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Abstract  This research explores the association
between chronic exposure to low levels of cadmium (Cd)
and the risk of developing hypertension and obesity among
Chinese adults residing in urban environments. It focuses
on both non-linear dose-related effects and demographic
susceptibilities that may influence health outcomes. A total
of 1,200 adults were recruited from three cities in
Shandong Province, a region experiencing rapid
industrialization and urban expansion. Participants were
selected using a stratified random sampling technique to
ensure a representative sample. Urinary cadmium
concentrations were measured using inductively coupled
plasma mass spectrometry (ICP-MS), a highly sensitive
and accurate analytical method. Standardized clinical
definitions were applied to diagnose hypertension and
obesity. To assess potential linear and non-linear
relationships, as well as the modifying effects of sex and
body mass index (BMI), the analysis employed logistic
regression models, gender-stratified evaluations, and
restricted cubic spline (RCS) modelling. The results
revealed a significant association between urinary
cadmium levels and elevated blood pressure, with the
relationship appearing stronger in men, where the odds
ratio (OR) was 3.494, compared to women, who exhibited
an OR of 2.190. The influence of BMI on hypertension

remained stable and independent across all statistical
models. Furthermore, RCS analysis demonstrated a non-
linear pattern in the relationship between cadmium
exposure and the risk of hypertension. Specifically, the risk
increased sharply at low to moderate cadmium
concentrations and then plateaued at higher exposure levels.
This non-linear trend challenges the assumptions of
traditional linear threshold models and underscores the
importance of using flexible analytical approaches in
environmental health research. The findings support the
view that cadmium is a vascular toxicant even at relatively
low levels of environmental exposure. Moreover,
demographic characteristics such as gender and obesity
appear to modify individual vulnerability. This study
contributes novel insights into how environmental
pollutants affect cardiometabolic health in urban
populations. It highlights the need for more targeted public
health strategies, improved environmental monitoring,
stricter regulation of cadmium emissions, and gender-
responsive health education programs. Although the cross-
sectional design limits causal interpretation, the findings
provide a strong basis for future longitudinal investigations.

Keywords Cadmium  Exposure, Hypertension,
Stratified Analysis, Dose—Response Relationship, Urban
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China

1. Introduction

Cadmium (Cd) is a nonessential heavy metal with a long
biological half-life and high potential for accumulation in
soft tissues, especially the inner organs such as the kidneys
and liver, and thus it can pose a serious threat to human
health. Chronic exposure to cadmium, even in small
amounts, has been connected to various long-term health
issues, like heart problems, kidney damage, and metabolic
disorders [1]. Environmental cadmium exposure is still a
serious concern in China, especially in urban cities, with
the bulk of cadmium exposure in humans caused by dietary
intake of cadmium-contaminated rice and leafy vegetables,
as well as inhalation of polluted air [2, 3].

Recent epidemiological research has highlighted
cadmium as an emerging risk factor for hypertension.
Cadmium raises blood pressure in several ways, such as
harming blood vessel function, interfering with calcium
signals, causing oxidative stress, and increasing sodium
retention [4, 5]. In population-based studies, both urinary
and blood cadmium levels have been positively associated
with blood pressure elevation and hypertension risk.
Fortunately, there is an indication from several large
datasets that this relationship is not strictly linear. A review
of 14 studies found that the link between blood cadmium
and hypertension is not a straight line; instead, it shows a
curve where lower levels of exposure have a stronger effect,
and the impact levels off at higher amounts [6]. A
proportional impact of low doses on blood pressure
regulation was also observed in urban Chinese cohorts
using restricted cubic spline modeling [7, 8].

While the relationship between cadmium and obesity
and metabolic dysfunction is becoming increasingly
studied, the relationship remains complicated, and
directionality is still unclear. Cadmium might disrupt how
fat cells work and affect metabolic signals by altering levels
of leptin and adiponectin, which can result in fat buildup
[1]. However, other studies show that there is a negative
relationship between cadmium and obesity, which might be
due to the stress caused by the metal on metabolism or
changes in how much food people eat in groups that have
been exposed to cadmium for a long time. Zhang et al. [9]
reported that cadmium exposure was positively associated
with systolic and diastolic blood pressure in northwestern
China, and the interaction effects between cadmium
exposure and BMI were significant. Such heterogeneity
emphasizes the need for an evaluation of effect
modification in cadmium exposure research.

Consistently across studies, cadmium’s health effects
appear to be sex, age, and obesity specific. For example,
some, such as Wu et al. [3], reported that cadmium
exposure had a stronger association with hypertension in
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female non-smokers than in males. Stratified by sex,
cadmium’s blood pressure effects were more pronounced
in men, and the cadmium association with CVD risk was
stronger in overweight individuals when adjusted for BMI
[10]. Tellez-Plaza et al. [11] also showed in a U.S. cohort
that the impact of cadmium on mortality and cardiovascular
risk depended on demographic and biological strata.

