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Introduction

Dementia results from a range of diseases and brain injuries, 
with Alzheimer’s disease (AD) accounting for the bulk of 
cases, potentially resulting in 60–70% of all cases (World 
Health Organization 2021). It is a primary driver of dis-
ability and impairment among aging individuals on a global 
scale. It impairs memory, cognitive functions, and behavior, 
eventually hindering an individual’s capacity to carry out 
everyday tasks (Nichols et al. 2022). Worldwide, dementia 
affects over 46 million people, among which Alzheimer’s 
disease comprising approximately 70% of these cases (Qiu 
et al. 2009; Reitz et al. 2011).

Despite the high prevalence of this condition, effective 
treatment remains elusive (Scheltens et al. 2016; Livingston 
et al. 2020). Over the past several years, many mechanisms 
have been disclosed about the pathogenesis of AD. How-
ever, two hallmark pathological changes—amyloid beta 
peptide structuring and tau protein aggregation—are widely 
acknowledged, manifesting as extracellular plaque deposits 
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Abstract
Exposure to heavy metals, namely cadmium, arsenic, lead, mercury, together with manganese, has been increasingly 
implicated in the prevalence and mortality of Alzheimer’s disease. To further clarify these associations, we conducted a 
comprehensive meta-analysis by systematically searching the Cochrane Library, PubMed, and Web of Science databases 
up to July 9, 2024. In total, 21 studies involving 2,867 participants were included for analyses using standardized mean 
differences, and 8 studies involving 288,737 participants were analyzed using odds ratios (ORs) or hazard ratios (HRs). 
Using a random-effects model with Stata 17.0, we found that cadmium levels in biological samples were higher in indi-
viduals with Alzheimer’s disease relative to those without the condition (SMD = 0.99, 95% CI 0.40, 1.50). Similarly, 
arsenic levels were elevated among Alzheimer’s disease patients relative to control groups (SMD = 0.66, 95% CI 0.02, 
1.20). Moreover, higher cadmium exposure was associated with an increased risk of Alzheimer’s disease–related mortal-
ity (HR = 1.80, 95% CI 1.20, 2.69). Evidence from this study suggests that elevated cadmium and arsenic levels were 
associated with the presence of Alzheimer’s disease and that cadmium exposure, in particular, was associated with higher 
Alzheimer’s disease-related mortality. These findings may have implications for public health monitoring and prevention 
strategies related to heavy metal exposure.
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in the brain and neurofibrillary tangles in the brain (Qiu et 
al. 2009; Yslas et al. 2024; Zhang et al. 2024). This high-
lights the growing demand for effective preventive strate-
gies to reduce the occurrence of AD.

The hazard of AD is primarily linked to a synergy of 
hereditary and environmental factors (Livingston et al. 
2020). The industrial development in developing countries 
has led to the release of toxic chemicals into the air, making 
reports of heavy metal exposure more common (Babić Leko 
et al. 2022). Heavy metals are recognized as causative and 
risk factors for various diseases. Notably, cadmium (Cd), 
lead (Pb), and arsenic (As) are particularly connected to 
neurotoxic effects (González-Domínguez et al. 2014; Wang 
et al. 2019; Eiró et al. 2021).

Cadmium is a toxic trace metal to humans, originating 
from natural as well as human-derived routes (Filippini et 
al. 2020). Among non-occupationally exposed individuals, 
nutrition and cigarette consumption are the original routes 
of exposure (Filippini et al. 2018). Conversely, lead sources 
include lead-containing paints, solder, bullets, ceramic 
goods, industrial discharges, contaminated food and water, 
soil, and substitute health products (Obeng-Gyasi 2019). 
Arsenic is also among the most significant hazardous ele-
ments in the environment, existing in both organic and 
inorganic forms. Arsenic can enter the human body through 
ingestion, inhalation, or dermal absorption, leading to vari-
ous adverse health outcomes (Rahmani et al. 2023). Of 
course, the impacts of manganese and mercury on human 
health are also not to be overlooked. Manganese is a vital 
trace element for the human physique, but at elevated lev-
els, it acts as a neurotoxin. It can pass into the body through 
ingestion, breathing in, and potentially through the olfactory 
pathway. Mercury exposure can originate from geogenic as 
well as anthropogenic sources. Human actions, including 
the combustion and the use of coal and oil, the chlor-alkali 
industry, mining, can introduce mercury into ecosystems, 
leading to mercury exposure (Paduraru et al. 2022). And 
finally, Manganese that circumvents the liver is readily pen-
etrates the blood-brain barrier and accumulates localized to 
the basal ganglia (Racette et al. 2021).

