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ABSTRACT

Introduction: Pancreatic cancer is a highly lethal malignancy with poor prognosis and limited treatment options.
Environmental exposures, particularly to heavy metals such as cadmium, may contribute to its etiology. This systematic
review and meta-analysis evaluated the association between cadmium exposure from different sources and pancreatic
cancer incidence or mortality. Methods: Following PRISMA guidelines, we searched PubMed, EMBASE, and
Scopus. Eighteen studies comprising 20 risk estimates were included. Random-effects meta-analyses were conducted
overall and stratified by exposure source, gender, region, study design, and outcome. Dose-response relationships were
assessed using meta-regression of cadmium exposure measures. Publication bias was evaluated using funnel plots and
Eggers test. Results: Overall, cadmium exposure was associated with an increased risk of pancreatic cancer [rela-
tive risk (RR) = 1.69, 95% confidence interval (CI): 1.28-2.22]. Occupational exposure showed the most consistent
association (RR = 1.38, 95% CI: 1.19-1.61), followed by urinary and blood/serum biomarkers. Risk was higher in
men than in women, and in case-control than in cobort studies. Dose-response analysis did not reveal a linear trend.
There was limited evidence of publication bias overall, though some asymmetry was observed for urinary cadmium
studies (p = 0.045). Conclusion: Cadmium exposure was associated with pancreatic cancer risk, particularly in
occupational and biomarker-based studies. While findings support a potential causal link, heterogeneity, residual
confounding, and limited dose-response data necessitate cautious interpretation.

1. INTRODUCTION New Zealand [1, 2]. Despite advances in diagnostics
and therapeutics, its prognosis remains poor, with a
five-year survival rate lower than 10%, mainly be-
cause this type of cancer is frequently detected at an
advanced stage [3].

'The etiology of pancreatic cancer is multifactorial,

Pancreatic cancer is one of the most lethal forms
of cancer; it ranks globally as the seventh most
common cause of cancer-related death in both men
and women. Incidence rates are four to five times

higher in countries with a high Human Develop-
ment Index (HDI), with the greatest burden ob-

served in Europe, North America, and Australia/
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involving genetic susceptibility and other risk fac-
tors. including tobacco smoking, smokeless tobacco
use, excess body weight, high alcohol consumption,
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and exposure to environmental pollutants [4].
Among environmental contributors, some research
supports the role of environmental chemicals and
heavy metals in the etiology of pancreatic cancer
[5]. Heavy metal poisoning traditionally occurred in
industrial settings and manifested with severe and
overt clinical signs and symptoms; however, such
cases are now uncommon. The development of more
sensitive diagnostic techniques and biomarkers of
toxicity has increased awareness of the health conse-
quences of chronic environmental (non-industrial)
exposure to heavy metals [6].

Cadmium (Cd) is a naturally occurring metal
that is present in a variety of products and envi-
ronmental settings [7]. It is a non-essential element
with well-established toxicity in humans, with lung
cancer being the only neoplasm causally associated
with it [8]. Human exposure to cadmium occurs
through various sources, including industrial pro-
cesses and occupational settings such as battery
manufacturing, metal plating, coating, pigment
production, stabilizer use, and welding. Cadmium
contamination of soil, air, and water is widespread
due to its use in industrial products, contamination
from phosphate fertilizers, and emissions from mo-
tor vehicle fuel combustion and tire wear [9, 10].
Additionally, cigarette smoking represents a signifi-
cant source of exposure, while contaminated food
- particularly leafy vegetables, cereals, and shellfish
- is the primary source of cadmium intake in non-
smokers [11, 12].

Cadmium can accumulate in the body over time,
primarily in the liver and kidneys, but it may also
affect the pancreas via systemic circulation and
oxidative stress. Metal can interfere with cellular
signaling pathways, induce chronic inflammation,
promote DNA damage, and inhibit DNA repair
mechanisms — all of which are hallmarks of cancer
development [13, 14].

Understanding the potential link between cad-
mium exposure and pancreatic carcinogenesis is
crucial for public health and may offer insights into
preventive strategies and regulatory policies. We
conducted a systematic review and meta-analysis
of published cohort, nested case-control, and case-
control studies to evaluate the association between
cadmium exposure and pancreatic cancer risk.

