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Abstract
Purpose Data from National Health and Nutrition Examination Survey (NHANES) for the years 2007–2012 were used to
evaluate the interactions of cadmium (Cd) exposure with being overweight/obesity on the risk of prediabetes among adults
20 years older.
Methods A total of 3552 subjects were included in the analysis. Urinary cadmium levels (UCd) was used as a biomarker for
long-term exposure to Cd. Additive interaction was estimated using relative excess risk due to interaction (RERI), attri-
butable proportion due to interaction (AP) and synergy index (S).
Results Following covariates adjustments, we found significant associations of UCd with higher prediabetes prevalence, and
this association was more apparent in males (Q4 vs Q1: OR= 1.95, 95%CI: 1.34–2.84); while overweight/obesity was
associated with prediabetes both in males and in females. Additionally, there was a significant interaction between Cd
exposure and being overweight/obesity on prediabetes risk among males (RERI= 1.18, 95% CI: 0.42–1.93; AP= 0.35,
95% CI: 0.12–0.58; S= 2.00, 95% CI: 0.92–4.34).
Conclusions Our results suggest that being overweight/obesity may substantially amplify the adverse effects of long-term
cadmium exposure on prediabetes risk, and this interaction is more severe in male adults. Further studies are needed to
confirm these findings.
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Introduction

According to the International Diabetes Federation, 425
million adults worldwide were living with diabetes in 2017,
and type 2 diabetes (T2D) accounts for roughly 90% of all
diabetes cases [1]. Prediabetes, typically defined as blood

glucose concentrations below diabetes thresholds but above
normal, is associated with a higher risk of diabetes and its
complications [2]. More importantly, there is accumulating
data suggesting damage on end organs already at the pre-
diabetic stage, such as kidneys, eyes, blood vessels and the
heart [3, 4]. A host of factors can lead to dysglycemia,
including unhealthy lifestyle, poor dietary habits and family
history. In addition, accumulating evidence has indicated
that environmental chemicals may also contribute to the
development of diabetes [5].

Cadmium (Cd), a heavy metal, is a recognized endocrine
disrupting chemicals released in the environment by natural
or thropogenic activities [6, 7]. The major sources of Cd for
general population are cigarette smoke and diet [8]. After
uptake from the environment and deposition in the kidney
with a half-life between 10–30 years, an extremely small
amount of Cd is excreted in urine, due to a lack of excretory
mechanism. Consequently, urinary Cd levels (UCd) can
serve as a biomarker of long-term exposure for individuals
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[9]. A range of negative health consequences have been
proposed to be associated with chronic Cd exposure,
including T2D [10–13]. Both epidemiological and experi-
mental studies showed that Cd exposure was associated
with hyperglycemia, reduced serum insulin and T2D. The
exact mechanism involved in the Cd-induced glucose
homeostasis has not been extensive explored. However,
accumulation of Cd in β-cells, alteration expression of
glucose transport genes in adipocytes and augment of glu-
coneogenesis in renal and hepatic cells might give expla-
nations that Cd likely has multiple effects in multiple tissues
to contribute to glucose homeostasis [14–16].

Obesity is an independent risk factor of T2D, and pre-
vention of excessive weight gain represents a critical means
for T2D management [17, 18]. Accumulating evidence
suggests that oxidative stress and inflammation as a link
between obesity and T2D [19, 20]. Moreover, oxidative
stress and inflammation are also implicated in the patho-
genesis and development of adverse effects resulting from
Cd exposure. In addition, a recent research identifies an
interaction of Cd exposure and dietary antioxidant and anti-
inflammation intake on markers of systemic inflammation
and oxidative stress [21]. Considering the relationship of
oxidative stress and inflammation, obesity and Cd expo-
sure, it is conceivable to hypothesize that obesity would
modify the association between Cd exposure and
prediabetes.

The present study examined the modification by obesity
on the association of exposure to Cd with the risk of pre-
diabetes in the National Health and Nutrition Examination
Survey (NHANES) population from 2007 through 2012
utilizing a cross-sectional study design.

