cutoff of 25 kg/m?. The majority of participants
(93.7%) reported never having smoked or being former smokers, and only one woman
reported current alcohol consumption. The overall prevalence of osteoporosis in the study
population was 19.2%.

Table 1. Clinical and sociodemographic characteristics of participants, presented overall and accord-

ing to osteoporosis diagnosis.

Variables (r?‘;egghl No Orft:(;}());roms With C:lsie;goroms p-Value !
Age (years) 60.0 (56.0; 65.8) 60.0 (56.0; 65.0) 62.0 (59.0; 66.0) 0.011
BMI (kg/m?) 27.0 (24.4; 30.2) 27.6 (24.8; 30.8) 26.1 (23.4;28.1) <0.001
Length of menopause (years) 13.0 (7.3; 19.0) 12.0 (7.0; 18.0) 16.0 (10.5; 21.5) 0.002
Prior fracture (yes) 109 (28.7%) 84 (27.4%) 25 (34.2%) 0.252
Arthritis (yes) 72 (18.9%) 62 (20.2%) 10 (13.7%) 0.246
Vitamin D intake (yes) 183 (48.2%) 149 (48.5%) 34 (46.4%) 0.795
Corticoids (yes) 88 (23.2%) 70 (22.8%) 18 (24.7%) 0.758
Prolonged bed rest (yes) 28 (7.4%) 21 (6.8%) 7 (9.6%) 0.454
No exercise (yes) 135 (35.5%) 112 (36.5%) 23 (31.5%) 0.497
Calcium intake (yes) 100 (26.3%) 68 (22.1%) 32 (43.8%) <0.001
Alcohol intake (yes) 1 (0.3%) 1 (0.3%) 0 (0%) 1.000
Smoking (yes) 24 (6.3%) 16 (5.2%) 8 (11.0%) 0.333
Antiresorptive medications <0.001
Bisphosphonates 10 (2.6%) 4 (1.3%) 6 (8.2%)

Bisphosphonates and HRT 1 (0.3%) 0 (0%) 1 (1.4%)

HRT 45 (11.8%) 33 (10.7%) 12 (16.4%)

No 324 (85.3%) 270 (87.9%) 54 (74.0%)

Lumbar spine

BMD (g/cm?) 0.92 (0.82; 1.06) 0.97 (0.88; 1.08) 0.74 (0.70; 0.77) <0.001
T-score —1.10 (—2.00; 0.10) —0.70 (—1.50; 0.40) —2.80 (—3.10; —2.50) <0.001
Diagnosis of osteoporosis 61 (16.1%) 0 (0%) 61 (83.6%) <0.001
Femoral neck

BMD (g/cm?) 0.73 (0.65; 0.83) 0.75 (0.68; 0.86) 0.63 (0.56; 0.71) <0.001
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Table 1. Cont.

Overall No Osteoporosis With Osteoporosis

_ 1
n =380 n =307 n=73 p-Value

Variables

T-score —-1.10(—1.78; —0.20) —0.90 (—1.50; 0.10) —2.00 (—2.65; —1.35) <0.001
Diagnosis of osteoporosis 25 (6.6%) 0 (0%) 25 (34.2%) <0.001
Total hip

BMD (g/cm?) 0.87 (0.78; 0.96) 0.90 (0.81; 0.98) 0.74 (0.69; 0.84) <0.001
T-score —0.60 (—1.30; 0.10) —0.40 (—1.00; 0.30) —1.60 (—2.05; —0.90) <0.001
Diagnosis of osteoporosis 10 (2.6%) 0 (0%) 10 (13.7%) <0.001
Urinary creatinine (mg/dL) 52.7 (29.0; 90.9) 52.8 (31.1;93.1) 52.5(22.2; 85.4) 0.090

Results are presented as median (first quartile; third quartile), unless otherwise indicated; 1 Mann-Whitney test;
Statistically significant differences are shown in bold. Abbreviations: BMD, Bone mineral density; BMI, Body
mass index; HRT, Hormone replacement therapy. Statistically significant p-values are shown in bold.

Table 1 also shows a comparison of these variables between women with and without
a diagnosis of osteoporosis. Statistically significant differences were observed between the
two groups in terms of age, BMI, menopausal duration, and calcium intake. Specifically,
women diagnosed with osteoporosis were slightly older, had a lower BMI, experienced
a longer postmenopausal period, and reported higher calcium intake. Additionally, a
significantly higher proportion of women with osteoporosis reported using antiresorptive
medication (p < 0.001).

As expected, bone mineral density (BMD) and T-scores at the lumbar spine, femoral
neck, and total hip were significantly lower in women with osteoporosis compared to those
without osteoporosis (p < 0.001).

3.2. Urinary Concentrations of Metals and Metalloids in Brazilian Postmenopausal Women

Table 2 depicts the urinary concentrations of 20 metals and metalloids for the entire
study cohort, as well as separately for women with and without an osteoporosis diagno-
sis. After adjusting for age, BMI, duration of menopause, smoking status, and prolonged
bed rest, statistically significant differences in median urinary concentrations were iden-
tified between the two groups for Cd, Mn, Pb, Sb, Sn, and Zn. Specifically, women with
osteoporosis had higher median urinary concentrations of Cd (0.38 ug/g creatinine vs.
0.30 ug/g creatinine, p = 0.012), Mn (7.0 ug/g creatinine vs. 4.1 pug/g creatinine, p = 0.014),
Pb (4.8 pg/g creatinine vs. 3.7 pug/g creatinine, p = 0.020), Sb (0.27 ug/g creatinine vs.
0.17 pug/g creatinine, p = 0.015), Sn (0.70 ug/g creatinine vs. 0.49 pg/g creatinine, p = 0.046),
and Zn (860 pg/g creatinine vs. 777 ug/g creatinine, p = 0.004) compared to women
without osteoporosis.

Table 2. Urinary concentrations (expressed in pg/g creatinine) of metals and metalloids, presented
overall and according to osteoporosis diagnosis.

Elements Overall No Osteoporosis With Osteoporosis

_ 1
(ug/g creat) n =380 n = 307 n="73 p-Value

Al 217 (108; 448) 202 (106; 425) 340 (129; 638) 0.273
Ba 16.5 (8.3; 29.0) 15.4 (8.0; 27.8) 19.7 (9.0; 36.8) 0.127
cd 0.30 (0.15; 0.55) 0.30 (0.14; 0.49) 0.38 (0.16; 0.71) 0.012
Co 0.23 (0.09; 0.46) 0.22 (0.08; 0.46) 0.26 (0.13; 0.66) 0.543
Cs 7.9 (4.0; 14.0) 7.7 (4.0; 13.5) 8.2 (4.6; 15.5) 0.419
Cu 93.6 (53.1; 172.9) 92.0 (52.9; 169.9) 98.4 (57.6; 184.7) 0.148
Hg 0.99 (0.41; 2.07) 0.97 (0.40; 1.93) 1.03 (0.55; 2.91) 0.501
Li 6.9 (3.2; 14.9) 6.7 (3.2; 14.8) 8.5 (3.9; 17.0) 0.578
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Table 2. Cont.

