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Abstract: Cadmium (Cd) is an environmental contaminant that has a direct impact on the 

gut microbiome. Perturbations in the gut microbiome have been linked to metabolic 

disorders associated with inflammation generated by lipopolysaccharide (LPS). We 

investigated the impact of Cd on the association between LPS and metabolic syndrome. 

The study population consisted of 200 apparently healthy subjects (30–64 years of age; 96 

men, 104 women). Serum LPS and blood Cd concentrations were measured by ELISA and 

graphite furnace-atomic absorption spectrophotometry (GF-AAS), respectively. The highest 

LPS quartile was associated with a greater prevalence of metabolic syndrome in men. 

There was a significant association between LPS activity and metabolic syndrome in men 

with blood Cd concentrations higher than the 50th percentile (OR = 3.05, 95% CI = 1.39–

6.70); however, this relationship was not significant in men with blood Cd concentrations 

lower than the 50th percentile. The results of this study provide evidence for a strong 

association between high LPS activity and the prevalence of metabolic syndrome in men 

with relatively high blood Cd concentrations. Therefore, exposure to Cd may potentiate the 

association between LPS and metabolic syndrome in men. 
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1. Introduction 

Metabolic syndrome describes a group of risk factors, including central obesity, hyperglycemia, 

dyslipidemia and hypertension, that is associated with the development of diabetes and cardiovascular 

disease [1,2]. These metabolic disorders are associated with low-grade inflammation, which is a 

significant contributor to the development of these diseases [3,4]. The prevalence of metabolic 

syndrome has been increasing steadily over the last few decades. According to the Korean National 

Health and Nutrition Examination Survey (KNHANES), the age-adjusted metabolic syndrome 

prevalence in Korea has increased from 24.9%–31.3% from 1998–2007 [5]. 

Previous research has mostly focused on the roles that over-nutrition and physical inactivity have 

played in the development of metabolic syndrome; however, new factors, such as the intestinal 

microbiome and environmental chemicals, have been the subject of more recent research [6].  

Recent studies have found mounting evidence that gut microbes play a critical role in whole-body 

metabolism by affecting energy homeostasis, glucose metabolism and low-grade inflammation 

associated with metabolic syndrome [3,7–9]. It has been suggested that the gut microbiome is a source 

of lipopolysaccharide (LPS), a major component of the cell wall in Gram-negative bacteria that 

triggers inflammation [10]. Cani et al. (2007) have shown that gut bacteria can initiate the 

inflammatory state of obesity and insulin resistance through the activity of LPS, which can trigger the 

inflammatory process by binding to the CD14-toll-like receptor 4 (TLR-4) complex on the surface of 

innate cells. Most circulating endotoxin is bound to lipoproteins, and HDL cholesterol is the main 

acceptor involved in the sequestration of LPS from the circulation under physiological conditions [11]. 

Under conditions of acute infection and inflammation, LPS is redistributed toward LDL and VLDL 

lipoproteins [12]. Previous studies have shown that a high LPS/HDL ratio is associated with 

cardiovascular disease and metabolic syndrome [11,13]. 

Cadmium (Cd) is a toxic heavy metal with a long half-life (10–30 years) in humans. Exposure can 

occur through contaminated food, water or air. Cd has been linked to an increased risk of renal, 

cardiovascular, neurologic and developmental diseases and, thus, mortality in humans [14]. The 

gastrointestinal tract is a key organ involved in processing xenobiotics, and gut microbes likely play an 

important role in the bioavailability and toxicity of heavy metals. Recent animal studies found that 

exposing mice to Cd led to a profound toxic effect on the microbiome in the intestinal tract [15–17]. 

Furthermore, Liu et al. (2014) found that oral exposure to Cd induced gut barrier impairment and 

altered the diversity, as well as the total number of microbial species present in the intestinal tracts of 

mice. 

To our knowledge, no previous studies have explored the impact of Cd exposure on LPS production 

and metabolic syndrome prevalence. Therefore, we investigated whether Cd exposure affects the 

association between bacterial endotoxin and metabolic syndrome in humans. 
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2. Methods 

2.1. Subjects 

This research is part of an ongoing, population-based study in Korean adults (30–64 years of age) 

conducted at the Cardiovascular and Metabolic Diseases Etiology Research Center (CMERC). 

Research at CMERC began in 2013 in an effort to improve cardiovascular and metabolic disease 

predictive models, to discover new risk factors and biomarkers, to explore new prevention strategies 

and to gather direct evidence relevant to the prevention of cardiovascular and metabolic diseases. 