Materials and methods

Study population

Participants enrolled in this study were merged from three
cycles of the NHANES (2007–2008, 2009–2010, and
2011–2012), a cross-sectional survey designed to estimate
the prevalence of health, nutrition and potential risk factors
in the United States (Fig. 1). Survey participants were
interviewed and invited for a clinical examination. Physical
examinations and laboratory testing using blood or urine
samples were conducted in the Mobile Examination Cen-
ters. All data from the website of the National Center for
Health Statistics were retrieved.

To analyze the effects of urinary cadmium and body
mass index (BMI) on prediabetes, we included the subjects
20 years older (n= 17,713), and excluded subjects with
missing data of race, the poverty income ratio (PIR), BMI,
urinary cadmium, physical activity information, smoking

status, alcohol use or prediabetes information. Therefore,
our final sample size was 3552.

Outcome

Case definition of prediabetes was based on guidelines of
the American Diabetes Association. The outcome of vari-
able prediabetes was defined as any one of the following:
5.7% ≤ hemoglobin A1c < 6.5%, fasting plasma glucose
(FPG) between 5.6 and 7.0 mmol/L, 2-h plasma glucose
between 7.8 and 11.1 mmol/L during an oral glucose tol-
erance test.

Urinary cadmium (UCd)

Urine samples were collected as part of the surveys exam-
ination components. The measurement of urine cadmium
concentrations was described in detail elsewhere. UCd
concentrations were adjusted using the concentration of
creatinine in urine to account for the effect of urinary
dilution. Creatinine-corrected Cd was expressed as μg Cd/g
creatinine.

Covariates

Age, race/ethnicity, sex, ratio of family income to poverty,
physical activity, smoking status and alcohol consumption
were obtained by self-reported. The PIR was calculated by
dividing household income by the poverty guidelines spe-
cific to the survey year. We also evaluated the PIR as a
potential confounder in categories: low (<1), middle (1–2)
and high (≥2). Participants self-reported their daily activity,

Fig. 1 Flow chart of participants included in the interaction analysis of
urinary cadmium and obesity on prediabetes in the NHANES
2007–2012 population
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leisure-time activities and sedentary activities using ques-
tions based on the Global Physical Activity Questionnaire.
Participants without moderate-to-vigorous-intensity physi-
cal activity were classified as inactive, while those with
moderate-to-vigorous-intensity physical activity were clas-
sified as active. Participants were asked if they have smoked
at least 100 cigarettes in their entire life to classify their
smoking status. Those who answered “Yes” were asked if
they now smoke cigarettes every day, some days or not at
all. Current smokes were those who have smoked at least
100 cigarettes during their lifetime and smoked every day or
some days during the time of interviews. Former smokers
were those who have smoked at least 100 cigarettes during
their lifetime but did not smoke currently. Non-smokers
were those who reported never have smoked 100 cigarettes
during their lifetime. Alcohol consumption was surveyed
and participants who, in their entire life, never had at least
12 drinks were defined as never drinkers. Participants who
had at least 12 drinks in their entire life were defined as
drinkers. BMI was calculated as weight in kilograms divi-
ded by the square of height in meters. For adults aged 20
years and above, obesity was defined as a BMI of 30 kg/m2

or greater. Overweight was defined as a BMI of
25.0–29.99 kg/m2, normal weight was defined as a BMI of
18.5–24.99 kg/m2, according to the WHO definition. For
the additive effect analysis, underweight adults were not
included because they compromise a small proportion of the
sample (~1.8%).

Statistical analysis

SAS 9.1.3(SAS Institute Cary, NC) was used for the ana-
lysis and calculations performed in this study. Weighted
means and standard deviation were calculated for con-
tinuous variables, weighted frequency for categorical vari-
ables. Differences in continuous variables and categorical
variables were assessed by Student t test and Pearson chi-
square test separately. Logistic regressions were used to
determine the association of prediabetes with quartiles of
urinary cadmium (μg Cd/g creatinine) and BMI (under-
weight/normal/overweight/obese). Model I represented the
unadjusted data. In model II, the data were adjusted for
gender, age, race/ethnicity, PIR. In model III, the results
were adjusted for model II plus smoking status, alcohol
consumption, physical activity and urinary cadmium level
or BMI. We also calculated the odds ratios (OR) and 95%
confidence interval (CI) for the urinary cadmium and pre-
diabetes across strata of BMI. The additive model was used
to explore whether biological interaction was present or not.
The additive interaction between being overweight/obese
and high urinary cadmium exposure in association with
prediabetes were assessed by testing whether the estimated
joint effect of two risk factors was greater than the sum of

the independent effect estimates for being overweight/obe-
sity and high urine cadmium exposure, respectively. To
assess additive interaction, the relative excess risk due to
interaction (RERI) and attributable proportion due to
interaction (AP) and synergy index (S) were calculated. In
the absence of additive interaction, RERI and AP are equal
to 0 and S is equal to 1.

