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modifications, and serum cystatin C: insights
into mediated pathways and mortality risks
in U.S. adults
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Abstract

Background Cadmium exposure has been linked to elevated cystatin C levels, disruptions in epigenetic patterns,
and increased mortality risk. However, the role of epigenetic modifications in the relationship between cadmium
and cystatin C remains poorly understood. Furthermore, it is unclear how cystatin C and epigenetic changes influ-
ence the connection between cadmium exposure and mortality outcomes. The study explored the associations
among blood cadmium levels, serum cystatin C, an epigenetic biomarker (DNA methylation-predicted cystatin C,
DNAmMCystatinC), and mortality outcomes.

Methods We utilized data from 8716 participants aged 18 years and older in the National Health and Nutrition
Examination Survey (NHANES, 1999-2002), linked to mortality records from the National Center for Health Statistics
(NCHS) through 2019.

Results Our findings revealed that higher natural log-transformed (In)-blood cadmium was associated with elevated
In-serum cystatin C (8=0.052, P<0.001) and higher In-DNAmMCystatinC (3=0.007, P=0.008). Compared to the refer-
ence group (both blood cadmium and DNAmMCystatinC < 50th percentile), those with blood cadmium and DNAmMCys-
tatinC> 50th percentile had the highest mean serum cystatin C levels (1.26 mg/L vs. 1.11 mg/L; P for trend =0.002).
Structural equation modeling (SEM) indicated that DNAmMCystatinC partially mediated the relationship between cad-
mium exposure and cystatin C, with a total effect of 0.068, a direct effect of 0.066, and an indirect effect of 0.002.
Weighted Cox regression analysis showed higher blood cadmium was associated with an increased risk of all mortal-
ity outcomes, with stronger associations observed in individuals whose serum cystatin C was at or above the 50th
percentile. These findings were consistent both in the overall population and after excluding individuals with chronic
kidney disease. Furthermore, a significant interaction was identified between blood cadmium and serum cystatin C
in their influence on all-cause mortality.

Conclusions We found higher blood cadmium is linked to increased serum cystatin C and DNAmMCystatinC,
with DNAmCystatinC partially mediating the effect on serum cystatin C. Notably, serum cystatin C may modify
the relationship between cadmium exposure and mortality outcomes. Further research is warranted to elucidate
these complex interactions.
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Background

Cadmium is a toxic heavy metal that humans are often
exposed to through smoking, industrial processes, and
contaminated food sources [1]. It accumulates in the
body due to poor excretion and long biological half-life,
making it a cumulative toxin [2]. The primary mecha-
nisms of cadmium toxicity involve oxidative stress
induction, disruption of cellular signaling pathways, and
epigenetic modifications [3]. Chronic exposure to cad-
mium can lead to various diseases, including kidney dis-
orders, osteoporosis, cardiovascular issues, and cancer
[1]. Recently, efforts have been made to reduce exposure
[4]. However, recent studies still link even low levels of
cadmium to significant health risks and an increased risk
of mortality [5-8].

Cystatin C is a low-molecular-weight cysteine protease
inhibitor produced by all nucleated cells. It is constantly
released into the bloodstream and then filtered out by the
kidneys. Unlike creatinine, cystatin C levels are less influ-
enced by muscle mass, diet, or gender, making it a reli-
able biomarker for assessing kidney function [9]. Beyond
assessing renal function, cystatin C plays a critical role
in regulating protease activity and is gaining attention
for its associations with nonrenal conditions, including
inflammation, aging, and neurodegenerative diseases,
highlighting its potential as a biomarker for broader
health outcomes [10, 11]. Serum cystatin C levels have
emerged as a reliable predictor of cardiovascular disease
(CVD) and mortality, regardless of whether kidney func-
tion is normal or impaired [12, 13]. Cystatin C is also
emerging as a valuable biomarker for cadmium-induced
nephrotoxicity. Studies have shown that urinary cystatin
C levels increase significantly before the onset of polyu-
ria and proteinuria in cadmium-exposed rats, suggesting
its potential as an early indicator of kidney damage [14].
Environmental cadmium exposure has also been associ-
ated with increased kidney damage markers, including
serum cystatin C [15]. However, the relationship between
cadmium exposure and cystatin C is complex, with some
research indicating biomarker-specific effects rather than
direct kidney function impacts [16].

Epigenetic modifications modulate gene expression
through mechanisms that do not involve changes to the
underlying DNA sequence [17]. One key mechanism,
DNA methylation, involves the addition of methyl groups
to the C5 position of cytosine residues within CpG dinu-
cleotides [18]. This process is heritable but also respon-
sive to environmental influences. Research has shown

that cadmium exposure can disrupt DNA methylation
in both in vivo and animal models [19-21]. Moreover,
epidemiological studies have identified a link between
cadmium exposure and alterations in DNA methylation,
highlighting its potential role in mediating the relation-
ship between cadmium exposure and adverse health
outcomes [22-25]. Among the emerging biomarkers,
DNA methylation-predicted cystatin C (DNAmCysta-
tinC) stands out as an epigenetic proxy for serum cys-
tatin C levels. Unlike serum cystatin C, which reflects
kidney function and systemic inflammation at a single
time point, DNAmCystatinC captures cumulative epi-
genetic changes influenced by environmental exposures
over time. Notably, DNAmCystatinC is integrated into
advanced biological aging models, such as GrimAge,
improving the accuracy of mortality predictions [26—28].
Our recent study found significant associations between
DNAmCystatinC, serum cystatin C, and all-cause mor-
tality, with DNAmCystatinC demonstrating a stronger
predictive value for mortality than serum cystatin C
alone. The combined use of these biomarkers may thus
enhance clinical assessments [29]. Although cadmium is
known to disrupt DNA methylation patterns and elevate
serum cystatin C levels, the role of epigenetic modifica-
tions in these effects remains largely unexplored. Fur-
thermore, given the established link between cadmium
exposure and increased mortality, it is critical to investi-
gate how cystatin C and epigenetic changes influence the
relationship between cadmium exposure and mortality
outcomes. DNAmCystatinC, in particular, shows poten-
tial as a biomarker for exploring this relationship.