Understanding environmental determinants for Alzheim-
er’s disease can facilitate our comprehension of the disease’s 
pathology, potentially influencing intervention strategies. 
Resulting from the limited availability of comprehensive 
reviews regarding this subject, our aim sought to carry out 
an integrative review and meta-analysis comparing the 
concentrations of five neurotoxic heavy metals in biologi-
cal samples of Alzheimer’s individuals and non-diseased 
controls. Additionally, recognizing that the link between 
heavy metals and Alzheimer’s disease-related mortality 
and prevalence remain unclear, we conducted a second 
meta-analysis, incorporating eight studies from three major 

indexed sources, to assess the probability of Alzheimer’s 
disease-related mortality and prevalence related to heavy 
metal exposure.

Method and Materials

Aiming to investigate the correlation between exposure 
to hazardous metals and Alzheimer’s disease prevalence 
and mortality, the meta-analysis was conducted in accor-
dance with PRISMA guidelines. Registration of the review 
protocol was completed in the PROSPERO database 
(CRD42024567068).

Study Eligibility and Criteria

A structured literature investigation was carried out, first in 
the Cochrane Library, then in PubMed, and finally in Web 
of Science for articles retrievable until July 9, 2024. Eligi-
ble studies comprised observational designs—case-control, 
cross-sectional, and cohort studies and needed to evaluate 
exposure to any of the following metals: lead, cadmium, 
arsenic, manganese, or mercury, while also reporting out-
comes pertinent to Alzheimer’s disease. The comprehensive 
search strategy, along with detailed eligibility criteria and 
the study selection process, is available in the Supplemen-
tary Methods.

Data Retrieval

Two reviewers independently extracted data, covering key 
study characteristics, among others the first author, year of 
publication, investigative design, subject characteristics, 
definitions of exposure and endpoints, and relevant effect 
measures. Consensus discussions resolved any discrepan-
cies between reviewers.

Evaluation of Methodological Quality

We employed the Newcastle-Ottawa Scale (NOS) to 
appraise the credibility of cohort. The same scale was 
applied to assess the credibility of case-control studies. 
And for cross-sectional studies, we employed the tool 
from the U.S. Agency for Healthcare Research and Qual-
ity (AHRQ). Two researchers carried out these assessments 
independently.

Quantitative Analysis

The meta-analysis was carried out via Stata version 17.0 to 
synthesize the effect estimates. Effect estimates were syn-
thesized according to their reported metric. Hazard ratios 
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(HRs) and odds ratios (ORs) were pooled separately and 
were not combined within the same model. Only adjusted 
effect estimates were included in the primary meta-analy-
sis. The I² statistic quantified between-study heterogeneity, 
guiding the choice of either a random-effects or fixed-effects 
model to derive summary estimates. For meta-analyses 
including a very small number of studies, fixed-effects mod-
els were applied to avoid unstable estimation of between-
study variance under random-effects assumptions (Dettori 
et al. 2022). To test the robustness of the findings, we under-
taken sensitivity and subgroup analyses. Where appropri-
ate, publication bias was evaluated. The Supplementary 
Methods section contains further specifics on the statistical 
approach.

Results

Study Selection

After removing 566 redundant articles, 1203 articles 
remained. Of these, 1147 articles were excluded for the fol-
lowing reasons: 186 articles involved animals, 165 articles 
were reviews, 614 studies were unrelated to the topic, 15 
publications were clinical case studies, 10 articles were 
meeting abstracts, and 157 articles were studies on molecu-
lar mechanisms. An additional 14 articles were excluded 
due to insufficient statistical data, and 9 were omitted 
because their examined variables or results were unrelated. 
Ultimately, 27 articles were selected for additional analysis 
(see Supplementary Material Online, Figure S1). Data from 
21 of these articles were combined to calculate standardized 
mean differences (SMD). For exposure–outcome analyses 
(n = 8), effect estimates were synthesized according to their 
reported metric, with hazard ratios (HRs) and odds ratios 
(ORs) pooled separately. Data from two of these articles 
were utilized in both analyses (Park et al. 2014; Yang et al. 
2018).