2. METHODS

This systematic review and meta-analysis were
conducted in accordance with the Preferred Re-
porting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines (Supplementary
Tables Sla and S1b) [15]. The protocol was regis-
tered in the International Prospective Register of
Systematic Reviews (PROSPERO), Registration
number: CRD420251106774.

2.1. Study Design and Criteria

A comprehensive literature search was conducted
in MEDLINE (PubMed), EMBASE (Ovid), and
SCOPUS in July 2025, with no language restric-
tions. The study population included adults from all
countries on the incidence or mortality of pancreatic
cancer, as an outcome without restriction by publi-
cation year. For the search strategy, vocabulary terms
and keywords related to cadmium exposure, cancer,
and pancreatic neoplasms were combined (see Sup-
plementary Table 2 for detailed search strategies
used across the various databases). References of
included articles and relevant reviews were hand-
searched to identify additional eligible studies.

We included observational studies (cohort, nested
case-control, or case-control) that evaluated the as-
sociation between cadmium exposure and pancreatic
cancer risk. Eligible studies assessed cadmium expo-
sure from environmental, occupational, or biologi-
cal sources, including measurements in urine, blood,
serum, plasma, or toenails, and reported effect esti-
mates for pancreatic cancer incidence or mortality.

Studies were excluded if they: (i) Did not evalu-
ate pancreatic cancer as an outcome, (ii) Did not
assess cadmium exposure or failed to report cad-
mium specific effect estimates, (iii) Were based on
occupational groups in which cadmium was not
the primary exposure and cadmium-specific results
could not be separated such as firefighters, uranium
miners, textile workers, printing workers, chimney
sweeps, shipyard or pipe trades workers, and fer-
romanganese plant workers, (iv) Consisted of ab-
stracts, unpublished reports, theses, book chapters,
non-peer-reviewed publications or study designs
other than cohort and case control, (v) Duplicated



Capmium AND PancreaTic CANCER 3

other reports or analyzed overlapping populations
(in such cases only the most recent and comprehen-
sive publications were included; see Supplementary

Figure 1).

2.2. Study Selection, Data Extraction, and
Quality Assessment

All records were uploaded into the online soft-
ware, Rayyan, where duplicates were removed. Two
reviewers independently screened titles and abstracts
for potential relevance. The full texts of potentially
eligible articles were independently assessed. Any
disagreements at any stage of the review process
were resolved by discussion. Two reviewers indepen-
dently extracted the data using a standardized Excel
form. Extracted information included study charac-
teristics (authors, year of publication, country, study
design), population details, sample size, source and
method of cadmium exposure assessment, outcome
definition (mortality, incidence), duration and level
of exposure, and reported effect estimates [adjusted
or unadjusted relative risks (RRs) or odds ratios
(ORs) with 95% confidence intervals (CIs)] and ad-
justment list if available. Stratified results (e.g., by
gender, age, exposure source, or exposure level) were
recorded as separate entries.

'The methodological quality of included studies
was independently assessed by two reviewers using
a modified Newcastle-Ottawa Scale (NOS) [16].
NOS evaluates study characteristics across three
main domains: selection of participants, compara-
bility of study groups, and ascertainment of either
exposure or outcome. The maximum score was 9 for
case-control studies and 10 for cohort studies, with
higher scores indicating better quality. See Supple-
mentary Table 3 for details of items for each study
type, and the summarized results are presented in

Supplementary Table 4.
2.3. Statistical Analysis

Random-effects meta-analyses were conducted to
calculate pooled relative risks (RRs) and 95% confi-
dence intervals (Cls), both overall and stratified by
source of cadmium exposure (occupational, serum/
blood, urine, and others), using the DerSimonian

and Laird and the restricted maximum-likelihood
(REML) methods [17]. Statistical heterogeneity
was assessed using Cochran’s Q_test and quantified
with the I? statistic [18]. Because pancreatic cancer
is a rare outcome, ORs, HRs, SMRs, and SIRs were
considered approximations of RR [19].

Subgroup analyses were performed by gender
(male, female, both), study design (cohort, case-
control), outcomes (incidence, mortality), region
(North America, Europe, other countries), years of
publication (<2011 vs. >2011, based on the median
publication year of all included studies), adjusted to
smoking (Yes, No), and quality score (<8.5 vs. >8.5,
based on the median quality score of all included
studies ). Eventually, we assessed publication bias
using contour-enhanced funnel plots and Egger’s
tests [20, 21].