Results

Table 1 displayed the baseline characteristics of the parti-
cipants > 20 years of age from NHANES 2007–2012. The
average age of the study subjects was 46.70 ± 17.57 years,
and 50.2% were male. Compared with individuals without
prediabetes, those with prediabetes had significantly higher
BMI, urinary cadmium levels, and were more likely to be
older, male, a former smoker and less activity.

Independent association of Cd exposure and BMI
with prediabetes

The independent associations of abnormal BMI and UCd
with prediabetes prevalence were presented in Table 2.
Compared with the lowest quartile, the ORs for prediabetes
were increased in the 2nd, 3rd, and 4th quartiles of UCd in
the unadjusted model. Following covariates adjustments,
the ORs for prediabetes remained elevated in the 3rd and
4th quartiles of UCd, and the 4th quartiles of UCd hold the
highest OR for prediabetes (adjusted OR= 1.64, 95% CI:
1.25–2.15). When stratified by gender, significant relation-
ship between urinary cadmium and prediabetes was mainly
apparent among men. Both overweight and obesity were
associated with an increased prevalence rate of prediabetes
(adjusted OR= 1.85, 95% CI: 1.53–2.23 of being over-
weight, adjusted OR= 3.20, 95% CI: 2.63–3.90 of obesity),
and stratified analysis by gender indicated that these asso-
ciations were consistent in men and women..

Interaction effect between Cd exposure and BMI on
prediabetes

For further interaction analysis, individuals within the
lowest quartile of urinary cadmium concentration were
defined as low exposure group, and individuals within the
2nd, 3rd, and 4th quartiles were classified as high exposure
group.

In total population, no significance was observed for the
interaction between Cd exposure and overweight/obesity,
despite stratified analysis showed significant correlation of
prediabetes with high Cd exposure among overweight/
obese participants (Table 3; adjusted OR= 1.30, 95% CI:
1.03–1.64).
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In males, stratified analysis by BMI also indicated that
significant association for Cd exposure was only apparent
for the overweight/obesity group (adjusted OR= 1.90, 95%
CI: 1.38–2.62). High exposure to cadmium showed a
positive interaction with being overweight/obesity on pre-
diabetes. Men with a combination of being overweight/
obesity and high exposure to cadmium had a significantly
higher risk of prediabetes compared with normal-weight
males with low exposure (adjusted OR: 3.36, 95% CI:
2.02–5.57). The independent ORs for being overweight/
obesity alone and high cadmium exposure alone were 1.84
(95% CI: 1.08–3.14) and 1.34 (95% CI: 0.78–2.28),
respectively. The corresponding RERI, AP and S were 1.18
(95% CI: 0.42–1.93), 0.35 (95% CI: 0.12–0.58) and 2.00
(95% CI: 0.92–4.34), respectively. About 35% of the OR of
being prediabetes was attributed to the interaction effect.

No significant interaction of high Cd exposure with
being overweight/obesity was found in females.

Discussion

In a large, nationally representative sample of adults ≥ 20
years of age, we found that chronic Cd exposure was
associated with higher prediabetes prevalence, and this
association was more strong among males. Additive inter-
action between being overweight or obese and UCd on
prediabetes was detected in men but not in women. These
results showed that exposure to Cd may be a susceptible
factor for prediabetes in males with overweight or obesity.