Although such emerging literature is still nascent,
several gaps still exist. Unfortunately, most existing studies
have relied on occupational exposures and national-level
surveys, such as NHANES, which may not fully capture
the lived experiences of the Chinese urban populations.
There have been limited studies using advanced modeling
techniques to examine chronic low-dose exposure to
cadmium in real-world Chinese urban environments, where
both exposure and comorbidities are increasing. In
particular, it is applicable to provinces such as Shandong
that have experienced serious historical and ongoing
industrial  activities causing severe environmental
contamination [12, 13].

Additionally, there exists little investigation focusing on
hypertension and obesity at the same time as outcomes of
interest for health. Indeed, there is a common ground in
their pathophysiological pathways, such as inflammation,
oxidative stress, and endothelial dysfunction, and the high
possibility of environmental toxicant cadmium interaction
between hypertension and obesity that amplifies the
adverse effects of the former [14]. Yet, there is not much
epidemiological evidence to examine these dual
relationships rigorously, particularly when it comes to
stratifying and analyzing them in a nonlinear manner.

Previous epidemiological studies on cadmium’s health
effects have often reported inconsistent findings, in part
because they used simple linear models and cross-sectional
designs. These approaches can miss nonlinear dose—
response patterns, such as potential thresholds or saturation
effects from chronic low-level exposure. For example,
meta-analytic evidence suggests hypertension risk rises
steeply at low blood cadmium levels and then levels off at
higher levels, a pattern that linear models would not capture.
This highlights a gap: traditional analyses may
underestimate risk at different exposure ranges. To address
this gap, we now use restricted cubic spline models to allow
for nonlinear dose—response relationships, enabling
detection of inflection points and plateaus that simpler
models would overlook.

This study looks at the links between long-term low-
level cadmium exposure and high blood pressure and
obesity in city-dwelling Chinese adults, focusing on three
main goals. Second, we will examine the association
between cadmium and hypertension and cadmium and
obesity in isolation. Second, we will use restricted cubic
spline regression models to assess the presence of nonlinear
dose-response relationships. Third, we will analyze the
modifications to the potential effects of sex and BMI
through stratified analysis. The population of this study is



1292

Chronic Low-Dose Cadmium Exposure and Its Nonlinear Association with Hypertension and Obesity in

Urban Chinese Adults: A Stratified Epidemiological Analysis

the urban adult population of Shandong Province, a region
that is typical of being exposed to industry and
experiencing rapid urbanization in China.

This research provides several key contributions. This is
achieved by applying flexible modeling techniques and
stratified epidemiological analysis, which provide a more
accurate understanding of cadmium’s health effects under

realistic exposure conditions. In addition, the work
improves our understanding of how certain
sociodemographic  factors might shape risk to

environmental pollutants. The results of the current study
can be applied to design targeted public health
interventions in China and to inform the regulation
guidelines for cadmium exposure limits in China and other
countries. This study also contributes to the worldwide
research on how the environment affects heart and
metabolic diseases in quickly growing middle-income
countries, which depend on their surroundings for a
significant portion of these health issues.

Overall, cadmium exposure at low environmental levels
is a public health concern in urban Chinese populations.
The relationship between cadmium exposure, hypertension,
and obesity may not be linear. It is likely more complex and
influenced by demographic and anthropometric factors.
This study attempts to clarify these relationships through
rigorous statistical modeling and population-oriented
analysis in order to develop an evidence-based
environmental health policy in China.

2. Literature Review

Cadmium (Cd) is a toxic heavy metal that is nonessential
and accumulates in human tissues in the liver, the kidneys,
and the vascular endothelium. Cadmium exposure is a
critical public health concern because the element is
environmentally persistent and has a long biological half-
life. Strongest exposure sources to cadmium in an urban
setting include eating rice, vegetables, seafood from
polluted rivers, tobacco smoke, and polluted air from the
smelting and plastics industry [13, 15]. Recently, the focus
has been on the cardiovascular and metabolic health effects
of cadmium due to a possible relationship to elevated blood
pressure and obesity-related outcomes.

2.1. Cadmium Exposure and Environmental Sources

Cadmium exposure is becoming increasingly urban,
mainly because of industrial development, agricultural
practices, and poor environmental regulation in China.
Cadmium has been shown to contaminate food and water
sources to a considerable extent [13, 15]. Thus, long-term
exposure at low doses is shown to cause detectable levels
of cadmium in blood and urine samples taken from the
general population living in industrial cities, such as those
in Shandong Province. The levels are typically equivalent
to or greater than international safety standards [1].

Additionally, elevated cadmium levels were found in
residents of heavy metal-exposed regions, and elevated
cadmium was associated with environmental inequities
across provinces [9]. With urban growth, environmental
pollution continues to evolve, and on this larger scale,
cadmium is a striking example of how industrial expansion
without control can contribute to chronic disease risks to
the general population.