Nine studies reported dose-response information,
four of which assessed cadmium from sources not
directly comparable to internal measures or without
the necessary numbers for calculation. Therefore,
five studies [26, 23, 30, 31, 35] reporting internal
cadmium levels (urine, blood, serum, plasma, or
toenails) were included in a random-effects meta-
regression using REML estimation with Knapp-
Hartung adjustment to explore the association
between increasing cadmium exposure and pancre-
atic cancer risk [22]. All analyses were performed
using Stata software version 18.5 (StataCorp LLC,
College Station, TX, USA).

3. RESULTS

The literature search identified 2,000 studies
from PubMed, EMBASE, and Scopus. After re-
moval of duplicates, followed by title and abstract
screening and full-text review, 18 studies (twenty re-
cords) met the inclusion criteria and were included
in the qualitative synthesis and meta-analysis (Sup-
plementary Figure 1) [23-40]. They consisted of
ten cohort studies [24, 27, 31-34, 36-39], six case-
control studies [23, 25, 26, 28, 30, 40], and two
nested case-control studies [29, 35]. Six studies were
conducted in North America [24, 26,28, 31,35, 40],
seven in Europe [23, 29, 30, 32, 34, 38, 39], and five
in Asia [25, 27, 33, 36, 37]. Cadmium exposure was

assessed using occupational records in six studies
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[26, 32, 34, 38-40], biological markers in 11 studies
[23-26, 28-31, 35-37], dietary intake in one study
[27], and environmental indicators in two studies
[26, 33]. Pancreatic cancer incidence was evaluated
in 11 studies [23,25-30, 34, 35, 38, 40], while seven
studies [24, 31-33, 36, 37, 39] assessed mortality.
Most studies reported adjusted risk estimates, con-
trolling for age, gender, body mass index (n=6) [24,
27,29, 31, 35, 37], tobacco smoking (n=13) [23-29,
31, 33, 35, 37, 38, 40], and other relevant covariates
(Table 1).

Figure 1 shows the forest plot of the association
between cadmium exposure and pancreatic can-
cer risk by exposure source using random-effects
models. Overall, 20 risk estimates from 18 studies
were included in the meta-analysis, indicating a
statistically significant increase in the risk of pan-
creatic cancer associated with cadmium exposure
(RR = 1.69, 95% CI: 1.28-2.22), with substan-
tial heterogeneity (I> = 96.4%, p < 0.001). Oc-
cupational cadmium exposure was evaluated in 6
studies and was associated with an increased risk

Table 1. Selected characteristics of studies on cadmium exposure and pancreatic cancer.

If adjusted

Ref. Country  Study design Gender Sourceof Cd  Outcome Risks (CI95%) (list of variables)

Amaral, 2012 Spain Hospital-based case- Both Toenails 1 OR:2.09(1.37_3.17) Age, Gender, Region,

[23] control study Smoking status, Education,
Diabetes, Mutual
adjustment for relevant
trace elements

Adams, 2012 USA Prospective Both Urinary M HR:1.27(0.88_1.83) Age, smoking history, BMI,

[24] population-based Male HR:3.95(1.94_8.04) education, race

cohort study
(NHANES I11) Female HR:0.84(0.55_1.29)

Kriegel, 2006 Egypt Hospital-based Both Serum 1 OR:1.12(1.04_1.23)  age, gender, province

[25] case-control study (Dakahlia), and smoking

Luckett, 2012 USA Population-based Both Occupational I OR:1.69(0.14_20.39)  smoking, education,

[26] case-control study Urinary OR:5.14(3.001_8.819) alcohol, farflily history, age,
gender, region

‘Well water OR:1.51(0.77_2.97)
Sawada, 2012 Japan Prospective Both Food intake I HR:1.26(0.95_1.66)  Age, area, BMI, smoking
[27] population-based Male HR:1.36(0.87 1.98)  Status, ﬁTequency Aof A
cohort alcohol intake, leisure-time
Female HR:1.13(0.72_1.72) physical activity, intake of
meat, soybean, vegetable,
fruit, menopausal status,
use of exogenous female
hormones.
Carriga, 2007 USA Case control study Both Pancreatic 1 OR:1.18(0.56_2.5) Age, gender, and smoking
[28] juice Cd history
(ng/L)