The association between Cd exposure and T2D has been
proposed and explored recently. However, few

Table 1 Characteristics of
NHANES 2007–2012
participants included in the
current study

Overall With prediabetes Without prediabetes P-value

N Mean or
frequency

N Mean or
frequency

N Mean or
frequency

Age (yr) 3552 46.70 ± 17.57 1420 53.68 ± 16.66 2132 42.04 ± 16.59 <0.0001

20–39 1429 40.2 332 23.4 1107 51.9 <0.0001

40–59 1145 32.2 522 36.8 623 29.2

60+ 978 27.5 576 40.6 402 18.9

Male/Female 1783/
1769

50.2/49.8 774/646 54.5/45.5 1009/
1123

47.3/52.7 <0.0001

BMI 28.15 ± 6.29 29.70 ± 6.59 27.11 ± 5.85 <0.0001

Race 0.0019

Mexican
American

507 14.3 201 14.2 306 14.4

Other Hispanic 359 10.1 144 10.1 215 10.1

Non-Hispanic
White

1710 48.1 650 45.8 1060 49.7

Non-Hispanic
Black

689 19.4 321 22.6 368 17.3

Other Race 287 8.1 104 7.3 183 8.6

Poverty income
ratio

0.0947

<1 737 20.7 292 20.6 445 20.9

1–2 898 25.3 386 27.2 512 24.0

≥2 1917 54.0 742 52.3 1175 55.1

Smoke <0.0001

Non-smoker 1942 54.7 705 49.6 1237 58.0

Former-smoker 844 23.8 407 28.7 437 20.5

Current-smoker 766 21.6 308 21.7 458 21.5

Physical activity
(Yes/No)

1803/
1749

50.8/49.2 632/788 44.5/55.5 1171/
961

54.9/45.1 <0.0001

Drink (Yes/No) 2651/
901

74.6/25.4 1020/400 71.8/28.2 1631/
501

76.5/23.5 0.0017

Urinary cadmium
(μg/g creatinine)

3.49 ± 3.72 4.14 ± 3.72 3.05 ± 3.65 <0.0001

BMI body mass index
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investigations have examined the relationship between Cd
exposure and prediabetes. Nie et al. demonstrated that blood
Cd levels (BCd) was positively related to the prevalence of
prediabetes in 5544 Chinese adults [22]. Using the lowest
tertile of BCd as the reference, BCd in the upper tertile had
a positive correlation with lgFPG and significant positive
trend was also observed. However, no association between
BCd and diabetes was detected. An examination of
8722 subjects from NHANES III (1988–1994) revealed that
UCd were significantly and dose-dependently associated
with both impaired fasting glucose and diabetes when
adjusted for age, sex, ethnicity, and BMI [23]. Wallia et al.
also detected a non-linear association between higher UCd
and prediabetes in a study involving 2398 participants
aged ≥ 40 years [24]. Our present study also observed sig-
nificant association between UCd and prediabetes in the
whole subjects after adjustments for age, ethnicity, gender,
PIR, BMI, smoking status, alcohol use and physical

activity. Stratified analysis by gender showed that the
increased prediabetes risk seemed to be greater for men.
The gender-specific differences was similar with the prior
study which revealed association between UCd and diabetes
prevalence as well as blood glucose level in males, while
these relations were not significant in females [25].

Obesity is a well-established risk factor for T2D. In the
current study, we also found that being overweight/obesity
was associated with an increase in odds ratio for pre-
diabetes. When stratified by gender, the significant asso-
ciation still existed. There is a growing body of literature
showed that the development of T2D could be postponed or
sometimes prevented in obese individuals through weight
loss produced by behavioral treatment, medication or sur-
gery therapies [17, 18], which strengthened the importance
of weight management in prevention of prediabetes and
diabetes. Furthermore, we investigated the interactions of
being overweight/obese with exposure to Cd in affecting the

Table 2 Associations of Cd exposure and BMI with prediabetes

With/without Model I OR (95%CI) P-value Model II OR (95%CI) P-value Model III OR (95%CI) P-value

Total

UCd Q1 227/662 1.00 – 1.00 – 1.00 –

Q2 323/563 1.67(1.37–2.05) <0.0001 1.18(0.94–1.47) 0.1512 1.23(0.98–1.55) 0.0709

Q3 408/481 2.47(2.03–3.02) <0.0001 1.39(1.11–1.76) 0.0051 1.48(1.16–1.88) 0.0016

Q4 462/426 3.16(2.59–3.86) <0.0001 1.47(1.15–1.88) 0.0022 1.64(1.25–2.15) 0.0003

BMI underweight 17/50 0.90(0.51–1.59) 0.7247 0.95(0.51–1.75) 0.8567 0.85(0.45–1.57) 0.59