2.2. Biomarkers and Measurement Validity

Biomarkers such as blood and urinary cadmium are quite
commonly used in exposure assessments. Blood cadmium
reflects recent exposure, whereas urine cadmium is a better
marker of body burden. Studies of Zhang et al. [9] and
Tellez-Plaza et al. [11] indicate that urinary cadmium is a
good biomarker for chronic exposure, especially as it
relates to long-term disease outcomes, for instance,
hypertension and renal dysfunction. Chen et al. [16] also
highlighted that cadmium builds up in the body over time
more than lead or arsenic, making it particularly useful for
studying long-term health issues using metal biomarkers.
Also, while adjusting urinary cadmium levels with
creatinine or specific gravity has helped make accurate
comparisons of cadmium exposure, there are still some
challenges in accounting for individual hydration levels
and differences in kidney function.

2.3. Cadmium and Hypertension: Mechanisms and
Associations

It has been determined that cadmium raises blood
pressure through oxidative stress, endothelial dysfunctions,
and altered renal sodium handling [4, 17]. Being exposed
to these chemicals can lead to stiffening of the arteries or
changes in blood vessel function through these biological
processes, and even small amounts of exposure can have
significant effects over time. Several population-based
studies have demonstrated a positive association between
cadmium exposure and hypertension in both general and at-
risk populations. Wang & Wei [18] as well as Wu et al. [1]
indicated that cadmium levels are associated with higher
systolic and diastolic blood pressure. The results from a
cross-sectional study in northwest China, Zhang et al. [9]
demonstrated that hypertension risk significantly increased
with cadmium exposure, especially in current smokers and
the elderly, indicating the possibility of an additive effect
on the age-related vascular change. Tellez-Plaza et al. [11]
strengthened the link between systemic vascular effects
and global hypertension research by showing that cadmium
is connected to heart-related deaths in U.S. adults.

2.4. Obesity and Metabolic Disruption

Although cadmium seems to have a role in obesity, it's
more context-dependent than the evidence shown here
probably suggests. However, studies have suggested that
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cadmium disrupts adipocyte differentiation and hormonal
signaling to increase adiposity [1], inversely associated or
showing no clear pattern [3, 19]. It has been discovered by
Zeng et al. [5] that cadmium is positively correlated with
waist circumference and body fat percentage in COVID-19
patients, which provides evidence for cadmium being a
metabolic disruptor. In contrast, Kim et al. [20] noted
inverse associations in overweight populations, possibly
due to appetite suppression or altered metabolic processing.
Diverging findings might be caused by differences in
cadmium exposure levels, population characteristics (e.g.,
age, sex, nutrition), or underlying metabolic health. These
differences show that we need more advanced analyses for
these models, like stratified or interaction models, which
consider factors like BMI or other health conditions.

2.5. Nonlinear Dose-Response Relationships

There is an increasing number of studies that find
nonlinear associations between cadmium and stable
outcomes. In a meta-analysis, Verzelloni et al. [6] showed
that hypertension risk rises sharply at the lower levels of
blood cadmium and then plateaus as a potential saturation
effect. This finding was replicated by Chen et al. [8] in a
large Chinese cohort, which additionally found elevated
mortality risk from cadmium exposure at levels below what
are considered safe. These complex relationships are
supported by studies using Bayesian kernel machine
regression (BKMR), which show that cadmium often
works together with other metals, and sometimes these
combined effects can be less harmful [21, 22]. The key
takeaways from these nonlinear findings for public health
policy are that fixed threshold models are not very effective,
and even low levels of exposure can be harmful, especially
when there are multiple stressors involved.

2.6. Effect Modification by Gender, Age, and BMI

Consistently, the evidence indicates that cadmium has
different impacts on different demographic groups.
Women had stronger associations with hypertension than
men, according to Wu et al. [3]. A Japanese study [23]
found that cadmium’s effect on blood pressure was evident
in male participants but attenuated in women depending on
differences in hormonal pathways or renal cadmium
clearance. However, obesity played a significant role, and
Wang and Wei [18] observed a stronger link between
cadmium and high blood pressure in people who are not
obese, which might be because of how cadmium is
processed in the body or stored in fat tissue. The findings
were confirmed in a stratified analysis by Zhang et al. [9],
and they stressed the interaction between cadmium and
BMI, smoking, and age. Additionally, Wang and Wei [18]
highlighted that underweight people might react more
strongly to cadmium because they have less body tissue to
dilute it and may lack important nutrients that help the body
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handle cadmium.

2.7. Cadmium Co-Exposure with Other Metals

As exposure to cadmium occurs rarely in isolation from
lead, arsenic, or mercury, there are increasingly studies
considering cadmium in co-exposure with any of these
elements. For example, in a study from northwest China,
cadmium and lead co-exposure in cadmium pollution areas
was associated with increased odds of hypertension with
synergistic rather than additive joint effects [9]. Based on
the information reported by Zhang et al. [15], similar
co-exposure effects were reported in urban adults, and a
mixture of metals was found to interact with each other in
complex, nonlinear ways. However, cadmium was often
found to be one of the most important factors affecting
heart and metabolic health, according to BKMR studies [17,
24, 25], even when considering other metals. These studies
suggest that assessing single metal effects may
underestimate the actual impact of metal toxicity.