Elements Overall No Osteoporosis With Osteoporosis 1
(ug/g creat) n = 380 n = 307 n=73 p-Value
Mn 44(1.7;9.7) 41 (1.7;8.8) 7.0 (24;15.7) 0.014
Mo 17.0 (8.6; 33.4) 17.0 (8.6; 32.3) 16.5(9.3; 37.7) 0.378
Ni 16.0 (8.1; 30.9) 15.8 (8.0; 28.9) 17.5(9.1; 35.9) 0.219
Pb 4.0(2.1;8.1) 3.7(2.1;,7.4) 48 (2.7;11.7) 0.020
Rb 3105 (1567; 5742) 3026 (1557; 5627) 3636 (1649; 6220) 0.570
Sb 0.19 (0.10; 0.39) 0.17 (0.10; 0.36) 0.27 (0.13; 0.52) 0.015
Se 11.7 (5.9; 24.4) 12.0 (6.0; 25.6) 10.8 (5.5; 22.9) 0.439
Sn 0.52 (0.23; 1.09) 0.49 (0.22; 0.92) 0.70 (0.24; 1.86) 0.046
Sr 76.4 (40.7;179.3) 75.8 (38.5;178.7) 87.9 (51.3; 215.3) 0.100
Tl 0.22 (0.11; 0.46) 0.21 (0.11; 0.45) 0.26 (0.12; 0.54) 0.076
U 0.017 (0.005; 0.041) 0.016 (0.005; 0.038) 0.021 (0.008; 0.056) 0.109
Zn 808 (458; 1548) 777 (460; 1510) 860 (456; 1882) 0.004

Results are presented as median (first quartile; third quartile); ! Generalized Linear Model (GLM) of the In-
transformed elements adjusted for age (years), BMI (Kg/m?), length of menopause (years), smoking, and
prolonged bed rest. Statistically significant differences are shown in bold. Abbreviations: Al, aluminum; Ba,
barium; Cd, cadmium; Co, cobalt; Cs, cesium; Cu, copper; Hg, mercury; Li, lithium; Mn, manganese; Mo,
molybdenum; Ni, nickel; Pb, lead; Rb, rubidium; Sb, antimony; Se, selenium; Sn, tin; Sr, strontium; T, thallium; U,
uranium; Zn, zinc. Statistically significant p-values are shown in bold.

3.3. Intercorrelations Between Metal(loid) Concentrations in Urine

Figure 1 presents the heatmap generated from Spearman correlation coefficients
calculated for all measured metal(loid) concentrations in urine of the study population.
Notably, several strong positive correlations were observed between creatinine-adjusted
element concentrations. The strongest correlations in decreasing order were between Rb
and Cs (0.955, p < 0.01), Tl and Rb (0.904, p < 0.01), Se and Cs (0.892, p < 0.01), Tl and Cs
(0.890, p < 0.01), Mn and Al (0.871, p < 0.01), Ni and Ba (0.869, p < 0.01), Se and Rb (0.866, p
<0.01), Zn and Ni (0.858, p < 0.01), Mo and Cs (0.850, p < 0.01), Ni and Cu (0.849, p < 0.01),
Zn and Cu (0.847, p < 0.01), Cu and Cs (0.845, p < 0.01), Zn and Ba (0.843, p < 0.01), Ba and
Al (0.840, p < 0.01), Rb and Mo (0.832, p < 0.01), Zn and Cu (0.828, p < 0.01), Cu and Ba
(0.826, p < 0.01), Sr and Cs (0.820, p < 0.01), Rb and Cu (0.816, p < 0.01), Pb and Ba (0.814, p <
0.01), Sb and Ni (0.811, p < 0.01), Pb and Al (0.808, p < 0.01), and Sb and Ba (0.805, p < 0.01).
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Figure 1. Heatmap plot showing correlation between the elements in urine. Spearman’s rank
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3.4. Association of Studied Variables (Clinical and Analytical) with BMD

The statistically significant associations obtained between BMD at the lumbar spine,
femoral neck, and total hip and age, BMI, menopause length, and urinary metal(loid)
concentrations are presented in Table 3. Age and menopause length showed negative
correlations with BMD at all three sites, while BMI showed positive correlations. Among
the metals and metalloids, weak but statistically significant negative correlations were
observed between BMD and urinary concentrations of Al (lumbar spine, total hip), Cd
(lumbar spine, total hip), Hg (total hip), Mn (lumbar spine), Sb (lumbar spine, total hip),
and U (lumbar spine, femoral neck, total hip).

Table 3. Statistically significant associations between In-transformed bone mineral density (BMD) at
the lumbar spine, femoral neck, and total hip and In-transformed age, BMI, menopause length, and
urinary metal(loid) concentrations.

BMD BMD BMD
Lumbar Spine  Femoral Neck Total Hip
. r 1 0.525 0.697
BMD Lumbar Spine . <0.001 <0.001
r 0.525 1 0.743
BMD Femoral Neck p <0.001 <0.001
. r 0.697 0.743 1
BMD Total Hip p <0.001 <0.001
Aoc r —0.182 —0.256 —0.278
& p <0.001 <0.001 <0.001
r 0.301 0.311 0.456
BMI p <0.001 <0.001 <0.001
r —0.247 —0.220 —0.271
Menopause Length p <0.001 <0.001 <0.001
Al r —0.112 —0.062 —0.104
p 0.030 0.227 0.042
o r —0.102 —0.064 —0.128
p 0.048 0215 0.013
- r —0.084 —0.062 —0.128
& p 0.101 0.226 0.012
N r —0.128 —0.072 —0.097
n p 0.012 0.159 0.058
% r —0.106 —0.068 —0.104
p 0.039 0.186 0.044
U r ~0.107 —0.103 —0.116
p 0.036 0.044 0.023

1, Pearson correlation coefficient; Abbreviations: Al, aluminum; BMD, bone mineral density; BMI, body mass
index; Cd, cadmium; Hg, mercury; Mn, manganese; Sb, antimony; U, uranium. Statistically significant p-values
are shown in bold.

Given that lumbar spine was the bone site where most cases of osteoporosis were
diagnosed, we sought to determine the primary determinants of BMD at this location.
Multiple linear regression analysis identified In-transformed BMI as the strongest positive
predictor of lumbar spine BMD, while In-transformed menopause length, smoking, and
prolonged bed rest were significant negative predictors (Table 4). No metals or metalloids
were included as significant predictors of lumbar spine BMD in this model.
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Table 4. Main variables associated with bone mineral density at the lumbar spine, by multiple linear

regression analysis.
. . . Standardized
D\(;5 :ilalgf:t Model Unstandardized Coefficients Coefficients t p-Value
Beta (95% CI) Std. Error Beta

(Constant) —0.956 (—1.277; —0.636) 0.163 —5.863 <0.001

Ln BMI 0.310 (0.214; 0.405) 0.049 0.299 6.366 <0.001

Ln BMD Ln menopause Length  —0.052 (—0.072; —0.032) 0.010 —0.242 —5.140 <0.001

Smoking —0.024 (—0.045; —0.004) 0.010 —0.111 —2.358 0.019

Prolonged bed rest —0.067 (—0.129; —0.004) 0.032 —0.099 —2.096 0.037

Abbreviations: BMD, bone mineral density; BMI, body mass index. Statistically significant p-values are shown in

bold.

3.5. Association Between Urinary Metal(loid) Concentrations and Osteoporosis Risk

Independent adjusted odds ratios (aORs) for osteoporosis outcome associated with
In-transformed urinary metal and metalloid variables are presented in Figure 2. After
adjusting for age, BMI, length of menopause, smoking, and prolonged bed rest, urinary
Cd (aOR = 1.495, 95% CI: 1.048; 2.131, p = 0.026), Mn (aOR = 1.014, 95% CI: 1.001; 1.028,
p = 0.040), Sb (aOR = 2.059, 95% CI: 1.073; 3.950, p = 0.030), and Zn (aOR = 1.00027, 95%
CI: 1.00006; 1.00048, p = 0.012) were significantly associated with osteoporosis outcome.
However, only Cd and Sb showed clinically meaningful associations, as the odds ratios for

Mn and Zn were very close to 1.