To bridge this gap, we utilized data from the 1999-
2002 National Health and Nutrition Examination Sur-
vey (NHANES), linked to mortality records from the
National Center for Health Statistics (NCHS) through
2019. These datasets offer comprehensive information on
blood cadmium levels, serum cystatin C, DNAmCystat-
inC, and mortality outcomes. This study seeks to deliver
the first epidemiological insights into these associations
and their potential implications for health outcomes.

Materials and methods

Study population

The NHANES survey provides a comprehensive, nation-
ally representative snapshot of the U.S. population.
This biennial survey uses a complex, multistage sam-
pling method to ensure its findings accurately reflect
the broader population. For more detailed information
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on the survey’s methodology and consent procedures,
please visit the NHANES website. Detailed descriptions
of the survey methodology and consent procedures can
be found on the NHANES website [30]. This research
drew from the NHANES 1999-2002 dataset, which ini-
tially comprised 26,031 individuals. Among them, 11,441
were 18 years or older, and 10,012 had blood cadmium
levels measured. After applying covariate filters, 8716
participants were deemed eligible for the multiple regres-
sion analysis. Within this group, additional analyses were
conducted on subsets with specific measurements: serum
Cystatin C was available for 3899 participants, DNAm-
CystatinC data were available for 2126 participants, and
NCHS 2019 survival status was available for 8712 par-
ticipants. The selection process, including the breakdown
of participant numbers for each analysis, is illustrated in
Fig. 1.

Measurement of blood cadmium

This research specifically focused on individuals aged
18 years and above. In NHANES 1999-2002, blood cad-
mium levels were measured by detecting the absorption
of light at a wavelength of 228.8 nm by cadmium atoms.
The samples and controls were diluted using a mixture of
nitric acid, Triton X-100, and ammonium phosphate. The
limit of detection (LOD) for cadmium was set at 0.3 pg/L.
For measurements below this threshold, a value equal to
the LOD divided by the square root of 2 was assigned.
Detailed descriptions of the analytical procedures used
are available on the NHANES website [31].

Measurement of serum cystatin C

This study included all participants aged 60 years and
older and a randomly selected 25% of individuals aged
12-59 years from the NHANES dataset. The current
analysis focused on participants aged 18 years and above.
Serum cystatin C levels were measured using the Dade
Behring N Latex Cystatin C assay, an automated nephelo-
metric method with established precision and accuracy.
The assay exhibited acceptable intra-assay (2.0-3.0%) and
inter-assay (3.2—4.4%) coefficients of variation. For values
below the limit of detection (LOD), a value of LOD/W2
was substituted. Detailed assay procedures are available
on the NHANES website [32].

Measurement of DNAmMCystatinC

This study included adults aged 50 years and older from
the NHANES 1999-2002 surveys with available blood
samples for DNA analysis. The sample comprised all eli-
gible participants from racial/ethnic minority groups and
approximately half of eligible non-Hispanic White partic-
ipants. DNA methylation analysis was performed using
the Illumina Infinium Methylation EPIC BeadChip on
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500 ng of bisulfite-treated DNA. Data processing, includ-
ing hybridization, amplification, and imaging, was con-
ducted using the Illumina iScan system and RStudio with
R (R version 4.3.1). Batch effects (plate, chip, row) were
corrected using ComBat, an empirical Bayes method,
before biomarker calculation. DNAmCystatinC was cal-
culated from cystatin C-specific probes. Data cleaning
involved removing samples with low intensity (< 10.5),
mismatches (> 2 SD in age, cell types, or XY ploidy), and
filtering probes with p-values >1 x 107!, single nucleo-
tide polymorphisms (minor allele frequency >1%),
or cross-hybridization. Missing values were imputed
using Horvath’s gold standard reference. Normalization
included background subtraction, color correction, func-
tional normalization, modified Beta Mixture Quantile
normalization (using Horvath’s reference). The predicted
values of DNAmCystatinC are expressed in pg/mL, con-
sistent with the original plasma cystatin C measurements
[26—-28]. In the present analyses, we converted DNAm-
CystatinC to mg/L to ensure consistency with serum cys-
tatin C units, thereby allowing for direct comparison of
effect sizes. Detailed analytical procedures are available
on the NHANES website [33].

Covariates

This study utilized data from the National Health and
Nutrition Examination Survey (NHANES) to assess the
association between various sociodemographic, lifestyle,
and health factors. Data included age, sex, race/ethnic-
ity, smoking status (current smoker, exposure to environ-
mental tobacco smoke (ETS), nonsmoker) [34], alcohol
consumption (defined as consuming at least 12 alcoholic
drinks in the past year), body mass index (BMI), hyper-
tension (defined as blood pressure >140/90 mmHg or
use of antihypertensive medication), diabetes (diagnosed
by fasting glucose, HbAlc, or medication use), hypercho-
lesterolemia (defined by low-density lipoprotein choles-
terol >130 mg/dL or medication use), chronic kidney
disease (CKD) (defined as estimated glomerular filtration
rate <60 mL/min/1.73 m?), and history of CVD and can-
cer, as self-reported by participants [35].