This study was conducted at CMERC in 200 healthy volunteers (30–64 years of age; 96 men,  

104 women) from the cities of Suwon, Yongin and Hwasung, Republic of Korea. Any volunteers who 

had been diagnosed with malignant tumors within the previous two years, who were currently 

receiving medical treatment or who had a history of myocardial infarction, stroke or other 

cardiovascular disease were excluded from the study. In addition, anyone with acute illness, current 

evidence of acute or chronic inflammatory or infective disease, recent surgery, renal disease or hepatic 

disease was also excluded. All subjects provided written informed consent, and in accordance with the 

Declaration of Helsinki of the World Medical Association, the Ajou University Institutional Review 

Board approved this study protocol (IRB No. AJIRB-BMR-SUR-13-272). The details of the study 

design and procedures have been described previously [18]. 

2.2. Anthropometric and Laboratory Measurements 

Demographic data were collected from study participants by trained interviewers, which included  

the following: age, gender, cigarette smoking status (never, former, current), alcohol consumption 

(grams/day) and physical exercise (low, moderate, high). Physical exercise was measured using the 

international physical activity questionnaire short form instrument, and the data were divided into three 

categories based on standard scoring criteria (http://www.ipaq.ki.se). 

An automatic height-weight scale (BSM330; InBody Co., Ltd., Seoul, Korea) was used to measure 

height (cm) and weight (kg) to a resolution of 0.1 cm and 0.1 kg, respectively. Body mass index (BMI) 

was calculated as weight/height2 (kg/m2). Waist circumference was measured using a measuring tape 

(Seca GmbH, Hamburg, Germany) at the midpoint between the bottom edge of the last rib and the high 

point of the iliac crest to the nearest 0.1 cm with the subject in an upright position. 

Blood pressure (BP) was measured after 5 min of rest in the sitting position. Three measurements 

were taken in the right arm using an electronic manometer (HEM-7080IC, Omron Healthcare Co., 

Ltd., Kyoto, Japan), and the average of the second and third measurements was used in subsequent 

analyses. Blood samples were obtained after a fasting period of at least 8 h. Total cholesterol, 

triglyceride (TG), and HDL cholesterol levels were quantified using an enzyme method, and fasting 

serum glucose levels were measured using a colorimetric method. Serum LPS levels were measured 

using a competitive inhibition enzyme immunoassay technique (Kamiya Biomedical Co., Seattle, WA, 

USA). Since HDL cholesterol is the main factor involved in the sequestration of circulating LPS, we 

used the LPS/HDL ratio as a functional measure of LPS activity [11–13,19]. Blood Cd concentrations 

were measured by graphite furnace-atomic absorption spectrophotometry with Zeeman background 

correction (AAnalyst TM 800, Perkin Elmer, Singapore, Singapore). 



Int. J. Environ. Res. Public Health 2015, 12 11399 
 

 

2.3. Metabolic Syndrome Criteria 

Metabolic syndrome was defined according to the criteria established by the National Cholesterol 

Education Program Adult Treatment Panel (NCEP/ATP III), using the adjusted waist circumference  

for Koreans [20]. Accordingly, participants with three or more of the following five criteria were  

defined as having metabolic syndrome: (i) abdominal obesity according to waist circumference 

(defined as Korean-specific waist circumference cutoff values of ≥90 cm for men and ≥85 cm for 

women); (ii) systolic blood pressure ≥130 mmHg or diastolic blood pressure ≥85 mmHg or on 

antihypertensive medication; (iii) elevated fasting blood glucose (≥100 mg/dL); (iv) 

hypertriglyceridemia (≥150 mg/dL); and (v) low serum HDL cholesterol (<40 mg/dL in men and  

<50 mg/dL in women). 

2.4. Statistical Analyses 

Normally-distributed variables are presented as the means ± standard deviation (SD), whereas 

skewed variables are presented as medians with the interquartile range (IQR). Statistical differences 

between groups were determined using the Student’s t-test or the Mann–Whitney U-test and chi-square 

(χ2) test, when appropriate. LPS and LPS/HDL ratios and skewed variables were log transformed. 

Odds ratios (OR) and 95% confidence intervals (CI) for predicting metabolic syndrome based on the 

LPS or LPS/HDL ratio were obtained from logistic regression models after controlling for potential 

covariates. All statistical analyses were conducted using SAS, Version 9.2 (SAS Institute, Cary, NC, 

USA). Results were considered statistically significant at a p-value <0.05. 