Summary of Study Features

The detailed data of the studies incorporated were presented 
in Supplementary Tables 1 and 2. A total of twenty-three 
case-control studies, with an additional three cohort studies, 
and a cross-sectional study were encompassed in our analy-
sis. Among the 27 articles, 8 studies were carried out in Asia 
(4 in China, 2 in Korea, 2 in India), 9 studies were conducted 
in Europe (3 in Spain, 2 in Italy, 2 in Sweden, 1 in Germany, 
and 1 in Lithuania), and North America (USA) accounted 
for 7 studies. Additionally, one study was conducted in 
Oceania (Australia) and two studies were conducted in Tur-
key. It was worth noting that Turkey’s geographical location 

straddles both Europe and Asia. Therefore, a dual classi-
fication was applied during the subgroup analysis of con-
tinents. Heavy metal concentrations were measured using 
various techniques, with the most common methods being 
inductively coupled plasma and atomic absorption spectros-
copy. Most studies utilized the NINCDS-ADRDA (National 
Institute of Neurological and Communicative Disorders and 
Stroke-Alzheimer’s Disease and Related Disorders Asso-
ciation) criteria for diagnosing Alzheimer’s disease (AD).

Evaluation of Quality

As determined by the NOS quality assessment, eighteen 
studies were assessed as having moderate quality, while 
nine were deemed to have high quality. A cross-sectional 
study was assessed using a quality evaluation instrument 
and received a score of 10.

Heavy Metals and Alzheimer’s Disease

Cadmium (Cd)

Eleven studies quantified the detected concentrations of 
Cd in multiple types of biological samples, such as serum, 
blood, and plasma, among individuals with AD and control 
subjects.

Within the present study, a random-effects model com-
pared Cd concentrations in a sample comprising 560 AD 
individuals with 694 normal individuals (11 studies). 
Observed outcomes demonstrated that cadmium content 
in AD individuals was evidently greater than that in the 
comparator group, the overall SMD for cadmium concen-
tration was 0.99 (95% CI 0.40, 1.5) (Fig. 1A). A random-
effects model was employed to analyse the overall result; 
the I2 statistic was 95.0% and the P-value was less than 
0.001. The study also implemented a sensitivity analysis to 
assess the robustness and possible bias within the dataset 
by systematically by sequentially removing one study at a 
time. Begg’s test indicated no significant publication bias 
(z = 1.87, p = 0.062). Egger’s regression test yielded a bor-
derline result (p = 0.050), suggesting possible small-study 
effects; however, the evidence was insufficient to conclu-
sively indicate substantial publication bias.

Subgroup analyses based on geographical location 
revealed markedly elevated Cd concentrations in AD indi-
viduals versus non-diseased participants in studies con-
ducted in Asia (SMD = 1.43; 95% CI 0.43, 2.42; I²=97.4%, 
p < 0.001) and in Europe (SMD = 0.56; 95% CI 0.20, 1.58; 
I²=56.1%, p = 0.059), suggesting that the heterogeneity 
may be partially attributed to the inclusion of European 
studies. Additionally, subgroup analyses by sample type 
showed that Cd levels in the serum of AD individuals were 
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Fig. 1  Forest map of the relationship 
between heavy metals in different bio-
logical samples and Alzheimer’s disease. 
A Point estimate and pooled estimate of 
Cd concentration in AD patients compared 
with healthy controls. B Point estimate and 
pooled estimate of As concentration in AD 
patients compared with healthy controls. 
C Point estimate and pooled estimate of 
Pb concentration in AD patients compared 
with healthy controls. D Point estimate and 
pooled estimate of Hg concentration in AD 
patients compared with healthy controls. E 
Point estimate and pooled estimate of Mn 
concentration in AD patients compared with 
healthy controls. CI: confidence interval; 
SMD: the standard mean difference
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elevated relative to levels recorded in the comparator group 
(SMD = 0.77; 95% CI 0.32, 1.23; I²=81.4%, p < 0.001). 
Additionally, a subgroup analysis utilizing assessment meth-
ods indicated notable variances in Cd concentrations among 
the inductively coupled plasma mass spectrometry (ICP-
MS) methods (SMD = 0.63; 95% CI 0.21,1.05; I2 = 82.8%, 
p < 0.001), while no notable differences were observed with 
the other two methods. The subgroup results based on the 
criteria for AD diagnosis showed that the cadmium concen-
tration in the case group diagnosed by NINCDS-ADRDA 
criteria was markedly greater than those relative to non-
demented participants (SMD = 1.37; 95% CI 0.37, 2.36; 
I2 = 96.1%, p < 0.001). The outcomes were outlined in Sup-
plementary Table 3.