Outcomes

The NCHS has linked the 1999-2002 NHANES data to
national mortality records, enabling long-term follow-
up of participant health outcomes. This linkage pro-
vides comprehensive data on all-cause, cardiovascular,
and cancer-related mortality through 2019. This study
utilized data on participant survival status and follow-
up duration. Cardiovascular mortality was defined as
death due to heart disease or cerebrovascular conditions.
Detailed analytical methods are available on the NCHS
website [36].
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[ NHANES 1999-2002 population ]

(N =26,031)
i No
18 years of age or older — N=14,590
(N=11,441)

l Yes

Available measurement of blood  No
cadmium — N=1,429
(N=10,012)

No

— N=1,298

NCHS 2019 survival status ___, N=4
(N =38,712)

Fig. 1 Flowchart algorithm
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Statistics

This study analyzed data using natural log-transformed
values (In-values) of blood cadmium, serum cystatin C,
and DNAmCystatinC to address their non-normal dis-
tributions. This allowed for the calculation of geometric
means and standard errors. Statistical analyses included
t-tests, ANOVA, and linear regression models with com-
plex sampling to account for the NHANES survey design
[37]. Two regression models were used: Model 1 adjusted
for age, sex, ethnicity, family poverty income ratio, smok-
ing, alcohol use, and BMI; Model 2 further adjusted for
chronic conditions. Logistic regression analyses were
conducted to assess the odds ratios (OR) of chronic dis-
eases associated with each biomarker.

We also utilized Cox proportional hazards models to
investigate the association between blood cadmium,
serum cystatin C, and DNAmCystatinC with all-cause,
cardiovascular, and cancer-related mortality. Hazard
ratios (HRs) were calculated for a one-unit increase in
the In of each biomarker, adjusting for covariates. Since
NHANES participants aged 85 years and older are top-
coded at 85, including chronological age in the DNAm-
CystatinC calculation may introduce bias. Furthermore,
differences in the selection of participants for blood cad-
mium, serum cystatin C, and DNAmCystatinC measure-
ments could lead to selection bias and limit comparability.
Given that serum cystatin C is heavily influenced by kid-
ney function, it is crucial to evaluate these associations
in participants without CKD. To address these concerns,
we conducted a sensitivity analysis excluding individuals
aged 85 years and older, those under 50 years, and par-
ticipants with CKD. Subgroup analyses and interaction
tests were conducted to examine the effects of serum
cystatin C and DNAmCystatinC levels on the association
between blood cadmium and mortality. In our analysis,
the P for trend was calculated by assigning the median
value of the biomarker within each quartile (or subgroup)
to all subjects in that group, then modeling this median
as a continuous variable in the weighted multiple linear
regression or Cox regression models. All statistical analy-
ses were performed using SPSS (SPSS Inc., Chicago, Illi-
nois, USA) version 30 with a significance level of 0.05.

In this study, structural equation modeling (SEM)
was utilized to examine the connections between
blood cadmium, DNAmCystatinC as a mediator, and
serum cystatin C as the outcome, with results weighted
according to the sampling strategy. The hypothesis pro-
posed that blood cadmium may affect serum cystatin C
either directly or indirectly via DNAmCystatinC. The
model controlled for potential confounders outlined
in Model 2. SEM was built using the CALIS Proce-
dure in SAS, with generalized least squares estimation
used to calculate the model coefficients. Model fit was

Page 5 of 14

evaluated using the goodness of fit index (GFI), normed
fit index (NFI), and root-mean-square residual (RMR).
A GFI and NFI above 0.9, along with an RMR below
0.05, indicated a well-fitting model. The parameter esti-
mates and overall model fit results were reported.

Results

Participant characteristics

The participants in the study had an average age of
45.50 years (SD =19.77), with ages ranging from 18
to 85 years. About 75.9% of individuals had detectable
levels of blood cadmium. During a median follow-up
period of 219.0 months, data from 4 participants were
unavailable. A total of 2153 deaths were documented,
of which 670 were due to cardiovascular causes and
462 were cancer-related. Table 1 provides an overview
of the demographic characteristics and key biomark-
ers, including blood cadmium, serum cystatin C, and
DNAmCystatinC. Findings indicate that older indi-
viduals and those with hypertension, CKD, a history
of cardiovascular disease, or a history of cancer exhibit
higher levels across all three biomarkers. Higher blood
cadmium levels are particularly associated with indi-
viduals of other ethnicities, those with lower incomes,
lower BMI, active smokers, those consuming 12 or
more drinks annually, and individuals with hypercho-
lesterolemia. Elevated serum cystatin C levels are more
common among men, non-Hispanic whites, individu-
als with a family poverty income ratio between 1 and
3, BMI >30 kg/m? ETS, diabetes mellitus, and hyper-
cholesterolemia. Elevated DNAmCystatinC levels are
found more frequently in men, Mexican-Americans,
those with lower incomes, lower BMI, nonsmokers,
individuals consuming fewer than 12 drinks per year,
and those with diabetes mellitus.