3. Results 

Demographic data about the study population, categorized by sex and metabolic syndrome status,  

are presented in Table 1. In our study population, metabolic syndrome was more prevalent in men than 

women (30.2% vs. 16.4%; p = 0.031). Subjects with metabolic syndrome had a higher BMI, waist 

circumference, BP, fasting glucose level and TG level and lower HDL cholesterol compared to those 

without metabolic syndrome. 
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Table 1. Demographic data of the study population categorized by sex and metabolic syndrome status. 

 
Men Women 

No Metabolic Syndrome Metabolic Syndrome p No Metabolic Syndrome Metabolic Syndrome p 
N (%) 67 (69.8) 29 (30.2) 87 (83.7) 17 (16.4) 

Age, years 48.4 (9.1) 50.3 (7.6) 0.321 47.8 (49.0) 52.0 (7.0) 0.042 
Current smoking, n (%) 24 (35.8) 9 (31.0) 0.826 2 (2.3) 0 (0.0) 1.000 

Alcohol consumption, g/day 10.9 (30.2) 9.4 (36.5) 0.825 a 0.0 (1.3) 0.0 (1.4) 0.798 a 

Physical exercise, n (%) 

Low 29 (43.3) 12 (41.4) 
0.949 

45 (51.7) 6 (35.3) 
0.314 Moderate 26 (38.8) 11 (37.9) 38 (43.7) 9 (52.9) 

High 12 (17.9) 6 (20.7) 4 (4.6) 2 (11.8) 

BMI, kg/m2 24.8 (2.1) 27.8 (2.6) <0.001 23.1 (2.6) 26.0 (2.4) <0.001 
Waist circumference, cm 85.2 (6.0) 93.5 (5.5) <0.001 75.0 (6.5) 84.4 (6.3) <0.001 

Systolic BP, mmHg 121.0 (10.1) 126.5 (11.2) 0.020 112.2 (15.1) 124.1 (19.7) 0.006 
Diastolic BP, mmHg 78.5 (8.3) 82.4 (7.7) 0.035 71.0 (10.8) 78.0 (13.3) 0.021 

Fasting glucose, mg/dL 89.5 (8.8) 101.3 (22.8) 0.011 84.7 (7.1) 103.7 (24.7) 0.006 
HDL cholesterol, mg/dL 47.0 (10.4) 41.4 (10.0) 0.016 54.7 (10.8) 40.0 (6.7) <0.001 

Triglycerides, mg/dL 166.0 (179.8) 208.0 (92.0) 0.001 a 86.0 (64.0) 191.0 (80.0) <0.001 a 
LPS, ng/mL 36.8 (52.2) 69.2 (152.8) 0.122 a 70.5 (82.3) 35.6 (42.6) 0.065 a 

LPS/HDL ratio, units 0.8 (1.3) 1.7 (5.7) 0.122 a 1.3 (1.5) 1.0 (1.0) 0.792 a 
Cd, μg/L 1.0 (0.3) 1.1 (0.4) 0.122 1.4 (0.7) 1.5 (0.4) 0.464 

Metabolic syndrome components, n (%) 

High waist circumference 12 (17.9) 25 (86.2) <0.001 6 (6.9) 10 (58.8) <0.001 
Low HDL cholesterol 10 (14.9) 15 (51.7) <0.001 25 (28.7) 17 (100.0) <0.001 

High TG 21 (31.3) 22 (75.9) <0.001 9 (10.3) 13 (76.5) <0.001 
High BP 24 (35.8) 22 (75.9) 0.001 18 (20.7) 9 (52.9) 0.013 

High glucose 7 (10.5) 15 (51.7) <0.001 1 (1.2) 9 (52.9) <0.001 

Data are presented as the means ± standard deviation (SD), N (%), or medians (interquartile ranges). BMI, body mass index; BP, blood pressure; TG, triglyceride;  

LPS, lipopolysaccharide; Cd, cadmium. p-values represent the difference between the presence and absence of metabolic syndrome for each variable within the same sex 

using the t-test, χ2 test, or the Mann–Whitney U-test (p a value), when appropriate. 
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The associations between metabolic syndrome and risk factors, according to the LPS, are presented 

in Tables 2 and 3. The ORs and 95% CIs for metabolic syndrome and associated risk factors  

were calculated based on quartiles of log-transformed serum LPS following covariate adjustment.  

The covariate for Model 1 was age, and the covariates for Model 2 were age, smoking status, alcohol 

consumption and physical exercise. The highest LPS quartile was associated with a greater prevalence 

of metabolic syndrome among men (Model 1: OR = 4.32; 95% CI = 1.17–15.90; Model 2: OR = 4.69; 

95% CI = 1.23–17.94; Table 2). Among the five components of metabolic syndrome, the ORs for low 

HDL cholesterol and hypertension were significantly associated with the LPS/HDL ratio in men.  