Duell, 2018 European Nested case-control ~ Both Blood 1 OR:1.13(1.01_1.27) Age, Gender, Study center,
[29] countries  study within a Smoking, Alcohol intake,

prospective cohort BMI, Diabetes, Education,

(EPIC) Other metals (Zn, Se)
Djordjevic,  Serbia Hospital-based case- Both Tissue 1 OR:13.31(10.75_16.5) age and gender
2019 [30] control study Male OR:12.25(0.29_17.06)

Female OR:14.11(0.44_18.64)

Garca- USA Prospective cohort Both Urinary M HR:2.4(1.39_4.17) Gender, age, smoking

Esquinas, study (Strong Heart status, cigarette pack-years,

2014 [31] Study) BMI
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If adjusted
Ref. Country  Study design Gender Sourceof Cd  Outcome Risks (CI95%) (list of variables)
Jarup,1998  Sweden  Retrospective Both Occupational M SMR:1.58(0.77_3.22)  Age, and gender
[32] occupational cohort Male (Battery SMR:1.48(0.54_3.23)
study workers)
Female SMR:2.2(0.55_12.3)
Nishijo, 2018  Japan Population-based Both The Cd- M SMR:0.85(0.52_1.39)  Age, smoking status, and
[33] prospective cohort Male polh.lted areas SMR:1.15(0.6_2.4) hypertension
study (environmental
Female  exposure) SMR:0.67(0.4_1.3)
Nyqvist, Sweden  Population cohort Both Occupational 1 SIR:1.32(1.1_1.58) Age, and gender
2017[34] study Male (S‘,}las)sw"fks SIR:1.4(1.07_1.79)
ites
Female SIR:1.24(0.93_1.62)
Stolzenberg- USA Nested case-control ~ Both Blood I OR:1.25(1.09_1.43) Age, gender, race, and
Solomon, study within a smoking, BMI, diabetes,
2025 [35] prospective cohort alcohol use, education,
(PLCO Trial) physical activity, family
history, and dietary factors
Sakurai, 2021  Japan population-based Both Urinary M HR:0.94(0.57-1.55)  Age
(36] cohort study Male HR:0.86(0.39-1.90)
Female HR:1(0.53-1.89)
Sorahan,1995 England  Retrospective Male Occupational M SMR:2.18(0.59_5.58)  Age, year of starting work,
[39] occupational cohort (copper factory, time since starting
study cadmium alloy work.
workers)
Watanabe, Japan Prospective cohort Both Urinary M RR:1.13(1.03_1.24) smoking, alcohol
2020 [37] study consumption, age,
BMI, blood pressure,
hypertension, living area
Weiderpass,  Finland Population-based Female  Occupational 1 RR:1.35(0.97_1.86) birth cohort, calendar
2003 [38] cohort study with period, and socioeconomic
job-exposure matrix status; smoking (pancreatic
(JEM) cancer)
Zhang,2005 USA Population-based Male Occupational 1 OR:3.5(1.3_.9.2) Age, Smoking status and
[40] case-control study (Chemicals duration, Physical activity,
and allied Red meat intake, Fruit
products) intake, Family history of

pancreatic cancer

BMI: body mass index, I: Incidence, M: Mortality,

of pancreatic cancer (RR = 1.38, 95% CI: 1.19-
1.61), with no evidence of heterogeneity (I> =
0.0%, p = 0.477).

Exposure assessed using serum or blood biomark-
ers was examined in 3 studies, yielding a modest but
statistically significant association (RR = 1.15, 95%
CI: 1.08-1.22), with no heterogeneity (I* = 0.0%, p =
0.384). Urinary cadmium exposure was assessed in 5
studies and was associated with an increased risk of

pancreatic cancer (RR = 1.69, 95% CI: 1.04-2.75);

however, substantial heterogeneity was observed
within this subgroup (I> = 89.1%, p < 0.001).

A statistically borderline difference between
exposure-source subgroups was observed (p for het-
erogeneity between groups = 0.047).