Element OR
Zn [ ] 1.00027
U : = 3.162
Tl +p 1.215
Sr [ 1.001
Sn - 1.126
Se + 0.997
Sb - 2.059
Rb B 1.00001
Pb Iﬁ 1.016
Ni o 1.005
Mo o 1.003
Mn [ 1.014
Li + 1.000
Hg [ 1.006
Cu [ 1.001
Cs :- 1.007
Co il 1.169
cd - 1.495
Ba ] 1.005
Al + 0.99999
O[.l ; lTO l(])()
Adjusted OR (95% CI)

Figure 2. Forest plot showing the independent adjusted odds ratios (aORs) for osteoporosis outcomes
associated with metal(loid) exposure. ORs were adjusted for age, BMI, length of menopause, smoking,

95% CI

(1.00006; 1.00048)

(0.497; 20.137)
(0.935; 1.577)
(1.000; 1.003)
(0.991; 1.279)
(0.987; 1.007)
(1.073; 3.950)

(0.99998; 1.00005)

(1.000; 1.033)
(0.996; 1.015)
(0.996; 1.011)
(1.001; 1.028)
(0.998; 1.002)
(0.979; 1.033)
(0.999; 1.003)
(0.990; 1.024)
(0.814; 1.679)
(1.048; 2.131)
(0.998; 1.013)

(0.99989; 1.00010)

and prolonged bed rest. Statistically significant p-values are shown in bold.
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Given that Cd and Sb demonstrated the strongest and most clinically meaningful
associations with increased osteoporosis risk, we further analyzed their combined effects.
Women were categorized based on whether their urinary concentrations of both elements
were below or at/above the 90th percentile thresholds (1.079 ug/g creatinine for cadmium
and 0.729 ug/g creatinine for antimony; see Supplementary Table S1). Notably, women
with elevated urinary concentrations exhibited significantly lower BMD at all measured
bone sites and a higher prevalence of osteoporosis (44.4% vs. 18.0%; p = 0.011).

4. Discussion

This cross-sectional study investigated the association between urinary concentra-
tions of 20 metal(loid)s and osteoporosis in a cohort of postmenopausal Brazilian women.
Several significant associations were identified. Consistent with established risk factors
for osteoporosis, women diagnosed with the disease were generally older, had a lower
BMI, and experienced a longer time since menopause onset. Moreover, increased urinary
concentrations of aluminum, cadmium, mercury, manganese, antimony, and uranium were
correlated with decreased BMD. Notably, this study is the first to demonstrate a significant
association between elevated urinary concentrations of both cadmium and antimony and
an increased risk of postmenopausal osteoporosis, even after adjusting for potential con-
founders. In light of the increasing environmental burden of these elements from industrial,
mining, and vehicular sources [44], our findings reinforce the importance of further human
and environmental monitoring studies.

Biomonitoring studies are crucial for assessing population-level exposure to environ-
mental metals and metalloids, identifying vulnerable groups, and informing risk mitigation
efforts. Beyond characterizing exposure—outcome relationships, biomonitoring provides
an essential tool for evaluating the effectiveness of regulatory policies over time [45,46].
Urine is widely recognized as a suitable biological matrix for such assessments, owing to
its non-invasive collection and its reliability for specific metals. For elements such as cad-
mium, cobalt, cesium, molybdenum, nickel, antimony, strontium, thallium, and uranium,
urinary concentrations serve as robust biomarkers of exposure due to their relatively stable
excretion profiles [47]. In contrast, for metals such as lead, mercury, manganese, aluminum,
copper, and zinc, urinary levels are considered less reliable indicators of exposure [48]. This
limitation arises from alternative primary excretion routes (e.g., biliary or fecal pathways)
or tight homeostatic regulation, which can obscure the relationship between exposure and
urinary elimination.

In our study, urinary concentrations of two essential trace metals—manganese and
zinc—and of four toxic metal(loid)s—cadmium, lead, tin, and antimony—were higher in
osteoporotic women compared with non-osteoporotic controls (Table 2). Both Mn and Zn
were reported to present a U-shaped curve in terms of their toxicity and effect on bone
health. This means that, at low levels, they are essential and beneficial for bone formation
and mineralization, whereas, at excessively high levels, they become toxic, leading to
impaired bone metabolism and bone loss [18]. Therefore, the increased urinary excretion
of Mn and Zn observed in the osteoporosis group may reflect heightened environmental
exposure but could also result from osteoporosis-induced loss of essential trace elements,
as previously described [49]. This loss may further exacerbate deficiencies that are critical
for maintaining bone health. Conversely, the elevated urinary concentrations of Cd, Pb,
Sn, and Sb are more likely attributable to increased environmental exposure to these toxic
metals, which are known to interfere with bone remodeling and mineralization, thereby
potentially contributing to osteoporosis risk [14]. Among them, in the present study only
cadmium and antimony showed significant negative correlations with BMD (Table 3),
implicating a potential role in bone deterioration. However, the observed correlation
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coefficients were modest, indicating weak predictive value when considered individually.
This was corroborated by multiple linear regression analysis, which failed to identify any
of the metals as independent predictors of lumbar spine BMD (Table 4).

Nevertheless, potential adverse effects may become more pronounced at higher expo-
sure levels, as we recently demonstrated for Cd in Brazilian postmenopausal women [50],
or in scenarios involving co-exposure to multiple metal(loid)s. In our study, women with
urinary cadmium and antimony concentrations above the 90th percentile exhibited a sig-
nificantly higher prevalence of postmenopausal osteoporosis (Supplementary Table S1).
This finding underscores the possible additive or synergistic effects of Cd and Sb on bone
degradation, in agreement with previous reports on the combined impact of metal mixtures
on BMD reduction [51]. Notably, both cadmium and antimony tend to accumulate in soil
and crops due to industrial emissions and agricultural practices [52,53], increasing the
likelihood of concurrent human exposure through dietary intake or shared environmental
sources. This co-exposure scenario is further supported by the strong positive correlation
observed between urinary concentrations of these metals in our cohort (p = 0.765; Figure 1).

Substantial epidemiological evidence indicates that chronic exposure to cadmium is
associated with impaired bone metabolism, reduced BMD, and increased risk of osteopenia
and osteoporosis [14,27,54,55]. Cadmium exerts its deleterious effects through multiple
mechanisms, including renal dysfunction, disruption of calcium homeostasis, oxidative
stress, and inflammation. Specifically, cadmium inhibits osteoblast differentiation while en-
hancing osteoclast activity, partly through interference with Wnt/ 3-catenin signaling and
upregulation of RANKL expression [15,56]. Cadmium-induced oxidative stress activates
NF-«B and increases proinflammatory cytokines such as IL-6 and TNF-«, further con-
tributing to bone resorption [57]. Additionally, cadmium disrupts calcium metabolism by
impairing gastrointestinal absorption, renal reabsorption, and vitamin D receptor-mediated
synthesis of 1,25-dihydroxyvitamin D [58]. Proteomic and metabolomic analyses have
also revealed cadmium-related alterations in osteogenic gene expression, bone matrix
protein production, and mineralization pathways, further implicating cadmium in skeletal
fragility [59]. In contrast, data on antimony remain limited. Given its chemical similarity
to arsenic, a recognized osteotoxicant, antimony may exert analogous effects, including
oxidative stress induction and disruption of osteoblast function [33]. Some experimental
studies have linked high antimony levels to redox imbalance and increased bone loss [60].
However, the evidence remains sparse and inconsistent, highlighting the need for addi-
tional in vivo and in vitro studies to elucidate antimony’s role in bone demineralization
and osteoporosis risk.

The adjusted odds ratios provided deeper insight into the independent relationships
between metals and metalloid exposure and osteoporosis risk (Figure 2). Antimony demon-
strated the strongest association (aOR = 2.059), suggesting that higher urinary antimony
concentrations are associated with more than a two-fold increase in the odds of devel-
oping osteoporosis. Cadmium was also associated with an increased risk (aOR = 1.495),
indicating a moderate but clinically meaningful effect. Statistically significant associations
were observed for manganese and zinc as well; however, their effect sizes were minimal,
as indicated by the low odds ratios. The significance for manganese and zinc likely re-
flects the large sample size and narrow confidence intervals rather than a meaningful
biological impact.