These results did not change when subjects were divided into quartiles by the LPS/HDL ratio instead 

of LPS (Model 1: OR = 3.70; 95% CI = 1.00–13.64; Model 2: OR = 3.85; 95% CI = 1.03–14.40; 

Supplementary Table S1). Even though, the highest LPS quartile was associated with a lower 

prevalence of metabolic syndrome among women (Model 1: OR = 0.14; 95% CI = 0.03–0.81; Model 

2: OR = 0.15; 95% CI = 0.03–0.87; Table 3). There were no significant associations between the 

LPS/HDL ratio and metabolic syndrome in women according to the quartiles of the LPS/HDL ratio 

(Supplementary Table S2). 

Next, we analyzed the association between the LPS and metabolic syndrome based on blood Cd 

concentrations (Table 4). There was a significant association between LPS and metabolic syndrome in 

men with blood Cd concentrations higher than the 50th percentile (OR = 3.05; 95% CI = 1.39–6.70). 

However, this relationship was not significant in men with blood Cd concentrations lower than the  

50th percentile. There was no significant association between the LPS and metabolic syndrome,  

based on blood Cd concentrations, among the women in our study. These results were consistent when 

subjects were divided into quartiles by the LPS/HDL ratio (Supplementary Table S3). 

4. Discussion 

To the best of our knowledge, this is the first study to investigate the effect of Cd exposure on the 

association between the bacterial endotoxin LPS and metabolic syndrome. The results of this study 

indicate that higher LPS activity is strongly associated with metabolic syndrome in men, and this 

association was statistically significant in men with relatively high blood Cd concentrations. 

The human microbiome consists of approximately 100 trillion (1014) bacteria, weighing a total of  

1–2 kg, an amount that is at least 10-fold greater than the cells that make up the human body [21,22]. 

Therefore, it is widely acknowledged that this microbial consortium provides pivotal metabolic and 

biological functions that cannot be performed by human metabolic cells alone [23]. Gut microbiota-

derived LPS is involved in the onset and progression of inflammatory and metabolic diseases. Gut 

microbes also mediate the absorption, distribution, metabolism and excretion of environmental 

pollutants, such as heavy metals [24]. Therefore, the effect of metal toxicity on microbiota has been the 

focus of recent studies; however, the effect of chronic low-dose exposure of heavy metals on metabolic 

endotoxemia is still not well understood. 



Int. J. Environ. Res. Public Health 2015, 12 11402 
 

 

Table 2. Odds ratios (OR) and 95% confidence intervals (CI) for metabolic syndrome and associated risk factors according to the LPS in men. 

 

LPS Quartiles 
Quartile 1 (<26.7) Quartile 2 (26.7–43.4) Quartile 3 (43.4–1028) Quartile 4 (≥102.8) 

OR OR (95% CI) OR (95% CI) OR (95% CI) 
Metabolic syndrome 

Model 1 1.00 1.19 (0.30–4.65) 1.14 (0.29–4.49) 4.32 (1.17–15.90) 
Model 2 1.00 1.18 (0.30–4.63) 1.17 (0.30–4.66) 4.69 (1.23–17.94) 

High waist circumference 

Model 1 1.00 0.94 (0.27–3.31) 1.89 (0.57–6.33) 2.70 (0.80–9.09) 
Model 2 1.00 0.98 (0.27–3.54) 2.17 (0.62–7.58) 3.14 (0.86–11.48) 

Low HDL cholesterol 

Model 1 1.00 3.06 (0.68–13.79) 3.13 (0.69–14.21) 3.29 (0.74–14.58) 
Model 2 1.00 3.77 (0.76–18.62) 4.36 (0.85–22.47) 5.43 (1.04–28.50) 

High TG 

Model 1 1.00 1.79 (0.56–5.71) 0.77 (0.23–2.53) 1.29 (0.40–4.11) 
Model 2 1.00 1.95 (0.60–6.37) 0.82 (0.24–2.77) 1.43 (0.43–4.80) 

High BP 

Model 1 1.00 1.28 (0.39–4.22) 1.00 (0.30–3.33) 4.47 (1.25–16.00) 
Model 2 1.00 1.27 (0.37–4.42) 0.90 (0.25–3.24) 4.99 (1.28–19.38) 

High blood glucose 

Model 1 1.00 4.34 (0.74–25.59) 4.83 (0.83–28.04) 3.77 (0.59–24.02) 
Model 2 1.00 4.27 (0.72–25.42) 4.45 (0.74–26.71) 3.58 (0.53–24.34) 

Model 1: adjusted for age; Model 2: Model 1 plus additional adjustments for smoking, alcohol consumption and physical exercise; BP, blood pressure; TG, triglyceride. 
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Table 3. Odds ratios (OR) and 95% confidence intervals (CI) for metabolic syndrome and associated risk factors according to the LPS in women. 