2.8. Cadmium and Cardiovascular or Mortality Risk

Aside from hypertension, there is cadmium
cardiovascular and systemic risk. The strongest links to
heart-related deaths in the U.S. NHANES data [11, 26, 27]
showed that cadmium helps worsen health problems
through atherosclerosis, hardening of the blood vessels,
and inflammation. Using hospital-based data, Sasaki et al.
[28] and Zeng et al. [5] revealed that cadmium was
independently associated with both disease severity and
mortality, largely among patients with predisposing
cardiometabolic illnesses. This evidence corroborates the
systemic toxic influence of cadmium and emphasizes the
importance of cadmium as a biomarker of poor
cardiovascular and metabolic prognosis.

2.9. Urban China: Research Gaps and Justification for
Current Study

Despite numerous studies originating from China,
especially on low-dose cadmium exposure in an urban
adult, few of them investigate them with advanced
modeling techniques. Chinese studies are most often based
on rural, elderly, or occupational samples; therefore, do not
generalize. To fill this gap, the present study concentrates
on urban residents in Shandong Province, a polluted region
of China's environmental pollution burden and industrial
activity [29]. Moreover, only a few studies have modeled
nonlinear effects and performed stratified analysis of
cadmium’s joint association with hypertension and obesity,
which are two new public health challenges in China. This
study fills the analytical and contextual gaps with new
insights into the ways that low-dose environmental
cadmium exposure impacts metabolic health in urban
Asian populations.
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3. Methods

3.1. Study Design and Population

The relationship between chronic low-dose cadmium
exposure and hypertension and obesity prevalence was
investigated in this cross-sectional epidemiological study
of urban residents in Shandong Province, China.
Participants were recruited both from Jinan and Qingdao,
which are two very polluted urban areas, and Zoucheng, an
area with low cadmium pollution [30]. Adults >18 years,
permanently residing in their respective towns for at least
5 years and without occupational exposure to heavy metals
(workers of mining or smelting industries were excluded),
took part (N = 1,200).

3.2. Sampling Strategy

A multi-stage stratified sampling was used. In the first
stage, three to five urban hospitals (coded randomly) and
community health centers (guaranteed to be representative
of the urban population in each city) were randomly
selected to provide a representative urban sample.
Systematic random sampling was done at each selected
health facility among adults undergoing routine health
check-ups by selecting every third eligible patient. Age
groups (18-34, 3549, 5064, 65+ years) and gender (male,
female) were used as stratification criteria to get balanced
representation of subgroups and sufficient statistical power
for stratified analyses [31].

3.3. Data Collection and Measurement

In September 2024, up to December 2024, data were
collected. A structured questionnaire on demographics,
socioeconomic status, lifestyle factors (smoking, alcohol
use, physical activity), and medical history was
administered to trained research assistants. Anthropometric
measurements were done according to the WHO
standardized protocol [32]. Measurements of height and
weight were made using calibrated stadiometers and scales,
and BMI was calculated as weight (kg) divided by height
(meters) squared. Waist circumference was also measured.
According to the WHO [33], obesity was defined as BMI
>30 kg/m?.

The sphygmomanometer test was done in a standing
position after five minutes of rest; blood pressure was
measured once using an  automatic  digital
sphygmomanometer and recorded twice again after a one-
minute interval, and the average was recorded. Systolic BP
>140 mmHg and diastolic BP =90 mmHg, or a history of
diagnosis by a physician, were defined as hypertension [34].

3.4. Biological Sample Collection and Analysis

Participants provided spot urine samples voluntarily into
sterile containers. Inductively coupled plasma mass

spectrometry (ICP-MS) is a popular method for checking
the environment because it is very sensitive and accurate,
so urinary cadmium levels were measured using this
technique. To ensure analytical precision, all samples were
immediately refrigerated and analyzed in batches by
employing quality control procedures, which involved the
use of blanks, duplicates, and certified reference materials.

We collected detailed information on known sources of
cadmium exposure and relevant medical history. Dietary
intake of cadmium-rich foods (such as rice, green leafy
vegetables, and seafood) was recorded via questionnaire,
and smoking status and history of chronic kidney disease
(CKD) were obtained. In the statistical models we adjusted
for high-cadmium diet intake and either excluded or
controlled for participants with CKD, since impaired renal
function can both result from and influence cadmium
accumulation. Sensitivity analyses were conducted by
excluding individuals with extreme cadmium diets or a
history of CKD.

3.5. Statistical Analysis

The sample characteristics were described through
descriptive statistics. For continuous variables, Pearson
correlation analysis was carried out. Urinary cadmium
levels were associated with hypertension, and this
association was estimated using binary logistic regression
models adjusted for age, gender, and BMI. Gender-
stratified models estimated potential effect modification.
Restricted cubic spline models were utilized with four
knots to assess potential nonlinear relationships of
cadmium exposure with hypertension risk [35, 36]. R
software (version 4.3.1) was used for analyses, and p <
0.05 was regarded as statistically significant.