Biomarker associations with chronic diseases

In Supplemental Table 1, complex samples of logistic
regression analysis were performed to examine the OR
for chronic diseases with one-unit increases in In-blood
cadmium, In-serum cystatin C, and In-DNAmCysta-
tinC, adjusting for Model 1. The logistic regression
analysis reveals distinct associations between bio-
markers and chronic conditions. A one-unit increase
in In-blood cadmium is significantly associated with
higher OR of CKD, a history of CVD, and cancer, but
is inversely related to diabetes mellitus. Ln-serum cys-
tatin C is linked to higher OR of hypertension, CKD,
and CVD, while inversely associated with hypercholes-
terolemia. Ln-DNAmCystatinC shows a strong associa-
tion with CKD and cancer.
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Table 1 Basic demographics of the sample subjects, including geometric means (geometric SE) of blood cadmium, serum cystatin C,
and DNAmMCystatinC

N Blood cadmium (pg/L) N Serum cystatin C (mg/L) N DNAmCystatinC (mg/L)

Total 8716 0441 (1.007) 3899 0.943 (1.003) 2126 0.614 (1.001)
Sex

Men 4167 0439 (1.010) 1971 0.968 (1.007)* 1082 0.616 (1.002)*

Women 4549 0.443 (1.009) 1928 0.919 (1.007)* 1044 0611 (1.002)*
Age (in years)

18-39 3796 0.381 (1.010)* 948 0.781 (1.007)*

40-59* 2410 0481 (1.014) 632 0.881 (1.013)* 604 0.576 (1.002)*

> 60 2510 0.507 (1.011)* 2319 1.037 (1.006)* 1522 0.629 (1.001)*
Ethnicity

Mexican-American 2222 0419 (1.012)* 868 0.864 (1.001)* 604 0.617 (1.002)*

Other Hispanic 443 0411 (1.029) 163 0.916 (1.022)* 131 0.607 (1.005)*

Non-Hispanic white 4124 0449 (1.010)* 2055 0.990 (1.006)* 882 0.615 (1.002)*

Non-Hispanic black 1630 0444 (1017)*F 696 0.930 (1.014)* 439 0.609 (1.003)*

Other ethnicity 297 0.529 (1.036)* 117 0.867 (1.026)* 70 0.611 (1.009)*
Family poverty income ratio

<1 1739 0498 (1.017)* 692 0.947 (1.013)* 360 0.621 (1.003)*

1-3 3648 0455 (1.011)*F 1738 0.967 (1.007)* 958 0.620 (1.002)*

>3 3330 0400 (1.010)* 1469 0.914 (1.007)* 808 0.602 (1.002)*
Body mass index (kg/m?)

<25 3025 0461 (1.013)* 1268 0.909 (1.009)* 563 0.619 (1.003)*

25-30 3047 0437 (1.011)* 1433 0.949 (1.008)* 841 0.614 (1.002)*

>30 2644 0423 (1.012)* 1198 0.975 (1.008)* 722 0.609 (1.002)*
Smoking status

Nonsmoker 4469 0.361 (1.007)* 2201 0.945 (1.006)* 1273 0617 (1.002)*

ETS 1794 0.348 (1.011)* 785 0.949 (1.012)* 429 0.613 (1.003)*

Current smoker 2453 0.753 (1.014) 913 0.932 (1.010)* 424 0.605 (1.003)*
Alcohol consumption (drinks/year)

<12 3666 0404 (1.010)* 1577 0.949 (1.008) 826 0.618 (1.002)*

>12 5050 0469 (1.009)* 2322 0.939 (1.006) 1300 0611 (1.002)*
Hypertension

No 5944 0422 (1.009)* 2026 0.853 (1.005)* 840 0.603 (1.002)*

Yes 2772 0485 (1.011)* 1873 1.051 (1.008)* 1286 0621 (1.002)*
Diabetes Mellitus

No 7739 0.440 (1.007) 3239 0.924 (1.005)* 1622 0.612 (1.002)*

Yes 977 0449 (1.019) 660 1.045 (1.014)F 504 0.618 (1.003)*
CKD

No 8165 0435 (1.007)* 3390 0.880 (1.004)* 1843 0.610 (1.001)*

Yes 551 0.529 (1.025)* 509 1499 (1.018)* 283 0.640 (1.004)
Hypercholesterolemia

No 6636 0435 (1.008)* 2726 0.929 (1.006)* 1375 0613 (1.001)

Yes 2080 0461 (1.014)F 1173 0.976 (1.008)* 751 0.614 (1.002)
History of CVD

No 7939 0432 (1.007)* 3310 0.908 (1.005)* 1723 0.610 (1.002)*

Yes 777 0.536 (1.022)* 589 1.168 (1.015)F 403 0.629 (1.003)*
History of cancer

No 8100 0436 (1.007)* 3448 0.928 (1.005) 1842 0611 (1.001)*

Yes 616 0.516 (1.023)* 451 1067 (1.013)* 284 0.628 (1.004)

*P< 0.05; ¥P< 0.001
#The category 40-59 should be 50-59 for DNAmCystatinC
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Table 1 (continued)
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Tested by two-tailed Student’s t-tests and one-way analysis of variance

CKD Chronic kidney disease, CVD Cardiovascular disease, DNAmCystatinC DNA methylation-predicted cystatin C, ETS Environmental tobacco smoker

Table 2 Adjusted regression coefficients (S.E.) for differences in In-cystatin C and In-DNAmMCystatinC relative to a one-unit increase in
In-blood cadmium and In-DNAmMCystatinC, with results weighted for sampling strategy

Ln-blood cadmium (pg/L)

In-DNAmCystatinC (mg/L)

Unweighted no./ B coeff (S.E.) Pvalue Unweighted no./ B coeff (S.E.) P value
Population size Population size
Ln-cystatin C (mg/L) 3899/69,984,036 1662/43,721,652
Model 1 0.062 (0.011) < 0.001 0.174 (0.056) 0.004
Model 2 0.052 (0.006) <0.001 0.128 (0.042) 0.005
In-DNAmMCystatinC (mg/L) 2126/32,034,886
Model 1 0.007 (0.002) 0.003
Model 2 0.007 (0.002) 0.008