In addition, the pooled analysis of three cohort studies 
indicated a robust positive correlation between exposure 
to cadmium and Alzheimer’s disease-related mortality 
(HR = 1.80; 95% CI 1.20, 2.69) (Fig. 2A), with substantial 
heterogeneity (I²=74.1%, p = 0.009). Similarly, we con-
ducted a sensitivity analysis, providing evidence that our 
observed effects were robust. However, evidence from the 
pooled analysis of two case-control studies did not support 
a significant association between exposure to cadmium and 
the prevalence of Alzheimer’s disease (OR = 1.09; 95% CI 
0.56, 2.11) (Fig. 2B).

Arsenic (As)

Seven researches quantified arsenic levels in a range of bio-
logical samples, including serum, blood, cerebrospinal fluid, 
as well as plasma, among AD patients and control groups.

As part of the meta-analysis, a random-effects model 
was implemented to compare arsenic (As) concentrations 
between 236 AD patients and 230 healthy individuals across 
seven studies. The observations indicated that the As con-
centration was pronounced superior in AD individuals than 
in the comparison group, with an overall SMD of 0.66 (95% 
CI 0.02, 1.2) (Fig. 1B). The overall analysis was conducted 
by means of a random-effects model; the I² statistic was 
91.4%, with a P-value < 0.001. We additionally conducted a 
sensitivity analysis by systematically eliminating data from 
respective study to characterize the robustness and potential 

Fig. 2  Forest map of the association between heavy metal exposure 
and Alzheimer’s disease. A Forest map of the association between cad-
mium exposure and Alzheimer’s disease mortality. B Forest map of 
the association between cadmium exposure and Alzheimer’s disease 
prevalence. C Forest map of the association between arsenic exposure 
and Alzheimer’s disease prevalence. D Forest map of the association 
between lead exposure and Alzheimer’s disease prevalence. E Forest 
map of the association between mercury exposure and Alzheimer’s 
disease prevalence. F Forest map of the association between manga-
nese exposure and Alzheimer’s disease mortality. CI: confidence inter-
val; HR: hazard ratio; OR: odds ratio
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and the prevalence of Alzheimer’s disease (OR = 1.02; 95% 
CI 0.84, 1.24) (Fig.  2D), with no significant heterogene-
ity (I²=24.1%, p = 0.251). Therefore, we utilized the fixed-
effects model for the analysis.

Mercury (Hg)

Eleven studies quantified mercury levels in a variety of bio-
logical samples, including serum, blood, hypophysis, plus 
plasma, in Alzheimer’s patients and controls.

A random-effects model was adopted in the meta-analy-
sis to compare mercury concentrations in 581 AD patients 
and 691 individuals without the condition from 11 studies. 
The results indicated no remarkable difference in mercury 
concentrations between AD cases and non-diseased group, 
with an overall SMD of 0.75 (95% CI -0.00, 1.51) (Fig. 1D). 
A random effects model was employed for comprehensive 
analysis, yielding an I² statistic value of 97.3% and a corre-
sponding P-value < 0.001. The Begg’s regression test found 
no indication of publication bias (z = 0.48, p = 0.631), and 
Egger’s regression test likewise showed no evidence of pub-
lication bias (p = 0.227).

In subgroup analysis, we found that in studies con-
ducted in Asia (SMD = 1.24; 95% CI 0.38, 2.10; I²=88.4%, 
p < 0.001), AD patients had significantly greater mercury 
levels than normal participants. No substantial differences 
were emerged in studies on other continents. In addition, in 
the subgroup of exposure types, mercury amount in the cir-
culatory system of people with AD was significantly higher 
than that of healthy people (SMD = 2.09; 95% CI 0.29, 3.89; 
I²=98.7%, p < 0.001). For a detailed summary of the results, 
refer to Supplementary Table 6.

The results of one case-control study and one cross-sec-
tional study exhibited a clear link between mercury expo-
sure and the prevalence of Alzheimer’s disease (OR = 1.04; 
95% CI 0.92, 1.16) (Fig. 2E), with significant heterogeneity 
(I²=88.8%, p = 0.003).

Manganese (Mn)

Twelve studies quantified manganese levels in a variety of 
biological samples, including serum, hair, cerebrospinal 
fluid, plus plasma, in Alzheimer’s individuals and controls.

In conducting the meta-analysis, a random-effects model 
was used to compare manganese concentrations in 661 
Alzheimer’s disease patients and 1071 non-diseased indi-
viduals from 12 studies. No notable difference was observed 
in the results in manganese concentration between AD indi-
viduals and comparison group, with an overall SMD of 
-0.22 (95% CI -0.60, 0.16) (Fig.  1E). The random effects 
model was employed for the comprehensive analysis. The 
I² statistic yielded a value of 90.7%, with a corresponding 

bias of the observations. Owing to the inclusion of fewer 
than ten inquiries, no analysis of publication bias was car-
ried out in this study.