Contour-enhanced funnel plots are shown in
Supplementary Figure 2. Egger’s test provided lim-
ited evidence of publication bias overall, although
some asymmetry was observed for studies using
urinary cadmium measurements (P = 0.045). No
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%

Exposure source category and Ref. RR (95% CI) Weight

Occupational

Sorahan ,1995 - 2.18 (0.71, 6.70) 3.05

Jarup,1998 —t— 1.58 (0.77, 3.23) 4.37

Weiderpass,2003 - 1.35 (0.97, 1.87) 5.70

Zhang,2005 - - 3.50 (1.32, 9.31) 3.48

Luckett, 2012 + 169 (0.14,20.39)  1.02

Nyquist, 2017 - 1.32 (1.10, 1.58) 6.03

Subgroup, DL (I° = 0.0%, p = 0.477) [ 138(1.19,161) 2365
|

Serum/Blood :

Kriegel, 2006 > 1.12 (1.03, 1.22) 6.15

Duell, 2018 > | 1.13 (1.01,1.27) 6.12

Stolzenberg-Solomon, 2025 - 1.25 (1.09, 1.43) 6.10

Subgroup, DL (I° = 0.0%, p = 0.384) o | 1.15(1.08,1.22)  18.37
I

Urine X

Adams,2012 —+——- 1.27 (0.88, 1.83) 5.58

Luckett, 2012 X —— 5.14 (3.00, 8.81) 5.01

Garca-Esquinas,2014 —r—— 2.40 (1.39, 4.16) 497

Watanabe, 2020 t : 1.13 (1.03, 1.24) 6.14

Sakurai,2021 I 0.94 (0.57, 1.55) 5.14

Subgroup, DL (I° = 89.1%, p < 0.001) oo 169 (1.04,2.75)  26.84
|

Others (FOOG, Water, Tissue, Toenail) :

Carrigan,2007 —_—— 1.18 (0.56, 2.49) 425

Amaral,2012 —— 2.09 (1.37, 3.18) 5.41

Luckett, 2012 —_—— 1.51(0.77, 2.97) 452

Sawada,2012 ; s 1.26 (0.95, 1.67) 5.82

Nishijo,2018 —— 0.85 (0.52, 1.39) 517

Djordjevic,2019 : ——  13.31(10.74,16.49) 5.97

Subgroup, DL (I° = 98.0%, p < 0.001) -=""'\_T'>- 1.96 (0.64,6.00)  31.14

Heterogeneity between groups: p = 0.047 :

Overall, DL (I = 96.4%, p < 0.001) <> 169(1.28,2.22)  100.00

| | I I | |
125 25 5 1 2 4 8
NOTE: Weights and b bgroup het ity test are from random-effects model

Figure 1. Forest plot (random-effects model) showing the association between cadmium exposure and

pancreatic cancer by different exposure sources.

bias was detected for occupational, serum/blood, or
other exposure sources.

Results of the stratified meta-analyses are pre-
sented in Table 2. By geographic region, a signifi-
cant association was observed in North American
studies (RR = 1.89, 95% CI: 1.28-2.81), and oth-
ers (Japan and Egypt) (RR = 1.12, 95% CI: 1.06-
1.19), whereas estimates from Europe were higher
but imprecise (RR = 2.13, 95% CI: 0.95-4.75),with

evidence of heterogeneity across regions (p_hetero-
geneity = 0.012). Stratification by gender showed
an increased risk among men (RR = 1.71, 95%
CI: 1.23-2.40) but not among women (RR = 1.13,
95% CI: 0.87-1.46); studies including both genders
also showed an elevated risk (RR = 1.65, 95% CI:
1.22-2.22), with no heterogeneity between genders
(p_heterogeneity = 0.073). Case-control studies re-
ported higher risk estimates (RR = 2.20, 95% CI:
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Table 2. Results of the meta-analysis of studies on overall association between cadmium exposure and
pancreatic cancer stratified by Country, Year of publication, Quality score, Gender, Outcome, Study design,

Smoking adjustment.