To the best of our knowledge, only two studies to date have investigated the asso-
ciations between urinary concentrations of multiple metallic elements and BMD loss or
osteoporosis risk in older and/or postmenopausal women. The first study, based on data
from the U.S. National Health and Nutrition Examination Survey (NHANES) 2005-2010,
supports our findings by identifying urinary cadmium, along with arsenic and tungsten,
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as negatively associated with BMD [61]. A more recent analysis of NHANES 2017-2020
data found no statistically significant associations between BMD in women and any of the
11 examined metal(loid)s (Ba, Cd, Co, Cs, Mo, Mn, Pb, Sb, Sn, T1, and W) after adjusting
for potential confounders. However, a consistent negative trend was observed for all
elements except manganese. This may reflect the impact of successful public health inter-
ventions that have substantially reduced environmental exposures in the U.S. population
over time [62]. As a result, current exposure levels may be below the biological thresh-
old needed to influence bone health. Notably, the NHANES 2017-2020 study reported a
sex-specific effect of antimony: urinary antimony levels were negatively associated with
femoral BMD in women but positively associated in men [63]. These findings, consistent
with our data, suggest that antimony exposure may represent a sex-specific risk factor for
bone loss in women. Further research is needed to confirm these associations and elucidate
the biological mechanisms underlying antimony toxicity.

Although the observed associations underscore the potential role of chronic low-level
metal exposure as a modifiable risk factor for postmenopausal osteoporosis, the follow-
ing limitations warrant consideration. First, the cross-sectional design precludes causal
inference, and reverse causation, whereby osteoporosis influence on metal and metalloid
excretion cannot be completely excluded. Second, the study population consists of post-
menopausal women from a specific region of Brazil, which may limit the generalizability
of the results. Third, although creatinine adjustment was applied to ensure comparability
with previous studies, it may introduce bias due to variability in muscle mass [64]. This
limitation should be acknowledged when interpreting the results. Finally, we did not
assess dietary intake or other potential sources of metal and metalloid exposure (e.g., traffic
emissions), which could also influence the observed associations.

Future longitudinal studies are essential to confirm these associations and to elucidate
the underlying mechanisms. Additionally, identifying the primary sources of exposure
would further support the development of effective prevention strategies.

5. Conclusions

This study adds to the growing body of evidence that environmental exposure to
metals and metalloids is significantly associated with reduced BMD and increased odds of
osteoporosis in postmenopausal women. Antimony demonstrated the strongest association
with osteoporosis risk, while cadmium was linked to a moderate yet clinically relevant
risk. While causality cannot be established, the findings highlight the need to address
environmental metal exposure as part of broader strategies to preserve bone health. Future
longitudinal and mechanistic studies are essential to confirm these associations and to
inform risk assessment and mitigation efforts.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/toxics13060489/s1, Table S1: Comparison of participants with
urinary concentrations of both Cd and Sb below and at or above the 90th percentile (P90; 1.079 and
0.729 ng/g creatinine for Cd and Sb, respectively).
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Abstract: Due to high geological background and intensive mining activities, soils are
prone to heavy metals (HMs) accumulation and ecological fragility in Guizhou Province,
China. A total of 740 topsoil samples were therefore collected, and aimed to determine the
concentrations of As, Cd, Cr, Hg, and Pb, estimate the ecological pollution, and evaluate
the carcinogenic and non-carcinogenic health risks to humans. Results showed As (1.08%)
and Cd (24.46%) in soil exceeded standards. The Igeo showed that Cr (1.49%) and Hg
(31.62%) in soil were at light pollution levels; single factor pollution index (PI) showed that
Cd (21.35%) in soil was mildly polluted; risk index (RI) as at a low risk level. Notably, both
deterministic and Monte Carlo analyses revealed unacceptable carcinogenic risks for As and
Cr in children, with traditional methods potentially underestimating As risks. Moreover,
Target-Organ Toxicity Dose (TTD) revealed soil HMs as a higher risk to hematological
health, with notable health risks posed by Pb in children. It is noted that spatial distribution
analysis suggested that the southwestern region of Guizhou Province should be prioritized
for health risk management and control. By integrating the uniqueness of geological
environments, multi-dimensional health risk assessments, and spatial distributions, the
present study provides a scientific basis for assessing HMs pollution risks and soil health
risks in the karst regions.

Keywords: heavy metals; agricultural soil; health risk assessments; target organ toxic
dose method

1. Introduction

Heavy metals (HMs) contamination in soil emerged as a critical environmental prob-
lem due to their inherent toxicity, persistent retention, non-degradability, and sustained
bioavailability [1,2]. Soil is an important carrier of HMs. Excessive HMs can disrupt the
productivity and quality of soil when entering into the soil layer [3]. Furthermore, severely
contaminated soils may serve as a persistent source of groundwater and ecosystem con-
tamination [4]. More seriously, when the concentration of HMs such as lead (Pb), arsenic
(As), and mercury (Hg) in the farmland soil reaches a certain level, it will destroy the
internal balance of the farmland [5]. It is important to note that soil ecosystems, particularly
those of farmland, are crucial for human survival and development [6]. It is essential to
evaluate the contamination status and ecological risks associated with HMs contamination
in agroecosystems.

Soil contamination by HMs varies across China, with southern provinces bearing the
brunt of the problem; these regions should be considered key areas for monitoring and
managing HM pollution. Simultaneously, cadmium (Cd), Hg, Pb, chromium (Cr), and
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arsenic (As) have been identified as the main HMs requiring targeted control efforts within
Chinese soils [7]. Therefore, this study focuses on these five HMs. In, addition, Southwest
China constitutes a pivotal component of karst region all over the world [8]. Karst area is a
fragile ecosystem prone to human impacts with high geochemical background value and
limited HM capacity. Karst landscapes, formed from carbonate rock formations, are among
the regions naturally characterized by elevated HM concentrations due to their unique
geological composition. Research has shown that as these carbonate-rich areas undergo
weathering, essential elements like calcium and magnesium leach out, leading to either the
preservation or further accumulation of HMs. HMs typically accumulate in the residue,
showing a steady proportional rise in both concentration and volume. This persistent
buildup allows them to remain detectable in regions with minimal bedrock composition,
even following extensive soil formation processes [9,10]. Geological surveys reveal that
carbonate rock formations in Guizhou Province cover approximately 1.1 x 10° km?, which
accounts for 73% of the provincial territory [11] and ranks first in China. And, the re-
searches reported that mining and smelting in Southwest China could release HMs to cause
superimposed soil pollution [12]. Presently, these techniques of single factor pollution
index (PI), Nemero pollution index (Py), geo-accumulation index (Igeo), ecological risk
(Er) and risk index (RI) were all conducted to investigate the ecological risks polluted by
HMs in karst areas [13,14]. Tang et al. [15] found that Py was moderately polluted for the
agricultural soils of karst areas. Qin et al. [16] indicated that Er in the karst area of Yunnan
Province reached moderate risk accounting for 55.27% of the total samples. Therefore, the
ecological pollution status of HMs in the karst areas deserves further attention.

The health risk assessment, a quantitative approach, evaluates potential human ex-
posure risks through ingestion, dermal contact, and inhalation [17,18]. Specifically, the
concentration of HMs and exposure parameters were the main considerations for determin-
istic risk assessment [19,20]. However, the deterministic risk, calculated by fixed values,
relies on the actual magnitude of the risk defined by individual differences, age, physical
condition, gender, and metabolic parameters [21,22]. In contrast, probabilistic risk simula-
tion provided a more accurate basis for risk management and remediation [23]. Based on
probabilistic modeling, the Monte Carlo simulation technique incorporates the variability
in critical exposure traits, such as the fluctuation in soil ingestion rate (Ring), body weight
(BW) and exposure frequency (EF). In probabilistic risk assessment, every variable and
parameter is treated as a probability distribution rather than a fixed value. This approach
dramatically minimizes the uncertainties inherent in health risk evaluations. The Monte
Carlo simulation method follows these essential steps: First, probability distributions
are established for HM concentration parameters. Next, uncertain parameter values are
generated according to these distributions. The model then performs 10,000 randomized
samplings across these parameter ranges, feeding them into the risk assessment calcu-
lations. Finally, the simulated output parameters are analyzed to generate cumulative
probability distributions that quantify potential health risks [24,25]. Therefore, Monte Carlo
simulation can well make up for the deficiencies of classical techniques. This technique can
estimate the probability of pollutants exceeding the danger threshold and prioritize the
part of health risk control, effectively conducting probabilistic health risk analysis [26]. For
example, Eslami et al. [27] studied the health risks of pesticides on fruits, and the Monte
Carlo simulation they adopted revealed that the total hazard quotient (THQ = 36.7%) of
children was significantly higher than that of adults (7.8%). Traditional mean analysis
was unable to capture this difference, demonstrating the precise identification ability of
probability methods for sensitive populations. The emphasis suggested that evaluating
probabilistic risk could yield a more suitable health risk assessment, to some degree [28].
In addition, the Target-Organ Toxicity Dose (TTD), a method for risk characterization of
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specific toxicological endpoints, which is an improvement on the traditional health risk
assessment. It not only accounts for the critical effects of pollutants but also integrates the
assessment of toxic doses across multiple target organs for diverse HMs, thereby signifi-
cantly enhancing the precision of risk evaluations. To some extent, it places a particular
emphasis on the potential impacts on target organs when pollutant concentrations surpass
critical exposure doses [29]. Still, it is limited to establishing a more comprehensive and
multi-perspective assessment on integrating deterministic risk, probabilistic risk and target
organ toxicity dose to pay attention to human health.