Model 1 adjusted for age, sex, ethnicity, family poverty income ratio, smoking, drinking, and BMI

Model 2 adjusted for hypertension, hypercholesterolemia, diabetes mellitus, CKD, a history of CVD, and a history of cancer

CKD Chronic kidney disease, CVD Cardiovascular disease, DNAmCystatinC DNA methylation-predicted cystatin C

Relationships between blood cadmium, serum cystatin C,
and DNAmCystatinC
Table 2 shows a positive association between In-blood
cadmium and both In-cystatin C and In-DNAmCysta-
tinC. The analysis reveals that both In-cystatin C and
In-DNAmCystatinC are significantly associated with
In-blood cadmium. In Model 1, a one-unit increase in
In-blood cadmium is linked to an increase of 0.062 (S.E.
0.011, p< 0.001) in In-cystatin C and 0.007 (S.E. 0.002,
p= 0.003) in In-DNAmCystatinC, indicating a posi-
tive association. In Model 2, these associations remain
significant, though slightly attenuated, with In-blood
cadmium linked to an increase of 0.052 (S.E. 0.006, p <
0.001) in In-cystatin C and 0.007 (S.E. 0.002, p = 0.008)
in In-DNAmCystatinC. Similarly, a one-unit increase
in In-DNAmCystatinC was associated with a higher
In-serum cystatin C across both models (3= 0.128, SE
=0.042, p= 0.005 in Model 2). These findings suggest a
robust positive relationship between In-blood cadmium
and In-cystatin C as well as between In-blood cadmium
and In-DNAmCystatinC, even after adjustments.
Figure 2 presents a summary of serum cystatin C and
DNAmCystatinC across quartiles of blood cadmium,
DNAmCystatinC, and subgroups of blood cadmium
and DNAmCystatinC, based on complex sample mul-
tiple linear regression models. The analysis reveals a
significant rise in serum cystatin C with increasing
quartiles of blood cadmium and DNAmCystatinC.
However, the increase in DNAmCystatinC across blood
cadmium quartiles is only marginally significant (P for
trend =0.051).

Furthermore, the combined effects of blood cadmium
and DNAmCystatinC on serum cystatin C levels are
shown in Fig. 2D. When using subjects with blood cad-
mium and DNAmCystatinC levels both <50th percentile
as the reference group, those with blood cadmium > 50th
percentile and DNAmCystatinC >50th percentile dem-
onstrated the highest mean serum cystatin C levels (1.26
mg/L vs. 1.11 mg/L; P for trend =0.002).

SEM analysis

Figure 3 illustrates the associations between blood cad-
mium, serum cystatin C, and DNAmCystatinC in the
SEM analysis, with results weighted for sampling strat-
egy. The SEM revealed a significant positive association
between blood cadmium and DNAmCystatinC (Esti-
mate =0.003, P= 0.012) and serum cystatin C (Estimate
=0.066, P= 0.001), and a positive association between
DNAmCystatinC and serum cystatin C (Estimate =0.075,
P= 0.001). Both models demonstrated perfect goodness
of fit, with GFI values of 0.79 and NFI values of 0.82 and
RMS values of 0.08. The total effect of blood cadmium on
the serum cystatin C is 0.068, with a direct effect of 0.066,
indicating a positive direct association between blood
cadmium and serum cystatin C. Additionally, the indirect
effect, mediated through DNAmCystatinC, is 0.002.

Subgroup analysis of biomarker associations

Supplemental Table 2 presents linear regression results
for In-serum cystatin C and In-DNAmCystatinC
per unit increase in In-blood cadmium across vari-
ous subpopulations. For serum cystatin C, a positive
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and subgroups of blood cadmium and DNAmMCystatinC. The results are from complex samples of multiple linear regression models, adjusted

for Model 2 and weighted for the sampling strategy. A Relationship between blood cadmium and serum cystatin C levels. B Relationship
between blood cadmium and DNAmMCystatinC levels. C Relationship between DNAmMCystatinC and serum cystatin C levels. D Subgroup analysis
based on combinations of blood cadmium and DNAmMCystatinC

Estimate (S.E) = 0.003 (0.002)

P value = 0.012

DNAmCystatinC (mg/L)

Blood cadmium (ug/L)

Estimate (S.E) = 0.075 (0.023)

P value = 0.001

| e—

Serum cystatin C (mg/L)

Estimate (S.E) = 0.066 (0.010)

P value = 0.001

Covariates: Age, sex, ethnicity, family poverty income ratio, smoking, drinking, hypertension,

hypercholesterolemia, diabetes mellitus, chronic kidney disease, a history of CVD, and a history of cancer.