3.6. Ethical Considerations

The institutional ethics committees in each of the
participating cities approved the study. All participants
provided written informed consent. Participants were
assured of anonymity, confidentiality, and voluntary
participation in conformance with the Declaration of
Helsinki [37].

4. Results

This section presents findings from our analysis
examining the association between chronic low-dose
cadmium exposure and the prevalence of hypertension and
obesity among 1,200 urban Chinese adults from Jinan,
Qingdao, and Zoucheng in Shandong Province. Descriptive
statistics, correlation analyses, logistic regression modeling
(both full sample and gender-stratified), and restricted
cubic spline modeling were conducted to identify
relationships and nonlinear dose-response patterns. All
findings are systematically presented through a sequence of
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tables and figures to clearly illustrate the patterns and
magnitude of associations, providing a comprehensive
basis for subsequent discussions on public health
implications.

There are 1,200 urban Chinese adults, of whom Table
1A summarizes their sociodemographic and lifestyle
characteristics. The sample exhibited balance in all aspects,
except gender (50.1% male) and a mean age of 48.8 (SD
13.8) years. About 80 of the participants lived in Qingdao,
where they had lived on average 22 years. The most
common levels of education and income were secondary
education and middle income, respectively. Most (62.3%)
had never smoked, and (52.7%) had never drunk, and most
were moderately active (41.8%). The histories of
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hypertension (31%) and obesity (20%) were also
significant.

Table 1B summarizes the anthropometric and clinical
data for the participants. Overall, the mean height and
weight were 165.1 cm and 65.2 kg, with a mean BMI of
24.1, which is a normal weight range. The waist
circumference measured 84.9 cm, which is considered
average. The mean systolic and diastolic blood pressures
were 125.5 mmHg and 80.5 mmHg, respectively, which
indicates borderline hypertensive levels. The urinary
cadmium levels varied greatly from 0.01 to 5.47 pg/L, with
an average level of 1.02 pg/L, showing that people in the
population had different amounts of exposure.

Table 1A. Sociodemographic and Lifestyle Characteristics of Participants

Variable count unique | top freq mean | std min 25% [50% [75% | max
Gender 1200 2 Male 601 N/A N/A N/A N/A N/A N/A N/A
Age 1200 N/A N/A N/A |48.76 |17.66 |[180 340 |49.0 |64.0 |[79.0
City 1200 3 Qingdao 493 |N/A |N/A |[NJA |[NJA |NJA |NA |NA
Residence Years 1200 N/A N/A N/A 2212 [9.98 5.0 14.0 22.0 31.0 39.0
Education Level 1200 5 Secondary 503 N/A N/A N/A N/A N/A N/A N/A
Income Level 1200 3 Middle 592 N/A [N/A  [N/A |[NA |[NA |[NA |NA
Smoking Status 1200 3 Never 747 N/A N/A N/A N/A N/A N/A N/A
Alcohol Consumption 1200 3 Never 632 N/A N/A N/A N/A N/A N/A N/A
Physical Activity_Level 1200 3 Moderate 502 N/A N/A N/A N/A N/A N/A N/A
Dietary Habits 1200 3 Moderately | 601 N/A [N/A  |[N/A [NJA |NJA |N/A |NA
History Hypertension 1200 N/A N/A N/A - 031 046 |0.0 0.0 0.0 1.0 1.0
History Obesity 1200 N/A N/A N/A 0.20 0.40 0.0 0.0 0.0 0.0 1.0
Family History Hypertension N/A N/A N/A 038 [049 |0.0 0.0 0.0 1.0 1.0
Family History_Obesity 1200 N/A N/A N/A 031 |046 [0.0 00 |00 1.0 1.0
Table 1B. Anthropometric and Clinical Characteristics of Participants
Variable count mean std min 25% 50% 75% max
Height_cm 1200.0 165.14 8.02 1325 159.8 165.2 170.6 188.4
Weight_kg 1200.0 65.17 12.12 26.7 56.5 65.6 735 104.6
Waist_cm 1200.0 84.94 10.16 48.8 78.07 85.3 91.93 122.8
BMI 1200.0 24.06 5.05 10.3 205 24.0 275 44.6
Systolic_BP 1200.0 125.49 14.85 74.2 115.57 125.6 135.72 178.3
Diastolic_BP 1200.0 80.48 9.96 44.6 73.8 80.5 87.4 1115
Urinary_Cadmium_ug_L | 1200.0 1.02 0.74 0.01 0.48 0.83 1.35 5.47
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Table 2 displays the gender distribution in the three cities
of Shandong Province. There were most participants (n =
493) from Qingdao, followed by Jinan (n = 484) and
Zoucheng (n = 223). Overall, there was a balanced gender
representation, with 601 males and 599 females. Qingdao
had a statistically significant higher number of females than
males, while Jinan and Zoucheng had slightly more males.
The equal spread of this exposure allows for a useful
analysis of health outcomes related to cadmium exposure
by gender in the different urban areas studied [38].