As the discussion above, our study aimed to (1) systematically evaluate the spatial
distribution and contamination severity of HMs; (2) assess the carcinogenic and non-
carcinogenic health risks of HMs using a deterministic assessment and the Monte Carlo
method; and (3) estimate the non-carcinogenic health risks of HMs using the TTD method.
The present study can provide a theoretical framework for the scientific evaluation and
human health risk assessment of HMs contamination in karst areas of Guizhou Province.

2. Materials and Methods
2.1. Study Area

Guizhou Province (24°37' N-29°13’ N, 103°36’ E-109°35’ E), lies within the eastern
segment of the Yunnan-Guizhou Plateau, featuring elevated ground to the west and
descending terrain to the east. The annual temperatures hover between 14-16 °C and
rainfall typically ranges from 1100-1400 mm. Spanning 176,167 square kilometers, this
vital agricultural hub supports a population of around 35.81 million people and plays a
key role in China’s grain production [30].

2.2. Sample Collection and Analysis

In autumn 2017, 740 topsoil samples (from 0-20 cm depth) were gathered from
Guizhou's farmland, nearly encompassing the entire cultivated area. The layout of sam-
pling points referred to the Chinese national standard DZ/T 0295-2016 [31], soil samples
were collected in Guiyang (GY, n = 48), Zunyi (ZY, n = 148), Anshun (AS, n = 82), Liupan-
shui (LPS, n = 21), Bijie (BJ, n = 51), Qiandongnan (QDN, n = 151), Qiannan (QN, n = 119),
Qianxinan (QXN, n = 44) and Tongren (TR, n = 75). The distributions of sampling sites
were shown in Figure 1.

104°0'0"E_105°0'0"E 106°0'0"E 107°0'0"E 108°0'0"E 109°0'0"E

29°0"0"' N+ [29°0'0""N
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Figure 1. Location of the study area and distribution of sampling sites.

To ensure a representative composite sample, five individual subsamples were gath-
ered within a roughly 10-m radius of the target site and carefully homogenized. Following
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collection, all specimens were left to air-dry under ambient laboratory conditions. The soil
sample processing procedure was conducted as follows: First, a 2 mm sieve was employed
to remove animal residues, stones, and plant materials. The ground soil sample was then
reduced to approximately 400 g using the quartering method. Subsequently, the entire sam-
ple was uniformly sieved through a 0.25 mm sieve. Of the resulting material, one-quarter
was allocated for soil pH measurement, while the remaining portion (300 g) was further
sieved through a 0.15 mm sieve for the determination of HMs in the soil [32]. Subsequently,
0.25 g of soil was transferred into a Teflon crucible, and then a 10 mL mixture of nitric acid
and perchloric acid in a 4:1 ratio, along with 2 mL of hydrofluoric acid, was added. The
crucible was subsequently heated to promote digestion. Once digested, the solution was
moved to a 25 mL colorimetric tube and topped up with ultra-pure water to the required
volume. The Pb, Cd, and Cr contents in the soil were then measured using Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) [33]. ICP-MS allows for simultaneous multi-
element detection, offering rapid, highly sensitive analysis of trace amounts [34]. In another
process, about 0.3 g of soil sample via a 0.15 mm sieve was weighed and placed into a
50 mL colorimetric tube. The sample was slightly wetted with water and then mixed with
10 mL of a 1:1 aqua regia solution (HCI-HNO3-H;O, 3:1:4). This mixture was digested in a
boiling water bath for 2 h, then allowing to cool, and diluting with ultra-pure water to the
desired volume. The Hg content was measured using an Atomic Fluorescence Spectrometer
(AF-630A) [35]. For As determination, the aliquot was taken and mixed with thiourea and
ascorbic acid [36]. Hg and As were detected by AFS, and this method has high sensitivity
and accuracy [37].

To measure the pH of soils, about 10 g of soil were carefully weighed and transferred
into a 50 mL beaker. Then, 25 mL of water was poured in to eliminate any trapped carbon
dioxide. The mixture was stirred vigorously to ensure thorough blending and left to sit for
half an hour. Finally, the pH level was measured using a glass electrode.

During the determination process, GBW07408 (from the National Standards Research
Center of China) was utilized for HM content analysis and quality control. The recovery
rate of spiked samples was maintained between 90% and 110%. Parallel samples were
taken every 30 samples, with relative deviations kept within 10%.

2.3. Contamination Assessment

The PI, Py and Igeo were applied to assess the contamination of HMs in farmland in
Guizhou Province. The PI assessed individual HM pollutant concentrations in the soils [38],
while the Py gauged the overall pollution impact of multiple HMs [39]. These indices are
calculated as follows: c

PI=- 1
5 M)

|PI2,  + PI?
PN — ave 2 max (2)

where C; is the measured concentration of HM i, S; is the standard evaluation value, which
is the soil pollution risk screening value in the “Soil environmental quality standard” [40].
The pollution level classifications for PI and Py were shown in Table S1 [41].

Considering the impact of natural diagenesis on the background values, the geological
accumulation index (Igeo) was employed to assess the contamination of HMs, and it
identified the influence of anthropogenic activities [42]. It was calculated as follows:

Ci
Igeo = 10g2 |:(15><BZ):| (3)
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where B; is the geochemical background value of HM i in the local soil [43], C; is the
measured concentration of HM i, and 1.5 is the coefficient of variation that results from
rock formation [44]. The pollution level classification for Igeo was shown in Table S2 [42].

2.4. Potential Ecological Risk Assessment

The potential ecological risk index method proposed by Hakanson [38] can compre-
hensively consider the ecotoxicity of pollutants and ecological environmental factors. This
approach effectively captures the overall influence of different contaminants on the ecosys-
tem. This index can be used to quantitatively analyze and predict potential ecological risks.
Rl is the sum of the ecological health risk index for each HM (Er), calculated as follows:

E, =T x (S) @)

RI =Y E ®)
where T; is the toxic response factor (As: 10, Cd: 30, Cr: 2, Hg: 40, Pb: 5). The risk levels
classifications for Er and RI were shown in Table S3 [38].