 

LPS Quartiles 
Quartile 1 (<34.2) Quartile 2 (34.2–63.0) Quartile 3 (63.0–112.1) Quartile 4 (≥112.1) 

OR OR (95% CI) OR (95% CI) OR (95% CI) 
Metabolic syndrome 

Model 1 1.00 0.32 (0.08–1.32) 0.30 (0.07–1.35) 0.14 (0.03–0.81) 
Model 2 1.00 0.31 (0.08–1.31) 0.30 (0.07–1.38) 0.15 (0.03–0.87) 

High waist circumference 

Model 1 1.00 0.77 (0.20–2.95) 0.44 (0.10–2.01) 0.27 (0.05–1.49) 
Model 2 1.00 0.77 (0.20–2.98) 0.44 (0.10–2.01) 0.27 (0.05–1.50) 

Low HDL cholesterol 

Model 1 1.00 0.36 (0.11–1.21) 0.64 (0.21–2.02) 1.22 (0.40–3.73) 
Model 2 1.00 0.37 (0.11–1.24) 0.63 (0.20–1.99) 1.17 (0.38–3.00) 

High TG 

Model 1 1.00 0.31 (0.08–1.29) 0.42 (0.10–1.72) 0.53 (0.14–1.98) 
Model 2 1.00 0.32 (0.08–1.33) 0.41 (0.10–1.68) 0.49 (0.13–1.80) 

High BP 

Model 1 1.00 0.82 (0.21–3.17) 0.65 (0.15–2.79) 2.20 (0.63–7.75) 
Model 2 1.00 0.89 (0.22–3.55) 0.59 (0.13–2.64) 1.91 (0.52–6.97) 

High blood glucose 

Model 1 1.00 0.39 (0.06–2.42) 0.77 (0.15–3.99) 0.19 (0.02–1.85) 
Model 2 1.00 0.40 (0.06–2.59) 0.87 (0.16–4.80) 0.23 (0.02–2.38) 

Model 1: adjusted for age; Model 2: Model 1 plus additional adjustments for alcohol consumption and physical exercise; BP, blood pressure; TG, triglyceride. 
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Table 4. The association between the LPS and metabolic syndrome based on blood Cd concentrations. 

 

Men Women 
N (%) OR (95% CI) N (%) OR (95% CI) 

Metabolic syndrome 

Cd < 50th percentile 11 (22.9) 1.00 (0.44–2.29) 6 (11.5) 1.06 (0.42–2.00) 
Cd ≥ 50th percentile 18 (37.5) 3.05 (1.39–6.70) 11 (21.2) 0.52 (0.23–1.19) 

High waist circumference 

Cd < 50th percentile 17 (35.4) 1.37 (0.66–2.83) 8 (15.4) 1.52 (0.63–3.71) 
Cd ≥ 50th percentile 20 (41.7) 1.57 (0.83–2.95) 8 (15.4) 0.46 (0.18–1.19) 

Low HDL cholesterol 

Cd < 50th percentile 8 (16.7) 0.98 (0.37–2.60) 18 (34.6) 1.50 (0.79–2.87) 
Cd ≥ 50th percentile 17 (35.4) 2.11 (0.97–4.60) 24 (46.2) 1.05 (0.59–1.87) 

High TG 

Cd < 50th percentile 20 (41.7) 0.98 (0.49–1.95) 7 (13.5) 1.08 (0.46–2.56) 
Cd ≥ 50th percentile 23 (47.9) 1.50 (0.82–2.77) 15 (28.9) 0.96 (0.51–1.79) 

High BP 

Cd < 50th percentile 18 (37.5) 1.81 (0.85–3.85) 12 (23.1) 1.71 (0.78–3.73) 
Cd ≥ 50th percentile 28 (58.3) 1.62 (0.79–3.32) 15 (28.9) 1.16 (0.61–2.18) 

High blood glucose 

Cd < 50th percentile 10 (20.8) 1.08 (0.45–2.57) 4 (7.7) 1.27 (0.38–4.26) 
Cd ≥ 50th percentile 12 (25.0) 1.67 (0.75–3.70) 6 (11.5) 0.91 (0.34–2.46) 

Model adjusted for age, smoking, alcohol consumption and physical exercise in men and age, alcohol consumption and physical exercise in women. Cd, cadmium; BP, 

blood pressure; TG, triglyceride. The cutoff values for the 50th percentile of Cd are 0.96 μg/L for men and 1.28 μg/L for women. 