The outputs of the subgroup analysis revealed that stud-
ies conducted in Asia found significantly higher arsenic con-
tent of biological samples of AD individuals relative to the 
reference group (SMD = 0.92; 95% CI 0.12, 1.71; I²=93.0%, 
p < 0.001). Similarly, the subgroup analysis also revealed 
that studies conducted in Europe found significantly higher 
arsenic content of biological samples of AD patients relative 
to the comparator group (SMD = 1.08; 95% CI 0.74, 1.41; 
I²=55.6%, p = 0.105). However, studies conducted in North 
America did not find significance. These results suggest that 
the heterogeneity of the study may be due to European ver-
sus North American literature. In other subgroup analyses, 
only the grouping based on measurement methods showed 
significant results. The data could be found in Supplemen-
tary Table 4.

Additionally, In the pooled analysis of the two case-con-
trol studies, no substantial association was detected between 
arsenic exposure and the prevalence of Alzheimer’s disease 
(OR = 1.00; 95% CI 0.99, 1.01) (Fig. 2C). The heterogene-
ity across studies was low and not statistically significant 
(I²=34.3%, p = 0.217).

Lead (Pb)

Eleven studies quantified lead levels in a variety of biologi-
cal samples, including serum, blood, cerebrospinal fluid, 
along with plasma, in Alzheimer’s patients and comparison 
group.

The meta-analysis incorporated a random-effects model 
to compare lead concentrations in 871 Alzheimer’s disease 
individuals and 1,429 served as comparison group from 11 
studies. The outcomes indicated that lead levels were greatly 
higher in AD individuals than in comparison group, with an 
overall SMD of 0.02 (95% CI -0.2, 0.25) (Fig. 1C). A ran-
dom-effects model was employed for the overall analysis. 
The I² was 81.7%, and the P-value was less than 0.001. We 
also analyzed publication bias, and the Begg’s regression 
test proposed the absence of a publication bias (z=-0.07, 
p = 1.000), and Egger’s regression test likewise showed no 
evidence of publication bias (p = 0.641).

In subgroup analysis, no significant results were found 
for any grouping method. However, the findings from our 
subgroup analysis suggest potential sources of variability, 
stemming either from studies conducted outside of Europe 
(I²=23.6%, p = 0.270) or from exposure types other than 
plasma (I²=0.0%, p = 0.493). Supplementary Table 5 illus-
trated the results.

In a comprehensive analysis of two case-control studies, 
we did not find a noteworthy link between exposure to lead 
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Sensitivity Analysis

To examine the potential bias of the outcomes, we excluded 
data from the study one at a time, performing a sensitiv-
ity analysis subsequently. Analysis results of the sensitiv-
ity analyses indicated that our findings were generally 
robust, except for the associations of arsenic and lead with 
Alzheimer’s disease prevalence, which showed instability. 
The results of the sensitivity analysis can be found in Figs. 3 
and 4.

Discussion

There is now substantial evidence demonstrating the cor-
relation between heavy metal exposure and human autoim-
munity, as well as neuroendocrine dysfunction. Moreover, 
numerous investigations have revealed an affiliation 
between exposure to heavy metal and a broad spectrum of 
diseases (Ohsawa 2009; Monastero et al. 2018; Bjørklund 

P-value less than 0.001. We also conducted an analysis of 
publication bias, and the Begg’s regression analysis found 
no proof of publication bias (z = 1.09, p = 0.274), and Egg-
er’s regression test likewise showed no evidence of publica-
tion bias (p = 0.520).

Among the diverse subgroup analyses conducted, it was 
observed that manganese concentrations exhibited a mean-
ingful decrease in the AD case group versus the comparison 
group in the European study (SMD=-0.47; 95% CI -0.93, 
-0.02; I²=88.4%, p < 0.001). Whereas no statistically consid-
erable differences were noted in other subgroup analyses. 
The results were depicted in Supplementary Table 7.

Regarding the meta-analysis with a case-control study, 
we did not report a considerable connection between 
manganese exposure and Alzheimer’s disease mortality 
(OR = 0.95; 95% CI 0.90, 1.01) (Fig. 2F). As only a single 
study was available for this analysis, a sensitivity analysis 
could not be carried out.