2.5. Health Risk Assessment

The health risk assessment recommended by the USEPA for human exposure to
HM was quantified both non-carcinogenic and carcinogenic risks via oral ingestion (ing),
inhalation (inh) and dermal contact (dermal), respectively [45]:

R;,, x EF X ED

_ ing -6
APDing = Cs X — gy ar <10 ©)
R; EF x ED
ADDjyy = Cs x 1M =" )

PEF x BW x AT

AF x SA x ABS x EF x ED 6
BW x AT <10 ®)

where ADDjng, ADDjyp,, and ADDye, represent the average daily doses of HMs in the soil

ADDy,, = Cg x

in mg/(kg-d); Cg is the soil HM concentration (mg/kg). The interpretation and values of
the exposure parameters are shown in Table 54 [46—48].
The formulas below were used to compute the non-carcinogenic and carcinogenic

risk indices:
ADD;

HI; =) R/D, )

THI =) HI; =Y (Hljng + Hljyy + Hlger) (10)
CR; =) (ADD; x SF) (11)

TCR =) CR; (12)

HI represents the non-cancerous health risk associated with a single HM across various
exposure routes, while the THI aggregates the risks from multiple HMs. If either the THI
or HI exceeds 1, it signals a possible risk of health problems [49]. RfD; indicates the non-
carcinogenic average daily reference dose for HM i. CR is the carcinogenic risk factor for
all exposure pathways for a single HM, the TCR indicates the total carcinogenic risk for
multiple HMs. SF is a carcinogenic slope factor. When the CR values surpass the risk
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cutoff of 1 x 1074, it suggests that humans face significant risks of cancer. Conversely, if
the CR values fall below the commonly accepted threshold of 1 x 107, they are typically
viewed as posing an insignificant threat to human health [50]. The values of exposure
parameters relevant to adults and children in the health risk assessment are shown in
Table S5 [46-48,51].

To address uncertainties and variability in risk quantification, a probabilistic frame-
work employing Monte Carlo simulations was implemented. Computational analyses were
conducted using Oracle Crystal Ball, with 10,000 iterative samplings at a 95% confidence
interval, drawing stochastically from predefined exposure parameter distributions [52].
This approach generated probabilistic health risk profiles, while the parameter configura-
tions for probability density functions in the risk assessment model [53] were detailed in
Table S6 [46,54-56].

In addition, TTD is an improvement on the HI method, and the toxic dose of HM in
multiple target organs is included in the evaluation scope, which can more accurately reflect
the specific health risks of pollutants to humans [57]. At present, the corresponding target
organ toxicity data for Cd, Pb, As and Cr are relatively complete, and the corresponding
target organ toxicity effect endpoint data have been reported, while the target organ toxicity
data for Hg are relatively lacking [58]. The formula for calculating HI in the TTD method is
as follows:

ADD;

Hlrrp =Y, TTDzl (13)
1

THIrrp = Y HI; (14)

where the TTD; value is the endpoint of the toxicological effect of the corresponding target
organ for each HM (Table S7) [59]. Hlprp is the risk value of a single HM to the target
organ. The THItrp is the sum of the Hlprp of multiple HMs.

2.6. Data Analysis

Microsoft Office Excel 2024, IBM SPSS Statistics 27, Origin 2024 and GraphPad Prism
10 were employed for experimental data processing and analysis. Independent sample
t-test of health risk indices (HI, CR) between adults and children were performed using
Student’s t-test. Subsequently, Kriging interpolation of ArcGIS 10.8 software was used to
conduct spatial interpolation mapping to describe the spatial distribution of HMs.

3. Results
3.1. Evaluation of Heavy Metal Pollution

The results of HMs pollution in soil were shown in Table 1. The mean values of As, Cd,
Cr, Hg and Pb for the soil samples were 9.08, 0.36, 73.06,0.13 and 28.14 mg/kg, respectively.
When compared with the soil background values of Guizhou Province, the exceeding rates
of As, Cd, Cr, Hg and Pb were 4.46%, 5.54%, 20.95%, 62.03% and 18.92%, respectively.
Furthermore, the soils in Guizhou Province mainly exhibited slight acidity, with pH values
between 3.84 and 8.06 and an average of 6.14. At pH levels < 5.5, between 5.5 and 6.5, and
from 6.5 to 7.5, Cd exceedance rates were 37.39%, 32.03%, and 9.47%, respectively. At the
pH > 7.5, the exceeding rate of As was 9.88%. The total exceedance rates of As and Cd were
1.08% and 24.46%, respectively. Moreover, the coefficient of variation (CV) was in the order
of As (59.25%) > Hg (46.15%) > Cd (44.44%) > Cr (39.98%) > Pb (28.75%).

The kriging method was further used to analyze the current status and spatial dis-
tribution of HM contamination in agricultural soils (Figure 2). High levels of As and Hg
were observed in the central area; high Cd and Cr were concentrated mainly in the western
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region; and Pb concentrations were higher from the northern parts, respectively. And the
levels of pH were high in the southwestern part.

Table 1. Concentrations of heavy metal in soils in the study area (mg/kg).

Items As Cd Cr Hg Pb pH

Min 1.19 0.08 15.97 0.02 11.42 3.84

Max 24.87 0.75 149.82 0.29 49.38 8.06

Mean 9.08 0.36 73.06 0.13 28.14 6.14

SD 5.38 0.16 29.21 0.06 8.09 0.96

CV% 59.25 44.44 39.98 46.15 28.75 15.64
pH <55 30 0.30 250 0.50 80 -
Exceeded(%) @ 0 37.39 0 0 0 -
55<pH < 6.5 30 0.4 250 0.50 100 -
Exceeded(%) 2 0 32.03 0 0 0 -
6.5<pH <75 25 0.6 300 0.6 140 -
Exceeded(%) @ 0 947 0 0 0 -
pH>75 20 0.8 350 1.0 240 -
Exceeded (%) 2 9.88 0 0 0 0 -
BV P 20 0.66 95.9 0.1 35.2 -
Exceeded(%) P 4.46 5.54 20.95 62.03 18.92 -

2 Soil pollution risk screening values refer to “Soil environmental quality standard” (GB15618-2018) [40]. ® China
National Environmental Monitoring Center (CNEMC), the Backgrounds of Soil Environment of Guizhou, China.
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Figure 2. Spatial distribution of heavy metal pollution characteristics. (a) As; (b) Cd; (c) Cr; (d) Hg;
(e) Pb; (f) pH.

In addition, the methods of Igeo and PI were utilized to assess the contamination
status of farmland soils. assess the contamination status of farmland soils. in the Guizhou
Province. The values of Igeo indicated that 1.49% of Cr and 31.62% of Hg, indicating minor
pollution (Figure 3a). The average PI for HMs varied between 0.23 and 0.84. Specifically,
21.35% of the sampling sites exhibited mild Cd contamination (1 < PI < 2), and 3.11%
showed moderate Cd contamination (2 < PI < 3) (Figure 3b). The Py value was 1.77, which
was at the light pollution level.
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Figure 3. Assessment of the (a) Igeo and (b) PI.

3.2. Ecological Risk Assessment

The Er values calculated by HMs concentrations rank as the order of Cd > Pb > As >
Hg > Cr, with 10.95% sites of Cd rated at a moderate risk level (Figure 4a). And, there was
no ecological risk level in Guizhou because the RI value was below 80. More importantly,
the spatial pattern of RI (Figure 4b) indicated higher concentrations in the western area,
with slightly higher values in the central region.
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Figure 4. Assessment of (a) Er and spatial distribution of (b) RI.

3.3. Deterministic Risk Assessment

The results of the deterministic risk assessment were shown in Table 2. The results for
the three exposure pathways were in the order of Hljng(1.12 x 1071 > Hlgermar(1.54 x 1072)
> Hljpp(7.62 x 10%) in adults and Hljng(7.54 % 1071) > Hlgermal(7.22 x 1072) > Hljpp,
(1.32 x 107%) in children, indicating that oral ingestion is the primary exposure pathway
for non-carcinogenic risks. The deterministic risks posed by HMs, the order of HI was
Cr(5.12 x 1072) > As(4.59 x 1072) > Pb(3.03 x 10~2) > Hg(6.82 x 10~%) > Cd(6.42 x 10~%)
in adults and Cr(3.12 x 1071) > As(3.05 x 1071) > Pb(2.02 x 10~!) > Hg(4.50 x 10~3%)
> Cd(4.03 x 107%) in children. Although all soil HI values were under 1, 27.84% THI
values in children and 30% TCR values in adults were above the acceptable range. At the
same time, the order for CR was Cr(6.32 x 107°) > As(2.04 x 107°) > Cd(3.27 x 107°)
> Pb(3.56 x 1077) in adults and Cr(4.06 x 107%) > As(1.36 x 107%) > Cd(2.19 x 107°) >
Pb(2.39 x 107°) in children. CR(Cr) exceeded the acceptable range in 9.59% of adults.
Specifically, the CRing values of As and Cr for children in the ingestion pathway were
greater than 1 x 10~%. And, the exceeding rate of CR(As) in children was 57.30%. The
Student’s t-test showed that there were significant differences in all health risk indicators
between children and adults (Figures S1 and S2). For THI, TCR, As, Cd, Cr, Hg and Pb,
the non-carcinogenic and carcinogenic risks were notably greater in children compared to
adults (p < 0.0001).
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Table 2. Carcinogenic and non-carcinogenic risk assessment of heavy metals in different populations.