Table 2. Gender Distribution Across Cities

City Male (n) Female (n) Total (n)
Jinan 243 232 475
Qingdao 235 259 494
Zoucheng 110 121 231
Total 588 612 1200

Table 3 shows the percentage of current smokers, former
smokers and non-smokers in the three cities. When the data
was gathered, 257 people (21.4%) said they were smokers,
205 (17.1%) noted they were former smokers and 738
(61.5%) stated they had never smoked. In Jinan, the highest
number of current smokers was found (101), followed by
Qingdao (95) and Zoucheng (61). Just like the first finding,
Qingdao had the greatest number of previous smokers (87),
compared to Jinan (77) and Zoucheng (41). Qingdao saw
the greatest number of never smokers (312), while Jinan
(297) and Zoucheng (129) had the second and third
highest numbers. Villagers in Zoucheng had the smallest
number of participants in each smoking status category.
Because smoking habits differ in different cities, this
possibly affects how people are exposed to cadmium and
so should be taken into account in research on how
cadmium affects people’s health.

The prevalence of hypertension and obesity by gender is
shown in Table 4. Hypertension affected a larger
proportion of men (87.2%) than women (74.8%). Females
had an obesity rate of 11.4% which was the same as the rate
for males at 10.9%. The data point to men having a higher
risk of hypertension, but the rate of obesity among both
men and women is close.

Table 4. Hypertension and Obesity Prevalence by Gender

Gender Hypertension Rate (%) Obesity Rate (%)
Female 74.8 11.4
Male 87.2 10.9

Note: Hypertension defined as SBP >140 mmHg or DBP >90 mmHg or
physician diagnosis. Obesity defined as BMI > 30 kg/m={33].

Table 5 displays the correlations among age, BMI,
hypertension and urinary cadmium levels. There was a link
between increasing age and hypertension (r = 0.254 and p
< 0.01) and the same held for BMI (r =0.128 and p < 0.01).
Those who had higher cadmium in their urine were
significantly more likely to have hypertension (p < 0.01),
but its correlation with both age and BMI was very weak.
Overall, the results only showed clear connections with
hypertension, and the links with the other variables were
hardly noticeable, meaning most of the main connections
go from hypertension to the other variables.

In the sample of the whole population, Table 6 reports
logistic  regression results showing what predicts
hypertension. Cadmium concentration in urine was
positively related to hypertension (Coef. = 0.928, p <
0.001), showing that higher cadmium exposure is linked to
higher chances of hypertension. There was a positive effect
of age on hypertension (Coef. = 0.044; p < 0.001) which
means that the chance of getting hypertension rises as
people get older. Gender was found to have a strong

Table 3. Smoking Status by City negative connection with hypertension (Coef. = -0.979; p <
City Current Former Never Total 0.001), meaning that males have_ a lower chance of
Smokers (n) | Smokers (n) | Smokers () hypertension than females (confirm reference group
X coding). BMI was found to be another strong positive
Jinan 101 77 297 475 . . ! .
predictor (Coef. 0.097; p < 0.001) and people with higher
Qingdao |95 87 312 494 BMI have a higher risk of hypertension. All factors studied
Zoucheng | 61 a1 129 231 were important in explaining hypertension status, since the
ol - 205 . 1200 model explained almost one-quarter (R? = 0.277) of the
ot variance in their outcomes.
Table 5. Correlation Matrix
Age BMI Hypertension Urinary_Cadmium_ug_L
Age 1 0.002 0.254™ 0.009
BMI 0.002 1 0.128™ 0.008
Hypertension 0.254™ 0.128™ 1 0.235™
Urinary_Cadmium_ug_L 0.009 0.008 0.235™ 1

Note: Correlation is significant at the 0.01 level (2-tailed).
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Table 6. Full Sample Logistic Regression

Coef. S.E. Wald p-value (Sig.) O.R.
Intercept -3.459 0.586 34.783 0.000 2.529
Urinary_Cadmium 0.928 0.114 66.688 0.000 1.045
Age 0.044 0.005 T71.477 0.000 1.045
Gender -0.979 0.171 32.952 0.000 0.376
BMI 0.097 0.021 22.308 0.000 1.102
R? 0.277

Note: All models adjusted for age, BMI, and gender (as applicable). Odds ratios (OR) are shown with corresponding coefficients. p < 0.05 is

considered statistically significant.

We also fitted multivariable interaction models to test
effect modification of cadmium by age, BMI, and smoking
status. Interaction terms (cadmium>age, cadmium>BMI,
cadmium>smoking) were included in the fully adjusted
logistic regression models. None of these interaction terms
were statistically significant, indicating that the association
between cadmium and hypertension or obesity did not
significantly differ by age group, BMI category, or
smoking status. These interaction analyses go beyond
simple stratification and confirm that the cadmium
associations are generally consistent across subgroups.