Characteristic N Risk Estimates RR, 95% CI p Heterogeneity
Country
North America (USA) 8 1.89 (1.28-2.81) 0.012
European Countries (Finland, England, 7 2.13 (0.95-4.75)
Serbia, Spain, Sweden)
Other Countries (Japan, Egypt) 5 1.12 (1.06-1.19)
Year Of Publication
<=2011 6 1.33 (1.05-1.70) 0.179
52011 14 1.73 (1.29-2.33)
Quality Score
Low (< =8.5) 13 2.04 (1.39-3) 0.008
High (> 8.5) 7 1.19 (1.08-1.31)
Gender
Male 9 1.71 (1.23-2.40) 0.073
Female 1.13 (0.87-1.46)
Both 17 1.65 (1.22-2.22)
QOutcome
Incidence 13 1.92 (1.29-2.87) 0.060
Mortality 7 1.24 (0.99-1.55)
Study Design
Cohort 10 1.21 (1.07-1.37) 0.029
Case Control 10 2.20 (1.31-3.72)
Smoking Adjustment
No 5 2.26 (0.61-8.38) 0.445
Yes 15 1.36 (1.19-1.54)

1.31-3.72) than cohort studies (RR = 1.21,95% CI:
1.07-1.37), with evidence of heterogeneity (p_het-
erogeneity = 0.029). Studies published after 2011
showed stronger associations (RR = 1.73, 95% CI:
1.29-2.33) than those reported in earlier studies
(RR =1.33,95% CI: 1.05-1.70). Associations were
stronger for pancreatic cancer incidence (RR = 1.92,
95% CI: 1.29-2.87) than for mortality (RR = 1.24,
95% CI: 0.99-1.55), with no heterogeneity by either
outcome or year-of-publication groups.

Further stratification by smoking adjustment
indicated that studies that adjusted for smoking
showed an RR = 1.36 (95% CI: 1.19-1.54), whereas
studies that did not report a substantially higher

RR =2.26 (95% CI: 0.61-9.38) (p_heterogeneity =
0.445). Stratification by study quality revealed that
studies with lower Newcastle-Ottawa Scale scores
(<8.5) reported higher pooled estimates (RR = 2.04,
95% CI: 1.39-3.00) compared with high-quality
studies (>8.5) (RR = 1.19, 95% CI: 1.08-1.31),
with evidence of heterogeneity (p_heterogeneity =
0.008).

Table 3 summarizes the results of five studies [26,
23, 31, 35, 30] that evaluate pancreatic cancer risk
across categories of cadmium exposure. A random-
effects meta-regression including 14 estimates from
five studies assessing internal cadmium measures
was conducted to evaluate a linear dose-response
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Table 3. Relative risk of pancreatic cancer by level of exposure to cadmium.

Ref. (S)i? g‘;e Dose Categories Mid-Dose Case Control Total Estimates (CI 95%)

Luckett, 2012, Urine <0.5 microgram/g creat. 0.25 10 71 81 OR: ref

USA [26] 0.5<1 microgram/g creat. 0.75 16 33 49 OR:3.34(1.38-8.07)
1<1.5 microgram/g creat. 1.25 13 18 31 OR:5.58 (2.03-15.34)
>1.5 microgram/g creat. 1.75 24 19 43 OR:7.7(3.06-19.34)

Amaral, 2012, Toenails < 8.0 ng/g 5.35 17 100 117 OR: ref

Spain [23] 8.1-13.4 ng/g 10.75 11 9 110 OR:0.87 (0.37-2.03)
13.5-29.1 ng/g 213 27 100 127 OR:2.04 (1-4.17)
>29.1 ng/g 36.9 59 99 158 OR:3.58 (1.86-6.88)

Garca-Esquinas, Urine <0.70 microgram/g creat. 0.45 12 1257 1269  HR:ref

2014, USA [31] 0.71-1.22 microgram/g creat. 0.97 0 0 0 HR:0 (0-0)
>1.23 microgram/g creat. 1.49 12 1245 1257 HR:2.47 (1.01-6.03)

Stolzenberg- Blood male= 0.27, female=0.31 pg/L 0.27 57 128 185 OR: ref

%"SIZ“E‘;;] 2025, male=0.34, female=0.38 pg/L 0.34 55 127 182 OR:1.06 (0.66-1.69)
male=0.41, female=0.47 pg/L 0.83 49 127 176 OR:0.85 (0.52-1.38)
male=0.52, female=0.59 pg/L 0.52 56 127 183 OR:1.04 (0.64-1.68)
male=2.32, female= 3.13 pg/L 0.25 101 127 228 OR:1.81 (1.12-2.95)