Non-Carcinogenic Risks

Carcinogenic Risks

HIing Hlinn Hlgermal HI CRing CRinn CRyermal CR
As Adults 451 x 1072 336 x107%  435x107%  459x1072 203x10° 218x10%  8.09x 1078 204 x 107>
Children  3.02 x 107! 583 x107%  205x107%  3.05x 107! 136 x107% 378 x10°% 381 x1077 136 x10°*
cd Adults 532 x 1074 1.98 x 10~ 8.49 x 1075 6.42 x 10~* 327 x 107 357 x 1010 3.27 x 107°
Children 357 x 1073 3.44 x 1075 3.99 x 1074 4.03 x 1073 219 x107° 619 x 10°10 2.19 x 1075
Cr Adults 3.63 x 1072 406 x 1074 1.45 x 1072 5.12 x 1072 5.45 x 107° 4.87 x 10~ 8.68 x 1070 6.32 x 1075
Children 243 x 1071 7.04 x 10~* 6.81 x 1072 3.12 x 1071 3.66 x 1074 8.45 x 10~ 4.09 x 1075 4.06 x 1074
Hg Adults 6.36 x 10~* 3.61 x 10~° 6.82 x 107+
Children 426 x 1073 1.70 x 10~* 450 x 1073
b Adults 2.99 x 1072 319 x107%  3.03x1072  356x1077  1.88x 10710 3.56 x 1077
Children 2.01 x 1071 1.50 x 10~3 2.02 x 1071 239 x 107 326 x 10710 2.39 x 107°
THI/TCR Adults 112 x 107! 7.62 x 107* 1.54 x 1072 1.29 x 107! 7.52 x 1073 2.72 x 1078 8.77 x 1076 8.40 x 1075
Children 7.54 x 1071 1.32 x 1073 7.22 x 1072 8.28 x 1071 5.04 x 1074 472 x 1078 412 x 1075 545 x 1074

The kriging technique was further employed to map out the spatial patterns of THI
and TCR among both adults and children (Figure 5). The high TCR values of adults and
children were primarily located in the southwest and central parts areas (Figure 5a,c), and
the high THI values were mainly distributed in the southwest, central and northeast areas

(Figure 5b,d).
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Figure 5. Spatial distribution of total carcinogenic and non-carcinogenic risks in (a,b) adults and
(c,d) children.

3.4. Probabilistic Risk Assessment

The probabilistic assessment by Monte Carlo simulation was shown in Figures 6 and 7.
The probabilistic risks ranked as follows: for mean HI values, Cr(5.18 X 1072) >
As(4.64 x 1072) > Pb(3.06 x 1072) > Hg(6.79 x 107%) > Cd(6.45 x 107%) in adults
(Figure 6b—f) and Cr(3.15 x 107!) > As(3.08 x 1071) > Pb(2.04 x 10~1) > Hg(4.47 x 107%)
> Cd(4.04 x 1073) in children (Figure 6h-1); similarly, for mean CR values, the order
was Cr(6.40 x 107°) > As(2.07 x 107%) > Cd(3.29 x 10°) > Pb(3.61 x 10~7) in adults
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(Figure 7b—e) and the order was Cr(4.11 x 107%) > As(1.38 x 10~%) > Cd(2.20 x 1075) >
Pb(2.41 x 107%) in children (Figure 7g—j). Obviously, the Cr values both in CR and HI were
the highest among all of the investigated HMs. In adults, HI(Cr) contributed 39.85% to THI,
followed by HI(As) with 35.69%. In children, HI(Cr) contributed 37.68% to THI, followed
by HI(As) with 36.84%. In children, there was an 11.67% probability that the THI value
exceeded the exposure risk value. The acceptable threshold for CR(Cr) was likely to be ex-
ceeded in adults, but it was guaranteed to be exceeded in children, with a 100% probability.
Additionally, there was a 94.62% probability that the acceptable threshold for CR(As) would
be exceeded in children. The total probabilistic carcinogenic risk was 20.69% for adults
and 100% for children, respectively. The Student’s t-test showed that there were significant
differences in all health risk indicators between children and adults (Figures S3 and S4).
For THI, TCR, As, Cd, Cr, Hg and Pb, the probabilistic non-carcinogenic and carcinogenic
risks were notably greater in children compared to adults (p < 0.0001).
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Figure 6. Probabilistic non-carcinogenic risk assessment of heavy metals in (a—f) adults and
(g-1) children.
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Figure 7. Probabilistic carcinogenic risk assessment of heavy metals in (a-e) adults and (fj) children.

3.5. Health Risk Assessment Based on the TTD Method

Oral ingestion, as the primary exposure way of health risk, was selected as a non-
carcinogenic risk assessment modified by the TTD. From the target organs, the cumulative
risks in our study were 0.09, 0.08, 0.07, 0.06 and 0.2 in adults (Figure 8f) and 0.61, 0.55, 0.52,
0.46 and 0.17 in children (Figure 8g), respectively. It showed that Hlrrp(Hematological)
had the highest contribution rate to THIttp, which was 27.27% and 26.41% in adults and
children, respectively. From the perspective, the Pb, As, Cr and Cd values for cumula-
tive risks were 0.14, 0.10, 0.08 and 0.005 in adults and 1, 0.75, 0.53, and 0.03 in children,
respectively. The data showed that the contributions of Hlttp(Pb) were 42.42% in adults
and 43.29% in children. In total, The THIrtp was 2.56 times higher than the definitive
risk assessment of THIp qu1ts and 2.79 times that of THIpjigren- The health risks of HMs in
different target organs were illustrated in Figure 8. The neurological and cardiovascular
systems were most sensitive to As (Figure 8a,c), the renal system to Pb (Figure 9b), and the
hematological and testicular systems to Cr (Figure 8d,e). In addition, children faced greater
health risks compared to adults.
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The spatial pattern of HIptp was uniformly comparable across adults (Figure 9a) and
children (Figure 9b) for various target organs. The high-risk areas for the neurological and
cardiovascular systems were primarily in the central region, those for the renal system in
the northern, and those for the testicular system in the west. The high values of THItrp
were primarily located in the southwest, central and northeast regions.

4. Discussion
4.1. Heavy Metals Pollution Analysis

In most cases, the adsorption of metal elements onto soil particle surfaces intensifies
as soil pH levels increase [60]. We found that the higher Cd concentrations of samples are
higher at the low pH. To some extent, it might be contributed to the low solubility of soil
Cd at a high pH accounting with the properties of calcareous soil [61]. In contrast, the
present study indicated that As exceeded the limit at high pH levels. As previously study
described, the solubility of As in soil is possibly rising with the soil pH increasing [62].
Furthermore, the CV reflected the variability and dispersion of soil elements. Elements
with high CV may be affected by human activities [63]. As, Cd, Cr and Hg showed high
variability (CV > 36%), indicating that they had high spatial heterogeneity [64], which may
be due to the impacts of parent rocks and the process of soil formation [16].