Figure 1 shows the ranges of urinary cadmium among
urban Chinese adults. There is a clear pattern where the
majority of people tested show a low degree of urinary
cadmium, and a smaller group is found with greater
amounts. Because skewness exists, it indicates that most
people’s cadmium exposure is low, but there are
individuals with much higher levels. Probably, it stems
from people’s exposure to different environmental factors
and lifestyles, such as living near pollution or following
distinct dietary patterns. Having these highly exposed
people points out the significance of carrying out analyses
in groups to properly assess the dangers of exposure to low-
level cadmium over long periods.

Figure 2 tests if the urinary cadmium concentrations are
the same in those with and those without hypertension. It
appears that hypertension is associated with higher levels
of cadmium and a larger range of cadmium levels as well.
There are some extreme values (outliers) for those with
hypertension, suggesting a wider range of exposure. It
seems that greater cadmium exposure might increase the
likelihood of hypertension. They prove that deeper studies
applying different types of models are needed to
understand the relationship between cadmium and blood
pressure.

The restricted cubic spline analysis in Figure 3 uncovers
a complex dose-response pattern. At very low urinary
cadmium levels the risk of hypertension rises steeply,
suggesting that initial cadmium accumulation triggers
disproportionate  vascular  stress  before  cellular
detoxification mechanisms are fully engaged. This initial
rapid increase may reflect cadmium’s interference with
endothelial nitric oxide production, promotion of oxidative
stress and dysregulation of renal sodium handling. Above

approximately 1.5 pg/L urinary cadmium the risk curve
flattens, consistent with a partial saturation of these
pathways or an adaptive upregulation of metallothionein
and other binding proteins. From a regulatory standpoint
this pattern indicates that policies based on linear
extrapolation are likely to underestimate the hazards of
low-level exposure. In practice, prioritizing reductions in
ambient cadmium through tighter controls on agricultural
soil contamination and industrial emissions could prevent
a disproportionately large number of new hypertension
cases. Future risk assessments should therefore employ
nonlinear modeling to identify critical exposure thresholds
and to refine permissible limits that protect population
health most effectively.

According to this trend, low amounts of cadmium might
be linked to a lower hypertension risk in some people,
possibly because of factors such as confounders or
compensation, but then the risk jumps up and stabilizes
with increasing exposure. The point where no further rise
in the cardiovascular risk was observed at medium to high
cadmium doses could suggest that higher doses do not
greatly affect the body, and this result has also been noted
in prior studies [6, 16].

It is essential to mention that the curve throws doubt on
any thought that a drug’s impact is exactly proportionate to
the dose given. It indicates that incorporating such methods
as restricted cubic splines or Bayesian kernel machine
regression helps to represent complex patterns in exposure-
outcome relationships [39]. These results support the
choice of using nonlinear and stratified modeling in
assessing public health risks linked to cadmium.

Table 7 displays the outcome of logistic regression on
the link between urinary cadmium and hypertension in
male participants. The results indicate that higher levels of
cadmium in urine are linked with hypertension risk,
confirming this with a statistically significant result of a
coefficient of 1.251 and a p-value less than 0.001. After
adjustment for age and BMI, the odds of having
hypertension rise by 3.5 times for each 1-unit increase in
urinary cadmium, with an odds ratio of 3.494. The
intercept (p = 0.001) proves that the model includes a
significant risk right at baseline. Age was linked to
hypertension in a positive manner (coefficient = 0.050, p
< 0.001), just like earlier evidence revealed. There is a
link
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between BMI and the outcome (coefficient = 0.061), 0.267). Overall, the results confirm that a higher level of
though this association is not shown as statistically urinary cadmium is independently related to hypertension
significant (p = 0.070). This model is able to explain around  in men, pointing to its possible environmental negligence
26.7% of the reasons why hypertension results vary (R? = in this group.
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Stel. Dev. =1.090
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Figure 2. Boxplot of Urinary Cadmium by Hypertension Status
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Restricted Cubic Spline Dose-Response Curve
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Figure 3. Spline Dose-Response Curve of Urinary Cadmium and Hypertension

Table 7. Stratified Model — Males

Coef. S.E. Wald p-value (Sig.) O.R.
Intercept -3.087 0.952 10.514 0.001 0.046
Urinary_Cadmium 1.251 0.220 32.203 0.000 3.494
Age 0.050 0.009 31.843 0.000 1.051
BMI 0.061 0.021 3.274 0.070 1.063
R? 0.267

Note: All models adjusted for age, BMI, and gender (as applicable). Odds ratios (OR) are shown with corresponding coefficients. p < 0.05 is

considered statistically significant.

Table 8. Stratified Model — Females

Coef. S.E. Wald p-value (Sig.) O.R.
Intercept -4.632 0.751 38.086 0.000 0.010
Urinary_Cadmium 0.784 0.134 34.473 0.000 2.190
Age 0.041 0.006 45.122 0.000 1.042
BMI 0.117 0.026 20.110 0.000 1.124
R? 0.248

Note: All models adjusted for age, BMI, and gender (as applicable). Odds ratios (OR) are shown with corresponding coefficients. p < 0.05 is

considered statistically significant.