Normal 303/805 1.00 – 1.00 – 1.00 –

Overweight 534/731 1.94(1.63–2.31) <0.0001 1.80(1.49–2.17) <0.0001 1.85(1.53–2.23) <0.0001

obesity 566/546 2.75(2.31–3.29) <0.0001 3.02(2.49–3.66) <0.0001 3.20(2.63–3.90) <0.0001

Male

UCd Q1 113/332 1.00 – 1.00 – 1.00 –

Q2 191/256 2.19(1.65–2.91) <0.0001 1.61(1.20–2.17) 0.0018 1.61(1.21–2.23) 0.0016

Q3 221/224 2.90(2.18–3.85) <0.0001 1.69(1.24–2.32) 0.0010 1.77(1.27–2.46) 0.0007

Q4 249/197 3.71(2.80–4.93) <0.0001 1.69(1.20–2.37) 0.0024 1.95(1.34–2.84) 0.0005

BMI Underweight 9/18 1.16(0.51–2.63) 0.7256 0.96(0.40–2.34) 0.9339 0.87(0.36–2.11) 0.7552

Normal 164/380 1.00 – 1.00 – 1.00 –

Overweight 321/375 1.95(1.57–2.51) <0.0001 1.88(1.46–2.42) <0.0001 1.98(1.53–2.56) <0.0001

obesity 280/236 2.75(2.14–3.54) <0.0001 2.92(2.23–3.83) <0.0001 3.2(2.42–4.24) <0.0001

Female

UCd Q1 94/350 1.00 – 1.00 – 1.00 –

Q2 139/301 1.72(1.27–2.33) 0.0005 1.08(0.78–1.49) 0.6645 1.08(0.77–1.51) 0.6699

Q3 194/249 2.90(2.16–3.90) <0.0001 1.37(0.98–1.91) 0.0628 1.43(1.01–2.03) 0.0436

Q4 219/223 3.66(2.72–4.91) <0.0001 1.30(0.92–1.84) 0.1383 1.34(0.92–1.96) 0.1254

BMI Underweight 8/32 0.76(0.34–1.70) 0.5094 0.97(0.41–2.28) 0.9394 0.92(0.39–2.18) 0.8463

Normal 139/425 1.00 – 1.00 – 1.00 –

Overweight 213/356 1.83(1.42–2.36) <0.0001 1.76(1.33–2.33) <0.0001 1.79(1.34–2.37) <0.0001

obesity 286/310 2.82(2.20–3.62) <0.0001 3.29(2.48–4.36) <0.0001 3.42(2.56–4.57) <0.0001

UCd urinary cadmium levels, BMI body mass index, OR odds ratio, CI confidence interval, Q1–Q4 quartile 1–quartile4

Model I: no adjustments; Model II: adjustments for age, gender, race/ethnicity and PIR; Model III: Model II plus smoking status, alcohol
consumption, physical activity and urinary cadmium or BMI
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risk of prediabetes. A significant interaction was observed
in males, and stratified analyses by BMI indicated that the
relationships of Cd exposure with prediabetes were con-
fined to overweight/obesity group. The potential mechan-
isms were not clear and inflammation and oxidative stress
might be involved.