Fig. 3  Sensitivity analysis of correlation between heavy metal content 
in different biological samples and Alzheimer’s Disease. A Sensitivity 
analysis of Cd concentration in AD patients compared with healthy 
controls. B Sensitivity analysis of As concentration in AD patients 
compared with healthy controls. C Sensitivity analysis of Pb concen-

tration in AD patients compared with healthy controls. D Sensitivity 
analysis of Hg concentration in AD patients compared with healthy 
controls. E Sensitivity analysis of Mn concentration in AD patients 
compared with healthy controls
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participants (Basun et al. 1994; Yang et al. 2018). More-
over, a comprehensive analysis of observational studies 
indicated that individuals with higher cadmium exposure 
tended to show higher Alzheimer’s disease–related mor-
tality. Several studies support our findings (Min and Min 
2016; Peng et al. 2017; Chen et al. 2023). Conversely, sev-
eral research has shown no association between exposure 
to cadmium and Alzheimer’s disease mortality (Park et al. 
2014; Yang et al. 2018). The lack of statistical significance 
in Chen’s study may be attributed to its focus on Alzheim-
er’s disease prevalence among individuals with high blood 
pressure, which may not have been a representative sample. 
The exact mechanism by which Cd pathogenicity induces 
AD remains unclear. However, the possible reason shown 
in animal models is that Cd exposure can increase APP/ 

et al. 2020; Jiang et al. 2025). Recently, some research 
has identified a potential relationship between exposure to 
heavy metal and Alzheimer’s disease, though the evidence 
remains inconclusive (Doroszkiewicz et al. 2023; Korde 
and Humpel 2024; Olloquequi et al. 2024). The current 
investigation assessed the effects of five heavy metals on 
Alzheimer’s disease prevalence and mortality.

Our investigation revealed that Cd concentrations in the 
biological samples of individuals with Alzheimer’s disease 
were higher than those observed in the non-diseased group. 
This finding aligns with the results of previous studies by 
Bocca et al. (2005), Park et al. (2014), Babić Leko et al. 
(2022). However, 2 studies reported no statistical varia-
tion in cadmium levels between AD patients and healthy 
individuals, possibly owing to the restricted number of 

Fig. 4  Sensitivity analysis of correlation between heavy metal expo-
sure and Alzheimer’s Disease. A Sensitivity analysis of the associa-
tion between cadmium exposure and Alzheimer’s disease mortality. 
B Sensitivity analysis of the association between cadmium exposure 
and Alzheimer’s disease prevalence. C Sensitivity analysis of the asso-

ciation between arsenic exposure and Alzheimer’s disease prevalence. 
D Sensitivity analysis of the association between lead exposure and 
Alzheimer’s disease prevalence. E Sensitivity analysis of the associa-
tion between mercury exposure and Alzheimer’s disease prevalence
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by mobilizing lead from bone, and diminished neurologi-
cal and cognitive reserves (Reuben 2018). The relationship 
between lead and Alzheimer’s disease prevalence and mor-
tality still needs further research evidence.

Similarly, in the meta-analysis of mercury and man-
ganese, we did not reveal a meaningful association with 
Alzheimer’s disease. Nevertheless, mercury is believed to 
influence the pathogenesis of Alzheimer’s disease, previous 
studies have highlighted the neurotoxic effects of mercury 
(Monnet-Tschudi et al. 2006; Althobaiti 2024). In the sub-
group analysis of mercury studies conducted in Asia sug-
gested a possible association, with two studies from India 
supporting these findings (Chakraborty 2017; Lavanya et al. 
2021). This may also be attributed to higher levels of mer-
cury biomarkers observed in Asian populations (Tian and 
Guo 2023). Major sources of mercury contain human-driven 
sources, fish intake, natural exposure, and vaccines (Sunds-
eth et al. 2017). Interestingly, some research suggests that 
the arsenic measurements in the biological samples of indi-
viduals with Alzheimer’s disease is significantly lower than 
in non-AD controls (Fung et al. 1995; Cornett et al. 1998; 
Paglia et al. 2016). Regarding manganese, its involvement 
in Alzheimer’s disease is purported to be linked to the aggre-
gation of alpha-synuclein within cells, leading to synaptic 
dysfunction and axonal transport impairments (Tyczyńska 
et al. 2024). However, current evidence remains insuffi-
cient to establish a definitive link between manganese and 
Alzheimer’s disease. Therefore, more investigations remain 
necessary to clarify the link between mercury, manganese, 
and Alzheimer’s disease prevalence and mortality. It is also 
important to recognize that Alzheimer’s disease itself may 
lead to alterations in metal concentrations, thereby introduc-
ing the possibility of reverse causality. Neurodegenerative 
processes in Alzheimer’s disease are characterized by oxi-
dative stress, neuroinflammation, mitochondrial dysfunc-
tion, and disruption of the blood–brain barrier, all of which 
can influence metal metabolism, transport, and redistribu-
tion (Sweeney et al. 2018; Haywood 2019; Spotorno et al. 
2020). Dysregulation of iron, copper, and zinc homeostasis, 
for example, has been implicated in amyloid-β aggregation, 
tau pathology, and neuronal injury (Bush 2003; Ayton et al. 
2013; Kim et al. 2018). At the same time, disease-related 
pathophysiological changes may secondarily affect metal 
levels in biological matrices (Schrag et al. 2011; Ayton et al. 
2013; Li et al. 2017). Consequently, altered metal concen-
trations observed in patients with Alzheimer’s disease—par-
ticularly in blood and cerebrospinal fluid—may represent 
downstream consequences of neurodegeneration rather than 
primary etiological factors.