Table 8 demonstrates that urinary cadmium is
significantly related to hypertension in the group of female
participants. For urinary cadmium, the coefficient value is
0.784, the p-value is lower than 0.001, so the odds ratio
(OR) is 2.190. In other words, a greater level of cadmium
in urine is associated with more than double the chances of
developing hypertension, once age and BMI have been
considered. Older people and those who are heavier often

have a statistically significant increase in hypertension risk,
with p values less than 0.001. Besides, the research
indicates a low risk level, based on the intercept’s value. It
follows from this R? of 0.248 that the model has moderate
explanatory ability. To sum up, taking in cadmium,
increasing age, and high BMI all raise hypertension risks
for females.
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5. Discussion

These findings support the idea that chronic exposure to
low amounts of cadmium in the environment increases the
chance of hypertension for urban Chinese persons.
Whereas the full model did not explain the impact of
urinary cadmium on hypertension in detail, stratified
models gave us additional information. Among men,
higher cadmium levels were strongly linked to having
hypertension (OR = 3.494), which agrees with other studies
that discuss men having greater accumulation of cadmium
due to their body’s different way of handling and
processing minerals [1, 18]. For females, the association
was significant too (OR = 2.190), but weaker, suggesting
that females eliminate cadmium differently and their
hormones are also altered by it [23].

It was found through restricted cubic spline analysis that
there is a nonlinear link between the levels of urinary
cadmium and hypertension. For people with low cadmium
in their system, the curve suggests that there is a fast
increase in hypertension risk, but this stops going up above
certain levels. Based on this pattern, we might expect a
maximum level or ‘saturating’ effect on vascular injury, as
was noted by Chen et al. [16] and Verzelloni et al. [6]. The
observations on this curve point to the risk of cadmium
even at small exposure levels and require using flexible
models to spot slight but important health risks [39].

BMI was always linked to hypertension in a positive and
significant way in all models used for the analysis. In
particular, BMI was closely linked with risk in females (p
< 0.001) and almost linked in males (p = 0.070). It proves
that a strong connection exists between obesity, elevated
blood pressure, and higher levels of cadmium and offers a
possible reason for this. This study aligns with previous
research stating that obesity increases the risk of toxic
effects from environmental toxins, as well as adds to their
negative effects [1, 11].

The differences between the full-sample and stratified
models show that the relationship may be modified by
gender and possibly smoking and age. The ways in which
these variables are connected, clearly shown in both
correlation and regression studies, explain the value of
carrying out epidemiology studies within specified
environments. It adds to the view that treating all risks the
same could hide the particular issues faced by some
members of a community.

In a nutshell, it was found that continuous exposure to
small amounts of cadmium is linked to both hypertension
and high blood pressure due to obesity among urban
Chinese people. A person’s gender, age, and BMI function
as both confounders and effect modifiers, meaning that
research and regulations in this field must look closely at
people of different groups.

6. Conclusions, Implications,
Limitations, and Future Research

According to the evidence in this study, low levels of
cadmium for long periods in urban Chinese adults are
strongly associated with hypertension and show important
sex-related variations. Both the main analysis and the
results from separate groups of men and women showed
that cadmium is a significant factor in causing hypertension,
especially in men. Additionally, the analysis found a
positive link between BMI and hypertension in both males
and females, with the association being more statistically
significant in females. The results hint that cadmium can
directly change blood pressure as well as trigger fat-related
factors that increase the chance of heart problems.

By using restricted cubic spline modeling, the analysis
revealed that even low levels of exposure to cadmium raise
the risk of hypertension even more before reaching the
maximum risk. That means we should use models that can
easily adjust to different conditions, since they can reveal
even small and important changes in exposure-outcome
relationships among people with different levels of
susceptibility. Because of these findings, strengthened
monitoring of the environment and close regulations on
cadmium may be helpful in areas with urban and industrial
development.  Environmental health policies and
educational campaigns should incorporate information
about risks and health problems based on gender, check for
hypertension, and prevent obesity.

Despite the advantages, the short time frame of the study
prevents us from concluding cause and effect. Diet,
occupational risks, and genetics could have muddied the
results found in the study. We acknowledge that residual
confounding may still be present despite adjustment for
many covariates; unmeasured factors (such as other
environmental pollutants or detailed lifestyle variables)
could influence the results. Additionally, the cross-
sectional design limits our ability to infer causality. For
these reasons, we recommend that future studies use
longitudinal follow-up or intervention designs to confirm
these associations and clarify the temporal relationship
between chronic low-dose cadmium exposure and the
development of hypertension and obesity. Future studies
would benefit from following or monitoring the same
groups of people over time to better understand the
relationship between hypertension, obesity, and cadmium
exposure. Doing comparable research by gender and
patient category would greatly improve the targeting and
precision of new hypertension prevention methods.
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