Djordjevic,2019,  Tissue <0.491 ug/g 0.46 6 10 16 OR: ref

Serbia [30] 0.491-0.558 ug/g 0.52 1 4 5 OR:2.19 (0.67-7.1)
0.558-0.966 ug/g 0.76 3 5 8 OR:3.2 (1.05-9.47)
>0.966 ug/g 1.17 21 10 31 OR:3.99 (1.136-11.67)

Three studies (Nishijo et al., 2018, Japan; Sawada et al., 2012, Japan; and Weiderpass et al., 2003, Finlandreported dose-response
relationships. Howewver, they were not included in the dose-response analysis because they assessed different sources of exposure. Also,
one study (Sakurai et al., 2021, Japan) was not included in the dose-response analysis because it did not report the necessary quantita-

tive data required to perform the analysis.

relationship. The dose variable, expressed per 1 unit
increase, was not statistically significant (RR = 1.28,
95% CI: 0.75-2.21; p = 0.334), indicating no evi-
dence of a linear trend.

Substantial residual heterogeneity remained af-
ter adjustment (I” res = 72.2%), and the adjusted R?
suggested that dose explained little of the between-
study variability (Table 4).

4. DISCUSSION

In this systematic review and meta-analysis of 18
observational studies, we found that cadmium expo-
sure was associated with an increased risk of pancre-
atic cancer. Overall, individuals exposed to cadmium
had a 69% higher risk of pancreatic cancer compared

with those with no exposure. Elevated risks were
consistently observed across different sources of ex-
posure, with the strongest and most homogeneous
associations seen in studies of occupational exposure,
followed by studies using urine and then Blood/se-
rum cadmium biomarkers. Stratified analyses re-
vealed stronger associations in men than in women,
and these associations were more pronounced in
case-control studies compared with cohort stud-
ies. We observed evidence of publication bias in the
studies related to urinary cadmium. Meta-regression
analyses were based on limited data and did not re-
veal a clear linear dose-response relationship, and the
substantial residual heterogeneity suggests that varia-
tions in exposure assessment and study characteristics
may contribute to the observed differences.
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Table 4. Random-effects meta-regression of dose on log odds ratio of cadmium

exposure and risk of pancreatic cancer.

Variable exp(p) 95% CI p-value
Dose (per 1 unit) 1.28 0.75-2.21 0.334
Intercept 1.69 0.90-3.19 0.095

Model details: REML estimation; Knapp-Hartung modification; 12 = 0.353; IP_res =

72.2%; adjusted R? = ~4.7%; n = 14 studies.

Our findings are consistent with and extend
previous evidence linking cadmium exposure to
pancreatic cancer risk. Fanfani et al. (2024) pro-
vided a broad synthesis of cadmium-related can-
cer outcomes based on biological measures but
did not conduct a pancreas-specific quantitative
meta-analysis [41]. In contrast, our study focuses
explicitly on pancreatic cancer, incorporates more
recent studies, and provides pooled risk estimates
with detailed stratification by exposure source and
study characteristics. Our results align with the re-
cent meta-analysis by Soleimani et al. (2025), which
also reported a positive association between cad-
mium exposure and pancreatic cancer. Compared
to that analysis, our study included additional re-
cent evidence, distinguished between incidence and
mortality outcomes, and explored heterogeneity
by exposure circumstance, revealing stronger and
more consistent associations in occupational and
biomarker-based studies [42]. While Lee et al.
(2025) reported evidence of a dose-response rela-
tionship, we did not observe a statistically significant
linear trend, possibly due to differences in exposure
harmonization, analytical approach, and the limited
number of studies with comparable internal dose
metrics[43]. Finally, our findings expand upon the
earlier meta-analysis by Chen et al. (2015) by in-
corporating occupational exposures and more recent
cohort and nested case-control studies, supporting
the robustness of the association across diverse pop-
ulations and exposure pathways [44].

Several biological mechanisms support the hy-
pothesis of a causal link between cadmium exposure
and the development of pancreatic cancer: (i) Cd is
a strong inducer of oxidative stress, which leads to
the production of reactive oxygen species. This can
result in lipid peroxidation, protein oxidation, and

oxidative damage to DNA [45-46]. (ii) Although
Cd is not mutagenic, it disrupts multiple DNA re-
pair pathways, including nucleotide excision repair
and base excision repair. This interference enhances
genomic instability and increases the risk of malig-
nant transformation [47-48]. (iii) Additionally, Cd
acts as an endocrine disruptor and tends to accu-
mulate in the pancreas. Experimental studies have
demonstrated that it causes toxicity to pancreatic -
cells, impairs insulin secretion, and disrupts glucose
homeostasis. These mechanisms may link cadmium
exposure to a higher risk of diabetes and pancreatic
cancer [49]. (iv) Cd also promotes chronic inflam-
mation by activating pro-inflammatory signaling
pathways and altering immune responses, which
creates a microenvironment conducive to tumor
growth [50-51].