Int. J. Environ. Res. Public Health 2015, 12 11405 
 

 

Cd is a toxic heavy metal and environmental pollutant used in paint, electroplating, batteries  

and fertilizers [17]. Humans are exposed through contaminated food, water and air. While extremely 

small amounts of Cd (only ~0.001% of total body burden) are excreted daily in urine [25], there is no 

biochemical mechanism that can effectively eliminate Cd from the body, so it accumulates over time 

[26]. Previous studies have documented the association between Cd exposure and chronic diseases; 

even at low concentrations, Cd exposure has been linked to pre- and type 2 diabetes, hypertension and 

cardiovascular disease, all of which contribute to increased mortality [27–30]. 

Up until now, the studies that have investigated the interaction between Cd and LPS have only  

been conducted in animal models. Of those studies, exposure to an ostensibly ineffectual dose of Cd  

was associated with the promotion of LPS-induced oxidative stress and liver damage in rats [31].  

Satarug et al. found that Cd exposure plus LPS led to synergistic renal toxicity in rats [32]. Our study 

found a strong interaction between LPS and metabolic syndrome among high blood Cd concentrations 

in humans. 

Previous animal studies on the association between Cd and gut and the association between LPS  

and metabolic syndrome have provided some partial insight for us to build up our own potential 

mechanisms involved in the effects of Cd on LPS activity and metabolic syndrome. One mechanism is 

that Cd may increase gut permeability, thereby potentially increasing the absorption of the LPS 

endotoxin, resulting in endotoxemia [33]. In mice, Cd exposure led to decreased thickness of the 

intestinal mucus layer, supporting the mechanism of increased gut permeability [15]. A second 

mechanism is that Cd can reduce the growth and abundance of total intestinal bacteria, as well as 

reduce the ratio of Bacteroidetes/Firmicutes, which has been demonstrated in mice [15,17] and has 

been associated with obesity, both in mice and humans [34–36]. It has been suggested that alterations 

in the gut microbiome, including composition and diversity, could result in increased gut permeability 

via alterations in the function of tight-junction proteins [33,34]. A third mechanism is that Cd could 

alter the metabolism of short-chain fatty acids (SCFAs), which are produced through the fermentation 

of dietary fiber by intestinal bacteria. Liu et al. found that Cd exposure led to a decrease in the 

expression of genes involved in butyrate and acetate synthesis, as well as a decrease in the levels of 

SCFAs in the colon of mice [15]. SCFAs like butyrate play an important role in energy metabolism. 

Butyrate provides energy for colonic epithelial cells and maintains intestinal integrity. This may 

contribute to the prevention of endotoxemia, a process resulting from the translocation of LPS [37]. In 

humans, there were fewer butyrate-producing bacteria in the gut microbiome of patients with type 2 

diabetes compared to healthy subjects [38,39]. Furthermore, butyrate has been shown to improve 

insulin sensitivity and to increase energy expenditure by enhancing mitochondrial activity in a mouse 

model [40]. Based on these studies, we hypothesized that our subjects with relatively low exposure of 

Cd may be less prone to damage of the intestinal tract and reduced growth of microbiota, the change of 

the ratio of Bacteroidetes/Firmicutes and metabolism of SCFAs. As with other epidemiologic studies 

on environmental exposures, however, it is inherently difficulty to isolate the effects solely related to 

Cd. Further research is still needed to elucidate the mechanisms involved in the toxic effects of Cd 

exposure on LPS activity and metabolic syndrome. 

In our study population, there are sex differences in the association between LPS and metabolic 

syndrome. There are some studies that have found evidence of sex-related differences in the 

inflammation process. Gnauck et al. [41] also found no correlation between body fat content or BMI 
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and levels of LPS in healthy women. LPS-stimulated blood cells produced higher levels of cytokines 

in males compared to females [42]. In another study, male astrocytes showed enhanced expression of 

IL-6, TNF-α and IL-1β in response to LPS, compared to female astrocytes [43]. Therefore, differences 

between men and women in the levels of body fat and the inflammatory response to LPS may have 

contributed to our results. However, further studies are needed to confirm this suggestion and to 

determine the exact mechanism involved. 