The PI of Cd was the highest, primarily due to its relatively high toxicological response
factor [65]. Investigation of the agricultural soil near the mining area in central Guizhou
showed that the Py was 2.5 [14], which was higher than the result of this study, as it was
near the mining area possibly. Although the PI for other HMs were within the standard
limits, 24.46% of the sites showed Cd contamination. Therefore, the Py was 1.77, indicating
that Guizhou province was under slight pollution. The Py describes the possibility of
pollution, the risk amount of the indicated pollution and it is also able to measure the
reach of HMs pollution to the topsoil level, taking into account the risks of all referenced
HMs [66]. The Igeo index considers the effects of natural diagenesis and anthropogenic
activities [67], and the Igeo of 31.62% of Hg was slightly polluted, indicating that Hg was
affected by anthropogenic activities. Guizhou is one of the major Hg-producing regions in
China, consistently ranking first in terms of Hg ore reserves and production. The related
mining and smelting activities will produce a large amount of Hg-containing waste gas,
waste water and waste residue, which is very likely to lead to HMs contamination of its
neighboring soils [68]. Therefore, the contamination of Hg in farmland soil should be noted
within the Guizhou Province. Moreover, the Er of 10.95% Cd indicated a moderate pollution
level. Although the results of Rl indicated that the study area was at a low risk level, the
impact of Cd should still be taken seriously. The Igeo focuses on quantifying the effects
of anthropogenic pollution, while other indices (such as Er and RI) pay more attention
to toxicity responses or comprehensive risk assessment. Therefore, PI and Er described
the pollution risk level of Cd, while Igeo indicated the impact of human activities on Hg.
The pollution of Cd and Hg in the farmland soil of Guizhou Province deserves attention,
suggesting that priority should be given to control and reduce their risk to the environment.
The deficiency of this study is that only five HMs were investigated. However, the influence
of other HMs (such as Cu, Co, Zn, etc.) is also very important. Therefore, in the subsequent
research work, we consider including these several HMs in the study to assess the soil
environmental quality more comprehensively.

4.2. Deterministic and Probabilistic Risk Assessment

Deterministic health risk assessment was used to estimate carcinogenic and non-
carcinogenic risks for adults and children via ingestion, inhalation, and skin contact. Kyere
et al. [69] and Demirtepe et al. [70] showed that higher HI levels were typically observed

145



Toxics 2025, 13, 515

in the ingestion routes compared to inhalation and skin contact routes. This study also
showed that the ingestion route contributed the most to HI. Therefore, this pathway
should be valued. Similar to previous studies [71,72], our study indicated that children
exhibited higher non-carcinogenic and carcinogenic risks than adults (p < 0.0001), primarily
owing to their conduct, biological traits, and exposure duration [73]. In addition, Lu
et al. [74] revealed that As and Cr contributed high CR was noteworthy, particularly in
the southwestern region, which aligned with the findings of this study. The CR of Cr
was higher, potentially due to its lower slope factor, posing a greater carcinogenic risk
than other HMs. Meantime, there are many mineral resources in Guizhou Province with
high concentrations of Cr [75]. Therefore, the health risks posed by As and Cr to children
deserve attention in the southwestern region.

Monte Carlo simulation, a widely used probabilistic risk assessment technique, min-
imizes uncertainty and offers more comprehensive results during risk evaluation [22].
Through the evaluation of two methods, Cr had the highest risk in HI and CR, followed by
As; and CR values for Cr and As exceeded the acceptable range in children. However, the
mean HI and CR values of As, Cd, Cr, and Pb, for the probabilistic approach were slightly
higher than those for the deterministic approach. Previous research used deterministic
values to assess health risks, which eventually may underestimate the risk outcomes [76,77].
A significant reduction has been observed in exceedance probabilities for THI for children
and adult TCR and CR(As) for adults relative to their safety thresholds. These phenomena
suggested that the above indicators may be overestimated in deterministic assessments.
Additionally, the CR of As for children exceeded the probability risk increased, among
from 57.30% in deterministic assessment to 94.62%, which indicated that the risk may be
underestimated. To our knowledge, deterministic and probabilistic techniques are widely
used to estimate human health risks posed by various pollutants [78]. Combining the two
methods to explore the health risks of HMs to people can provide a scientific foundation
for policymakers to achieve risk management. A key limitation is the absence of formal
sensitivity analysis. Although the main purpose of this study was to assess the overall
risk probability range of soil heavy metals to the population, and Monte Carlo simulation
effectively quantified the variability of the results under the uncertainty of the given param-
eters, this limited the identification of key risk drivers. Future studies should incorporate
sensitivity and uncertainty analysis to further explain the research results in depth. In
addition, Jin et al. [79] estimated the health risks of HMs in food, which gave us great
enlightenment. Subsequently, we consider conducting an assessment of HMs pollution
and health risks related to soil, crops and humans.

4.3. Health Risk Assessment Modified by the TTD Method

The health risks posed by HMs in soil to local populace were objectively evaluated
by both the deterministic and probabilistic risks. However, traditional health risk assess-
ment models only consider the most sensitive effect target organ of HMs, while actual
risks arise from damage to multiple target organs simultaneously. This may result in
an underestimation of the non-carcinogenic health risks posed by soil HMs contamina-
tion to humans [57,80]. Therefore, TTD was further used for risk assessment of specific
target organs.

On account of Pb being more sensitive to the toxic effects of target organs, its cumu-
lative risk value was higher than other HMs. More importantly, the HIrrp value of Pb
in children was 1. Therefore, the health risks caused by Pb to children should be paid
attention to. In terms of a single target organ, the accumulation risk in the hematology was
the highest, indicating that HMs in agricultural soil might cause damage to the hemato-
logical system of the population, although it is still within the safe threshold of soil risk.
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Compared with the traditional deterministic assessment results, the HItp evaluated by
the TTD model was 1.56~7.79 times than that of HI, which was mainly due to the joint
action of two or more HMs in these target organs [81]. Thus, utilizing the TTD model
allows for more precise measurement and comparison of cumulative risks associated with
various HMs against risk values obtained through traditional methods, providing a deeper
understanding of health risks to target organs [81]. To this end, the TTD addresses the
limitation of the traditional method in comprehensively assessing risks across multiple
target organs.

In addition, consistent with the results of traditional methods, the health risks in
the southwest region are noteworthy. Due to the lack of supporting data and uneven
medical resource allocation, it cannot be determined whether the incidence rates of relevant
diseases in various regions of Guizhou align with research findings. Therefore, residents in
high-risk areas should be mindful of undergoing regular health checks for related target
organ diseases. However, none of these three health risk assessment techniques take into
account the bioavailability of HMs in the soil, which may lead to an overestimation of health
risks. This is the deficiency of this study. Future research will focus on the bioavailability
of soil HMs and animal experiments to fully explore and verify the carcinogenic and
non-carcinogenic health risks brought by related metal pollutants to the human body, to
evaluate the health risks of soil HMs more comprehensively. It will facilitate decision-
making regarding health risks and the formulation of appropriate public health measures.

5. Conclusions

Cd and Hg were the main pollutants in agricultural soil of Guizhou Province, and
their distribution was affected by industrial activities and soil pH. The Py indicated
slight pollution in the farmland soil within the province. Children were at higher risk of
non-carcinogenic and carcinogenic than adults, and the CR of Cr (3.12 x 10~ ') and As
(3.05 x 10~!) was particularly prominent, which exceeded the acceptable range. However,
the carcinogenic risk of adults was less than 1 x 10~* and did not exceed the standard.
Convergent findings from deterministic modeling and Monte Carlo simulations revealed
CR for As and Cr exceeding safety thresholds in children. Further, the TTD was used to
assess multi-organ risk, revealing a higher risk of soil HMs for hematological health, with
notable health risks posed by Pb in children. This approach addresses the limitation of the
traditional method in comprehensively assessing risks across multiple target organs. It is
noted that spatial distribution analysis suggested that the southwestern region of Guizhou
Province should be prioritized for health risk management and control. By integrating the
uniqueness of geological environments, multi-dimensional health risk assessments, and
spatial distributions, this study provides a scientific basis for assessing HMs pollution risks
and soil health risks in karst regions.
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risk significance test analysis for adults and children. Note: **** p < 0.0001; Figure S4. Probabilistic
carcinogenic risk significance test analysis for adults and children. Note: **** p < 0.0001; Table S1:
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