Considerable heterogeneity was observed across
the available studies, with an overall I* of 96%,
indicating substantial variability beyond chance.
Stratified analyses by exposure source, study design,
gender, and outcome type partially explained this
heterogeneity. For instance, heterogeneity was re-
duced in studies examining occupational cadmium
exposure and in blood/serum biomarker-based stud-
ies, suggesting that differences in exposure circum-
stances contributed to variability in effect estimates.
The long biological half-life and bioaccumulation
of cadmium may also contribute to between-study
heterogeneity, as studies relying on occupational
histories or biomarkers capture cumulative exposure
more effectively than those based on short-term or
indirect exposure assessments [52].

'The association between cadmium exposure and
outcomes was stronger in men than in women.
This may be due to higher levels of occupational
exposure among men, possible interactions with
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smoking, or gender-specific biological susceptibil-
ity to cadmium-induced pancreatic toxicity [53].
Tobacco smoking is both an important source of
cadmium exposure and an established risk factor
for pancreatic cancer [54]. Smoking may therefore
act as a confounder in studies examining cadmium
and pancreatic cancer. Most studies included in
our review adjusted for smoking, and associations
remained significant, suggesting that cadmium
exposure may contribute to pancreatic cancer in-
dependent of tobacco smoking. However, residual
confounding cannot be entirely excluded, particu-
larly in studies relying on self-reported smoking or
biomarker-based exposure assessments.

In terms of study design, case-control studies
generally reported higher effect estimates than co-
hort studies. This difference may be attributable to
recall or selection biases commonly associated with
retrospective designs. In contrast, cohort studies
tended to yield more conservative and methodolog-
ically robust estimates; however, many did not fully
adjust for potential confounders [55]. Geographic
differences were also observed: studies conducted
in North America typically reported stronger asso-
ciations compared to those from Japan and Europe.
This variation may be attributed to differences in
cadmium exposure levels, dietary sources, occupa-
tional regulations, or genetic and lifestyle factors, as
well as to the limited number of studies from other
regions.

This study has several strengths. We conducted
a thorough literature search across multiple data-
bases (PubMed, EMBASE, and Scopus) following
PRISMA guidelines. Our analysis focused specifi-
cally on pancreatic cancer and addressed the risk
associated with multiple sources of cadmium ex-
posure, including occupational exposure, biological
markers, dietary intake, and environmental indi-
cators. We also performed stratified and subgroup
analyses based on exposure source, gender, study
design, geographic region, and outcomes.

However, there are some limitations to note. Ex-
posure misclassification is possible due to variabil-
ity in cadmium assessment methods and reliance
on single-biomarker measurements or occupational
classifications. There was a limited number of studies
from regions outside North America, and only a few

studies were included in the dose-response analysis.
Future research should focus on large, prospective
studies using standardized cadmium biomarkers
and gender-specific analyses to clarify exposure-risk
relationships.

5. CONCLUSION

In conclusion, this study suggests a positive as-
sociation between cadmium exposure and pancre-
atic cancer risk, particularly in occupational and
biomarker-based studies. However, substantial heter-
ogeneity, potential residual confounding, and limited
dose response data needed cautious interpretation.

SUPPLEMENTARY MATERIALS: The following are available
online: Table S1a. PRISMA Checklist, Table S1b. PRISMA
Abstract Checklist, Table S2. Detailed search strategy used
on the different databases, Table S3. Modified version of the
Newcastle-Ottawa Scale (NOS) for case-control and cohort
studies adopted for quality assessment, Table S4: Qual-
ity Assessment of Included Studies Using the Newcastle-
Ottawa Scale (NOS) mentioned in supplementary table 3,
Figure S1. Flowchart describing the study selection process,
Figure S2. Funnel plot results in the association between
cadmium exposure and pancreatic cancer by different expo-
sure sources.
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