Oxidative stress has been recently recognized as a key
mechanism in insulin resistance. The ability of cadmium to
induce oxidative stress has been established in animal and
in vitro studies, and substantiated in some epidemiologic
studies [26, 27]. Affecting antioxidant enzymes and
depleting antioxidant scavengers is involved in Cd induced
oxidative stress. Gamma glutamyl transferase (GGT) is
particular an informative biomarker for assessing systemic
oxidative stress levels. Lee et al suggested a link between
long-term Cd exposure and increases in systemic oxidative
stress using GGT and other biomarkers [28]. Pizzino et al.
found an increased expression of malondialdehyde and
decreased expression of total antioxidant capacity, in par-
allel with elevated insulin resistance, when male adolescents
exposed to Cd [29]. In addition, several parameters of
glycemic metabolism were alleviated by oestradiol and
antioxidants [30, 31]. Additionally, in adipocytes, fat
accumulation increased Nox activity and endoplasmic reti-
culum stress led to increased ROS production [32]. A recent
study showed that in obese patients, antioxidant defense
were lower than normal weight participants and were
characterized by enhanced levels of reaction oxygen or
nitrogen species [33]. Thus, it is possible to explain the
modification that individuals with overweight/obese may be
more susceptible to Cd exposure-associated prediabetes as
seen in our results. Inflammation appears to be another
important mechanism associated with the interaction.
Accumulating data revealed that chemokines, including C-
reaction protein (CRP), TNF-α, IL-6, were elevated in obese
and T2D subjects [20, 34, 35]. In addition, improvement in
insulin sensitivity induced by weight loss was accompanied
by a decrease in the expression of pro-inflammatory genes
[36–38]. Similarly, Cd exposure was positively associated
with the systemic inflammation markers. The relationship
between Cd exposure and inflammation has been explored
to be an important mechanism in cadmium-related cardio-
vascular disease [39]. In NHANES III, Lin et al. identified
UCd was associated with elevated CRP, as well as fibri-
nogen, another marker of inflammation [40]. Cheung et al.
observed a positive association between BCd and alkaline
phosphatase (ALP) [41]. Consistently, Colacino et al con-
firmed the associations between cadmium exposure and
CRP and ALP, and they also uniquely identified that rela-
tionships were strongest among individuals with lower anti-
inflammatory and antioxidant nutrients diet [21]. In hence,
provoking inflammation by Cd exposure and obesity might

be another potential mechanism for the observed
interaction.

To our knowledge, it is the first study reporting the
gender-specific interaction between obesity and Cd expo-
sure on prediabetes. The mechanisms for this gender-
specific interaction are unclear, although there is growing
literature on the differing associations between Cd exposure
and health for males and females. Multiple factors may
contribute to this sex difference. It was reported that
maternal Cd exposure could alter fetal DNA methylation in
a sex-specific manner [42]. In vivo, an environmental dose
of cadmium at early stages of life caused gut microbiota
alterations, accelerated hepatic lipid metabolism, and led to
life-long metabolic consequences in a sex-dependent man-
ner [43]. Moreover, Cd has also been shown to interact with
sex hormones [44]. Another study showed that Cd had an
impact on sexual maturation and hormone levels [45].
These findings might partially explain such discrepancy by
gender. Although we observed that the joint effect of Cd
exposure and obesity on prediabetes was evident in males,
the mechanisms accounting for gender-specific interactions
still warrant further investigation. Nevertheless, the inter-
action revealed in our study suggest that personal action
(weight management) might matters while exposure to
cadmium are well beyond the control of individuals. Evi-
dence that individual healthy choices can improve the
health condition has been provided by Esposito et al. in
population suffering with particulate matter air pollution,
another public health threatening [46].

A limitation of this study is a use of a cross-sectional
nature of NHANES. Hence, a cause-effect relationship
could not be determined in the present study. Also, the
association with diabetes was not included in the analysis
given the potential influence of sustained hyperglycemia on
renal Cd excretion. Furthermore, our results may be affected
by the residual confounding. For instance, PIR is a com-
monly used indicator of socio-economic status, however,
the PIR may not reflect the accurate socio-economic status.
Our results are also limited by the universality due to the
study constrained in US. Rice and vegetables were the main
sources of dietary Cd intake, however, our results are lim-
ited by no adjustment for the diet, due to the lack of com-
position of each food item. Nevertheless, a major strength
of this study lies in the large, well-characterized sample
population, with available measures of exposure and control
for potentially important covariates, including smoking
status, alcohol use and physical activity. Further, we report
for the first time the signi12ficant effect modification by
obesity on the role of Cd on prediabetes, potentially pro-
viding evidence in support of weight loss for Cd exposed
individuals and reduction of Cd exposure of the general
public.
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Conclusion

Our results may have important public health implications
considering the current obesity epidemic and high exposure
to Cd worldwide. The results add to the evidence linking
exposure to Cd with prediabetes. Furthermore, the results
suggest that overweight and obesity may augment the risk
of prediabetes triggered by exposure to Cd in men. Pre-
vention strategies for prediabetes aimed at both reducing Cd
exposure and normal weight management may exceed the
expected benefits based on targeting the risk factors sepa-
rately. Further studies will be needed to investigate the
temporality of obesity relative to Cd exposure and onset of
disease.
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