Across the included studies, the extent of confounder 
adjustment varied, which may have contributed to between-
study heterogeneity and uncertainty in the pooled estimates. 

PS1A-β plaque deposition and blood-brain barrier per-
meability, aggravate inflammatory response, and activate 
microglia. The interaction between APP/PS1 gene and Cd 
in the surrounding environment can aggravate the advance-
ment of Alzheimer’s disease (Liu et al. 2023). Other studies 
have shown that cortical and hippocampal neurons are the 
central targets of cadmium-induced neurotoxicity (Shukla 
et al. 1996). Cd can pass through neurons through voltage-
gated calcium channels and initiate apoptosis pathways by 
provoking stress responses of neurons in the cerebral cortex 
(López et al. 2003; Gao et al. 2014).

Our research demonstrated elevated arsenic levels in AD 
group relative to the control group. These findings are cor-
roborated by two other independent studies (Koseoglu et 
al. 2021; Lavanya et al. 2021). However, several investi-
gations have reported results that were not statistically rel-
evant (Baum et al. 2010; Park et al. 2014; Szabo et al. 2016; 
Lin et al. 2022). Notably, few previous reviews have high-
lighted positive associations between arsenic exposure and 
Alzheimer’s disease. While the contribution made by arse-
nic in the etiology of Alzheimer’s disease remains uncer-
tain, with the precise mechanisms yet to be fully explained, 
some studies suggest that cellular proliferation and oxida-
tive stress, along with alterations in DNA methylation, may 
play a role (Wei et al. 2024). It has also been proposed that 
As can elicit an inflammatory response in the brain, which 
contributes to the formation of tau and ASβ (Giasson et al. 
2002). Additionally, research has shown that As disrupts 
nitric oxide signaling, promotes cell apoptosis, and induces 
cortical reprogramming through S-nitrosylation, ultimately 
resulting in neurotoxicity (Tripathi et al. 2022). The conclu-
sions of the subgroup analysis highlighted that the results 
were significant in the studies conducted in Asia. In a cross-
sectional study conducted in China similarly supports our 
idea, consistent with our findings, Wang et al. identified 
arsenic poisoning as a contributor to cognitive impair-
ment, which is also an important clinical manifestation of 
Alzheimer’s disease (Wang et al. 2021).

In our meta-analysis of lead, no evident connection was 
noted between exposure to lead and Alzheimer’s disease. 
Nonetheless, the neurotoxicity of lead is well-documented. 
Lead can act as a substitute for calcium in various cellular 
processes, disrupting tight junctions and increasing blood-
brain barrier permeability. Additionally, elevated lead con-
centrations have been linked to DNA methylation and the 
development of neurodegenerative diseases (Zheng et al. 
2003; Jomova and Valko 2011). Exposure to lead has been 
associated with an expanded susceptibility to adult neuro-
degenerative disorders, particularly Alzheimer’s disease, 
potentially mediated through various mechanisms such as 
epigenetic alterations, delayed onset of cardiovascular and 
renal diseases, direct damage to the central nervous system 
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and instability in the pooled effect sizes, thereby affecting 
interpretability and generalizability. Crucially, the reported 
associations may not solely reflect a causal effect of heavy 
metal exposure on Alzheimer’s disease. Neurodegenera-
tive changes, such as neuronal loss, blood-brain barrier 
disruption, and altered metal metabolism, could themselves 
affect metal accumulation or distribution (Haywood 2019; 
Spotorno et al. 2020; Levi et al. 2024; Chen et al. 2025). 
Given that several included studies are cross-sectional, 
the directionality of these associations remains uncertain. 
Therefore, the observed relationships may reflect a poten-
tial bidirectional effect, in which both heavy metal exposure 
contributes to neurodegeneration and Alzheimer’s disease 
pathology alters metal homeostasis. These limitations 
underscore the need for well-designed longitudinal studies 
to clarify causality. Further high-quality studies are needed 
to validate these findings and provide a more comprehen-
sive assessment of these risk factors.