We should note that there are several limitations to interpreting the results of our study. First,  

the cross-sectional design did not allow us to draw causal inferences from the observed relationships. 

Second, we assessed exposure to environmental Cd by measuring blood Cd concentrations. Blood Cd 

concentrations are usually indicative of recent Cd exposure, but also correlate well with total body Cd 

load and urine Cd, which is a biomarker of lifetime Cd exposure [44,45]. Third, our findings could also 

be limited by difficulties in fully accounting for potential confounding variables, including diet, 

socioeconomic status or other environmental factors. 

5. Conclusions 

The results of this study provide evidence for a strong association between high LPS activity and 

the prevalence of metabolic syndrome in men with relatively high blood Cd concentrations. Given the 

widespread exposure to Cd and the increasing worldwide burden of metabolic syndrome, these data  

have substantial public health implications for the general population. Further studies are needed to 

confirm this association and to investigate the mechanisms involved in the effects of Cd on LPS and 

metabolic syndrome. 

Acknowledgments 

This study was supported by a grant from the Korean Health Technology R & D Project, Ministry 

of Health & Welfare, Korea (HI13C0715). 

Author Contributions 

Seung Jin Han, Kyoung Hwa Ha and Dae Jung Kim conceived of and designed the study. Seung Jin 

Han, Kyoung Hwa Ha, Ja Young Jeon, Hae Jin Kim and Kwan Woo Lee contributed to the acquisition, 

analysis and interpretation of data. Seung Jin Han and Kyoung Hwa Ha drafted the manuscript.  

All authors reviewed the manuscript and had final approval of the submitted version of the paper. 

Conflicts of Interests 

The authors declare no conflict of interest. 

References 

1. Esser, N.; Legrand-Poels, S.; Piette, J.; Scheen, A.J.; Paquot, N. Inflammation as a link between 

obesity, metabolic syndrome and type 2 diabetes. Diabetes Res. Clin. Pract. 2014, 105, 141–150. 



Int. J. Environ. Res. Public Health 2015, 12 11407 
 

 

2. Suh, S.; Baek, J.; Bae, J.C.; Kim, K.N.; Park, M.K.; Kim, D.K.; Cho, N.H.; Lee, M.K. Sex factors 

in the metabolic syndrome as a predictor of cardiovascular disease. Endocrinol. Metab. Seoul 

2014, 29, 522–529. 

3. Cani, P.D.; Osto, M.; Geurts, L.; Everard, A. Involvement of gut microbiota in the development of 

low-grade inflammation and type 2 diabetes associated with obesity. Gut Microbes 2012, 3, 279–288. 

4. Hotamisligil, G.S. Inflammation and metabolic disorders. Nature 2006, 444, 860–867. 

5. Lim, S.; Shin, H.; Song, J.H.; Kwak, S.H.; Kang, S.M.; Won Yoon, J.; Choi, S.H.; Cho, S.I.;  

Park, K.S.; Lee, H.K.; et al. Increasing prevalence of metabolic syndrome in Korea: The Korean 

national health and nutrition examination survey for 1998–2007. Diabetes Care 2011, 34, 1323–1328. 

6. Jeon, J.Y.; Ha, K.H.; Kim, D.J. New risk factors for obesity and diabetes: Environmental 

chemicals. J. Diabetes Investig. 2015, 6, 109–111. 

7. Sommer, P.; Sweeney, G. Functional and mechanistic integration of infection and the metabolic 

syndrome. Korean Diabetes J. 2010, 34, 71–76. 

8. Allin, K.H.; Nielsen, T.; Pedersen, O. Mechanisms in endocrinology: Gut microbiota in patients 

with type 2 diabetes mellitus. Eur. J. Endocrinol. Eur. Fed. Endocr. Soc. 2015, 172, 167–177. 

9. Musso, G.; Gambino, R.; Cassader, M. Obesity, diabetes, and gut microbiota: The hygiene 

hypothesis expanded? Diabetes Care 2010, 33, 2277–2284. 

10. Hamann, L.; El-Samalouti, V.; Ulmer, A.J.; Flad, H.D.; Rietschel, E.T. Components of gut 

bacteria as immunomodulators. Int. J. Food Microbiol. 1998, 41, 141–154. 

11. Lassenius, M.I.; Pietilainen, K.H.; Kaartinen, K.; Pussinen, P.J.; Syrjanen, J.; Forsblom, C.; Porsti, 

I.; Rissanen, A.; Kaprio, J.; Mustonen, J.; et al. Bacterial endotoxin activity in human serum is 

associated with dyslipidemia, insulin resistance, obesity, and chronic inflammation. Diabetes 

Care 2011, 34, 1809–1815. 