Fig. 3 The relationship between blood cadmium, serum cystatin C, and DNAmMCystatinC in the SEM, with results weighted for sampling strategy

association with blood cadmium was observed across
all outcomes, with significant interactions detected
specifically for age and CKD status. In contrast, the
association between blood cadmium and DNAmCys-
tatinC was modest, reaching significance in certain

subgroups, including males, younger individuals, non-
Hispanic whites, those with lower BMI, active smok-
ers, and higher alcohol consumers. Notably, significant
interactions for DNAmCystatinC were found only with
smoking status. Overall, the association with blood



Fang et al. Clinical Epigenetics (2025) 17:85

Table 3 HR (95% Cl) for all-cause, cardiovascular, and cancer
mortality associated with a unit increase in In-blood cadmium,
In-serum cystatin C, and In-DNAmMCystatinC

Unweighted no./ HR (95% Cl) P value
Population size

Ln-blood cadmium 8711/175,136,122

(ng/L)
All-cause mortality 1436 (1.270-1.625) < 0.001
Cardiovascular 1.390 (1.133-1.704) 0.004
mortality
Cancer-related 1.619(1.312-1998) < 0.001
mortality

Ln-serum cystatin C 3897/176,741,915

(mg/L)
All-cause mortality 3.263 (2486-4.284) < 0.001
Cardiovagcu\ar 3.627 (2.335-5.636) < 0.001
mortality
Cancer-related 1.760 (0.964-3.212) 0.064
mortality

Ln-DNAmCystatinC 2126/65,561,735

(mg/L)
All-cause mortality 1.936 (1.173-3.201) 0.008
Cardiovascular 1.662 (0.532-5.173) 0.344
mortality”
Cancer-related 1.087 (0.194-6.112) 0.887

mortality

Results are derived from a weighted Cox regression model accounting for
complex sampling design

Adjusted for model 2
*Cardiovascular mortality: death from heart or cerebrovascular disease
DNAmCystatinC DNA methylation-predicted cystatin C, HRs hazard ratios

cadmium was generally weaker for DNAmCystatinC
than for serum cystatin C, showing greater variability
across demographic groups.

Mortality outcomes

Table 3 displays the HR for all-cause, cardiovascular,
and cancer-related mortality associated with In-blood
cadmium, In-serum cystatin C, and In-DNAmCysta-
tinC, using a weighted Cox regression model. Blood
cadmium showed a significant association with ele-
vated risk across all three mortality outcomes. Serum
cystatin C emerged as a predictor for both all-cause
and cardiovascular mortality, while In-DNAmCystat-
inC was a strong predictor of all-cause mortality. In a
sensitivity analysis (Supplemental Table 3-5) exclud-
ing individuals aged 85 years and older, those under
50 years, and participants with CKD, the associations
between the three biomarkers and mortality outcomes
remained consistent. The only notable difference was
that the association between serum cystatin C and
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cancer-related mortality was more pronounced in sub-
jects aged 50 years and above.

Stratified mortality analysis

Table 4 presents the HR for all-cause, cardiovascular, and
cancer-related mortality associated with a unit increase
in In-blood cadmium, stratified by the 50th percentile of
serum cystatin C and DNAmCystatinC. When stratified
by serum cystatin C, the HR for cardiovascular mortality
remained significant in both subgroups, while significant
associations for all-cause and cancer-related mortality
were observed only in individuals at or above the 50th
percentile. Additionally, a significant interaction was
found between cadmium and serum cystatin C in rela-
tion to all-cause mortality (P for interaction =0.029). In
the stratification by DNAmCystatinC, only the subgroup
below the 50th percentile showed a significant associa-
tion with all-cause mortality, with no meaningful inter-
actions observed for DNAmCystatinC. Furthermore,
our sensitivity analysis in Supplemental Table 6—exclud-
ing individuals with CKD—demonstrated that the asso-
ciations between cadmium exposure and mortality
outcomes remained consistent. However, in this analy-
sis, the HR for cardiovascular mortality was significant
only in those with serum cystatin C at or above the 50th
percentile, and no significant interactions were observed
between cadmium and serum cystatin C for all-cause
mortality.

Combined effects on mortality

Table 5 shows HR and 95% CI for mortality outcomes
across subgroups defined by blood cadmium and serum
cystatin C, using weighted Cox regression models. The
reference group includes individuals with blood cad-
mium and serum cystatin C levels at or below the 50th
percentile. Participants with both blood cadmium and
serum cystatin C levels above the 50th percentile demon-
strated the greatest increase in HR for all mortality out-
comes. However, a statistically significant trend of rising
mortality risk across these subgroups was observed only
for all-cause and cardiovascular mortality, not for cancer-
related mortality.

Discussion

Using a nationally representative U.S. sample, we identi-
fied a positive association between blood cadmium lev-
els and serum cystatin C, with DNAmCystatinC partially
mediating this relationship. The combined presence of
higher blood cadmium and DNAmCystatinC levels leads
to a greater increase in serum cystatin C than either fac-
tor individually. Moreover, participants with serum cys-
tatin C levels above the 50th percentile exhibited higher
HR for cadmium-related mortality outcomes, indicating
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Table 4 HR (95% CJ) for all-cause mortality, cardiovascular mortality, and cancer-related mortality associated with a unit increase in
In-blood cadmium across different subgroups of serum cystatin C and DNAmCystatinC