Conclusion

Our findings contribute to the growing body of observa-
tional evidence examining potential associations between 
heavy metal exposure and Alzheimer’s disease. Given the 
heterogeneity across studies and the predominance of non-
prospective designs, these results should be interpreted cau-
tiously. Further well-designed prospective and mechanistic 
studies are needed to clarify the directionality and potential 
biological pathways underlying these associations. 

Supplementary Information  The online version contains 
supplementary material available at ​h​t​t​p​​s​:​/​​/​d​o​i​​.​o​​r​g​/​​1​0​.​1​​0​0​7​​/​s​1​​2​4​0​3​-​0​
2​6​-​0​0​7​6​9​-​w.

Acknowledgements  The authors express their gratitude to the contri-
butions of all the original study authors.

Author Contributions  Guarantor of article: Drs. Chuncheng Lu and 
Yun Fan. Yaohui Fang: Conceptualization, Data curation, Writing - 
original draft, Software. Huma Shahzad and Zhi Li: Conceptualiza-
tion, Data curation, Writing - original draft, Software. Jiarong Zhang, 
Xinru Wang, Ziyan Qiao, Hong Qian and Qiaoqiao Xu: Writing - re-
view & editing. Yun Fan and Chuncheng Lu: Project administration, 
Supervision, Validation. All authors reviewed and approved the final 
version of the manuscript. Yaohui Fang, Huma Shahzad and Zhi Li 
should be considered joint first authors.

Funding  This research did not receive any specific grant from funding 
agencies in the public, commercial, or not-for-profit sectors.

Data Availability  The data providing evidence for this article will be 
made obtainable upon appropriate request to the corresponding author.

Nevertheless, most studies adjusted for a core set of key 
confounders, including age, sex, race/ethnicity, educational 
attainment, smoking status, and indicators of renal function, 
with several additionally accounting for socioeconomic sta-
tus such as household income. This relative consistency in 
major confounder adjustment improves the comparability of 
effect estimates.

In the meta-analysis, effect estimates derived from mul-
tivariable-adjusted models were used to minimize potential 
confounding. When multiple models were reported within a 
study, the estimate from the most fully adjusted model was 
extracted. However, the specific covariates included in these 
models varied across studies. Therefore, residual confound-
ing cannot be entirely excluded, and the pooled estimates 
should be interpreted as average associations across stud-
ies with heterogeneous adjustment strategies rather than as 
definitive causal effects. Our study has the potential to assist 
in the advancement of strategies with the goal of prevent-
ing Alzheimer’s disease through the regulation of heavy 
metal exposure levels. Furthermore, our research serves 
to enhance public health education. Importantly, our study 
provides exploratory evidence on the potential associations 
between five heavy metals and Alzheimer’s disease preva-
lence and mortality, offering preliminary insights into possi-
ble risk factors for Alzheimer’s disease and informing future 
research and preventive strategies. To address limitations 
in previous studies, we expanded upon prior research by 
including manganese as an additional heavy metal. Further-
more, for all five heavy metals, separate meta-analyses were 
conducted using standardized mean differences (SMDs) for 
concentration comparisons and odds ratios or hazard ratios 
for exposure–outcome associations.

Nevertheless, several limitations should be noted when 
interpreting our findings. A critical challenge in interpret-
ing our findings is the substantial between-study heteroge-
neity observed across most pooled analyses, with I² values 
frequently exceeding 90%. Such heterogeneity indicates 
that the variability in effect estimates cannot be explained 
by random error alone, and therefore the pooled estimates 
should not be interpreted as precise or universal effect sizes. 
Rather, these summary estimates primarily reflect the over-
all direction and average magnitude of associations across 
diverse study settings. Although subgroup analyses were 
performed to examine the differences in concentrations of 
five heavy metals between AD individuals and healthy con-
trols, the study population in each subgroup was limited, 
and the presence of residual heterogeneity, therefore, these 
findings should be interpreted with caution and regarded as 
hypothesis-generating rather than conclusive. In addition, 
the included studies differed in the confounders adjusted 
in their statistical analyses, potentially leading to incon-
sistent effect estimates, increased residual confounding, 
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