Unweighted no./ HR 95% Cl Pvalue P for interaction
population size
All-cause mortality
Total 3897/69,972,767 1.398 1.227-1.594 < 0.001 0.029
Serum cystatin C < 50%ile 1969/36,880,868 1.261 0.909-1.750 0.158
Serum cystatin C> 50%ile 1928/33,091,899 1.402 1.141-1.723 0.002
Total 2126/32,034,886 1.305 1.132-1.505 0.001 0.206
DNAmMCystatinC < 50%ile 1063/20,186,859 1.562 1.226-1.990 0.001
DNAmMCystatinC > 50%ile 1063/11,848,027 1.145 0.944-1.390 0.162
Cardiovascular mortality”
Total 3897/69,972,767 1511 1.252-1.823 < 0.001 0.085
Serum cystatin C< 50%ile 1969/36,880,368 1.376 1.076-1.760 0.013
Serum cystatin C= 50%ile 1928/33,091,899 2.159 1.495-3.118 < 0.001
Total 2126/32,034,886 1.248 0.980-1.589 0.071 0.791
DNAmCystatinC < 50%ile 1063/20,186,859 1.480 0.943-2.323 0.086
DNAmMCystatinC > 50%ile 1063/11,848,027 1.174 0.849-1.625 0.320
Cancer-related mortality
Total 3897/69,972,767 1.727 1.248-2.391 0.002 0.584
Serum cystatin C< 50%ile 1969/36,880,868 1.533 0.915-2.570 0.101
Serum cystatin C> 50%ile 1928/33,091,899 1.836 1.266-2.662 0.002
Total 2126/32,034,886 1415 0.996-2.010 0.053 0516
DNAmCystatinC < 50%ile 1063/20,186,859 1447 0.836-2.505 0.179
DNAmMCystatinC > 50%ile 1063/11,848,027 1327 0.791-2.225 0.189

Results derived from a weighted Cox regression model accounting for complex sampling design

Adjusted for Model 2

DNAmCystatinC DNA methylation-predicted cystatin C, HRs hazard ratios

" Cardiovascular mortality: death from heart or cerebrovascular disease

Table 5 HR (95% Cl) for mortality outcomes in different blood cadmium and serum cystatin C subgroups in complex sample of Cox
regression models, with results weighted for sampling strategy

Serum cystatin C < 50%ile
Blood cadmium < 50%ile

Serum cystatin C< 50%ile
Blood cadmium >50%ile

Serum cystatin C> 50%ile
Blood cadmium < 50%ile

Serum cystatin C>
50%sile Blood cadmium
>50%ile

Unweighted number/ 1426/27,066,662

Population size

All-cause mortality
HR (95% CI) 1
Pvalue Reference
P for trend

Cardiovascular mortality
HR (95% ClI) 1
Pvalue Reference
P for trend

Cancer-related mortality
HR (95% Cl) 1
Pvalue Reference
P for trend

544/9,817,386

1.27 (0.95-1.71)
0.104

1.81 (1.23-2.65)
0.004

1.15(0.65-2.01)
0.625

1092/18,976,334

143 (1.17-1.74)
0.001

1.60 (1.14-2.25)
0.008

1.02 (0.71-147)
0913

837/14,123,654

1.80 (1.48-2.19)
< 0.001
< 0.001

2.17 (1.54-3.07)
< 0.001
< 0.001

1.70 (1.08-2.70)
0.024
0.111

Adjusted for model 2
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that elevated serum cystatin C may heighten vulner-
ability to cadmium-associated mortality. These findings
were consistent both in the overall population and after
excluding individuals with CKD. Additionally, a signifi-
cant interaction between cadmium and serum cystatin C
in relation to all-cause mortality suggests potential syn-
ergistic effects that increase mortality risk. Our study is
the first to explore the relationships between blood cad-
mium, serum cystatin C, and DNAmCystatinC, as well
as their associations with mortality. The findings sug-
gest a potential mechanistic pathway linking cadmium
exposure, epigenetic changes, cystatin C, and mortality.
Overall, this research offers new insights into how envi-
ronmental toxins like cadmium influence biological aging
and mortality, with broader implications for understand-
ing the health impacts of cadmium exposures.

Cadmium tends to accumulate in the kidney’s proximal
tubular cells, leading to renal toxicity [38]. Research sug-
gests that even low to moderate cadmium exposure can
increase the risk of CKD [5]. In addition to its association
with kidney function, cadmium has a distinct link with
cystatin C. Studies in cadmium-exposed rats have shown
a significant rise in urinary cystatin C levels even before
signs of polyuria and proteinuria appear [14]. In human
populations, environmental cadmium exposure—par-
ticularly in industrial areas with elevated PM2.5 levels—
has been associated with higher urinary cadmium and
early markers of kidney damage, including serum cys-
tatin C [15]. However, whether the association between
cadmium and cystatin C is due to kidney function or
represents an independent relationship has not been well
explored in previous studies. Our study demonstrates
that cadmium is independently associated with cystatin
C, even after adjusting for CKD-related factors, indicat-
ing this link is not solely kidney function dependent. Sub-
group analysis reveals a significant association between
blood cadmium and serum cystatin C in both CKD and
non-CKD individuals, with notable interactions between
cadmium levels and CKD status affecting this relation-
ship. The independent association between cadmium and
cystatin C, along with the interaction between cadmium
levels and CKD status, suggests that cadmium influences
cystatin C through mechanisms beyond kidney filtration
alone. Cadmium exposure induces systemic inflamma-
tion and oxidative stress, which could drive cystatin C
production as part of a broader cellular stress response
[10, 11]. In individuals with CKD, existing kidney dam-
age may heighten vulnerability to cadmium’s toxic effects,
possibly amplifying cystatin C levels due to the kidneys’
reduced ability to counteract cadmium-induced oxida-
tive stress and inflammation. This interaction indicates
that cadmium exposure could exacerbate cystatin C ele-
vations in those with kidney dysfunction, underscoring
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a particular risk for CKD patients in the presence of
cadmium.

Cadmium induces oxidative stress and the generation
of reactive oxygen species, which damage cellular com-
ponents, including DNA. Cadmium has been observed
to cause epigenetic changes, including decreasing over-
all DNA methylation by inhibiting DNA methyltrans-
ferases, modifying histone markers by blocking histone
demethylases, and influencing microRNA expression
[19-21]. Numerous epidemiological studies have also
found associations between cadmium exposure and DNA
methylation alterations, such as research involving adults
in high-exposure regions of Thailand [39], a U.S. birth
cohort [22], and participants in the Strong Heart Study
[15]. A recent NHANES study examining the relation-
ship between 64 environmental exposures and epigenetic
age acceleration found that serum cadmium and cotinine
levels were significantly associated with increased accel-
eration in multiple epigenetic clocks [40]. In the present
study, we observed a positive association between blood
cadmium levels and DNAmCystatinC in the general U.S.
population aged 50 years and older. Our results align
with earlier studies, reinforcing the notion that cadmium
exposure can affect epigenetic markers. Additionally,
we found a significant interaction between smoking sta-
tus and blood cadmium levels for DNAmCystatinC, but
not for serum cystatin C. Given that smoking is a major
source of cadmium exposure [1], this pattern may not
only reflect cadmium’s ability to induce epigenetic modi-
fications, but also suggest potential synergistic effects
between cadmium and other harmful substances in
tobacco smoke. Our findings highlight DNAmCystatinC
as a potentially sensitive biomarker for cumulative toxic
metal exposure and emphasize the need to account for
smoking status when assessing cadmium-related epige-
netic changes.

Epigenetic mechanisms may clarify the connection
between cadmium exposure and health outcomes. A
study in animals demonstrated that cadmium’s carcino-
genic effects might be partially driven by disruptions in
DNA methylation [41]. In humans, previous research
suggests a connection between cadmium exposure and
changes in DNA methylation, emphasizing its potential
role in mediating the health effects associated with cad-
mium exposure [22-25]. Studies indicate that metals can
cause DNA methylation, which modifies gene expression
and reduces glutathione activity, leading to increased
oxidative stress [25]. While cadmium exposure has been
linked to both DNA methylation and serum cystatin C,
the role of DNAmMCystatinC in mediating the relation-
ship between cadmium and serum cystatin C has not
been previously documented. Our SEM analysis indi-
cates that DNAmCystatinC may act as a mediator in this
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association. The total effect of In-blood cadmium on In-
serum cystatin C is 0.068, with a direct effect of 0.066 and
a modest indirect effect of 0.002 through In-DNAmCys-
tatinC. These findings suggest that only a small portion of
the positive association between cadmium exposure and
serum cystatin C might be mediated by its effect on DNA
methylation. This study is the first to propose an epige-
netic pathway through which cadmium may influence
serum cystatin C, albeit to a limited extent.

We observed elevated blood cadmium levels were sig-
nificantly associated with an increased risk of all-cause,
cardiovascular, and cancer mortality, consistent with
findings from previous studies using NHANES data and
other cohort research [5, 7, 8, 11]. This association was
notably stronger among individuals with serum cystatin
C levels at or above the 50th percentile, with a significant
interaction observed specifically for all-cause mortal-
ity. Sensitivity analyses excluding participants with CKD
further supported these findings. In addition, partici-
pants with both elevated cadmium levels and high serum
cystatin C exhibited the highest HR and clear trends for
increased mortality. In contrast, no similar associations
were observed with DNAmCystatinC. This suggests a
synergistic effect between cadmium exposure and serum
cystatin C. Elevated serum cystatin C may reflect cumu-
lative physiological damage or reduced reserve, increas-
ing vulnerability to cadmium-induced oxidative stress
and inflammation [10, 11]. While DNAmCystatinC may
be a less sensitive biomarker, serum cystatin C provides
valuable insights into renal function and systemic inflam-
mation. Targeted strategies are essential to reduce cad-
mium exposure, monitor kidney function, and encourage
healthy lifestyle practices in high-risk populations.

This study has several strengths, including a large, nation-
ally representative sample and a long follow-up period,
enhancing the generalizability of the findings. The inclusion
of both serum cystatin C and its epigenetic biomarker pro-
vided a comprehensive view of underlying biological pro-
cesses. Advanced statistical methods, such as SEM, allowed
for a nuanced analysis of direct and indirect effects. However,
the study design limits the ability to infer causality. Addition-
ally, residual confounding from unmeasured variables and
the use of single-point exposure measurements may have
impacted the observed associations. Furthermore, while
cadmium exposure was assessed using whole blood, which
reflects recent exposure, urinary cadmium, a better indica-
tor of long-term exposure, was measured in only a subset
of the study population. Including urinary cadmium would
have reduced statistical power. Future studies should incor-
porate urinary cadmium to more effectively assess the long-
term effects of cadmium exposure. Finally, the biomarkers
in this study were measured in different age groups, with
DNAmCystatinC assessed only among participants aged 50
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years and older. This discrepancy may introduce selection
bias, limit comparability, and restrict the generalizability of
DNAmCystatinC findings to younger populations.

Conclusions

Using a nationally representative sample from the U.S,,
we observed that blood cadmium levels are positively
associated with serum cystatin C, with this relationship
partly mediated by DNAmCystatinC. The combination
of higher blood cadmium and DNAmCystatinC con-
tributes more to the elevation of serum cystatin C than
either factor alone. Moreover, individuals with elevated
serum cystatin C levels appeared more susceptible to
cadmium-related mortality. These findings were con-
sistent both in the overall population and after exclud-
ing individuals with CKD. The significant interaction
between cadmium and serum cystatin C on all-cause
mortality further highlights a synergistic mechanism
that exacerbates mortality risks. Our results advance
our understanding of the pathways connecting environ-
mental toxicants to health outcomes, paving the way for
targeted interventions and policies aimed at mitigating
the impacts of cadmium exposure on public health.
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