12. Wendel, M.; Paul, R.; Heller, A.R. Lipoproteins in inflammation and sepsis. II. Clinical aspects. 

Intensive Care Med. 2007, 33, 25–35. 

13. Pussinen, P.J.; Tuomisto, K.; Jousilahti, P.; Havulinna, A.S.; Sundvall, J.; Salomaa, V. 

Endotoxemia, immune response to periodontal pathogens, and systemic inflammation associate with 

incident cardiovascular disease events. Arterioscler. Thromb. Vasc. Biol. 2007, 27, 1433–1439. 

14. Jarup, L.; Akesson, A. Current status of cadmium as an environmental health problem. Toxicol. 

Appl. Pharmacol. 2009, 238, 201–208. 

15. Liu, Y.; Li, Y.; Liu, K.; Shen, J. Exposing to cadmium stress cause profound toxic effect on 

microbiota of the mice intestinal tract. PLoS ONE 2014, 9, doi:10.1371/journal.pone.0085323. 

16. Breton, J.; Massart, S.; Vandamme, P.; de Brandt, E.; Pot, B.; Foligne, B. Ecotoxicology inside the 

gut: Impact of heavy metals on the mouse microbiome. BMC Pharmacol. Toxicol. 2013, 14, 

doi:10.1186/2050-6511-14-62. 

17. Fazeli, M.; Hassanzadeh, P.; Alaei, S. Cadmium chloride exhibits a profound toxic effect on 

bacterial microflora of the mice gastrointestinal tract. Hum. Exp. Toxicol. 2011, 30, 152–159. 

18. Kim, H.J.; Kim, Y.G.; Park, J.S.; Ahn, Y.H.; Ha, K.H.; Kim, D.J. Association between blood 

glucose level derived using the oral glucose tolerance test and hemoglobin A1C level. Korean J. 

Intern. Med. 2015, in Press. 



Int. J. Environ. Res. Public Health 2015, 12 11408 
 

 

19. Nymark, M.; Pussinen, P.J.; Tuomainen, A.M.; Forsblom, C.; Groop, P.H.; Lehto, M. Serum 

lipopolysaccharide activity is associated with the progression of kidney disease in finnish patients 

with type 1 diabetes. Diabetes Care 2009, 32, 1689–1693. 

20. Lee, S.Y.; Park, H.S.; Kim, D.J.; Han, J.H.; Kim, S.M.; Cho, G.J.; Kim, D.Y.; Kwon, H.S.;  

Kim, S.R.; Lee, C.B.; et al. Appropriate waist circumference cutoff points for central obesity in 

Korean adults. Diabetes Res. Clin. Pract. 2007, 75, 72–80. 

21. Hooper, L.V.; Midtvedt, T.; Gordon, J.I. How host-microbial interactions shape the nutrient 

environment of the mammalian intestine. Annu. Rev. Nutr. 2002, 22, 283–307. 

22. Savage, D.C. Microbial ecology of the gastrointestinal tract. Annu. Rev. Microbiol. 1977, 31,  

107–133. 

23. Nicholson, J.K.; Holmes, E.; Wilson, I.D. Gut microorganisms, mammalian metabolism and 

personalized health care. Nat. Rev. Microbiol. 2005, 3, 431–438. 

24. Breton, J.; Daniel, C.; Dewulf, J.; Pothion, S.; Froux, N.; Sauty, M.; Thomas, P.; Pot, B.; Foligne, B. 

Gut microbiota limits heavy metals burden caused by chronic oral exposure. Toxicol. Lett. 2013, 

222, 132–138. 

25. Satarug, S.; Baker, J.R.; Reilly, P.E.; Moore, M.R.; Williams, D.J. Cadmium levels in the lung, 

liver, kidney cortex, and urine samples from australians without occupational exposure to metals. 

Arch. Environ. Health 2002, 57, 69–77. 

26. Satarug, S.; Moore, M.R. Emerging roles of cadmium and heme oxygenase in type-2 diabetes and 

cancer susceptibility. Tohoku J. Exp. Med. 2012, 228, 267–288. 

27. Schwartz, G.G.; Il’yasova, D.; Ivanova, A. Urinary cadmium, impaired fasting glucose, and 

diabetes in the nhanes iii. Diabetes Care 2003, 26, 468–470. 

28. Tellez-Plaza, M.; Navas-Acien, A.; Crainiceanu, C.M.; Guallar, E. Cadmium exposure and 

hypertension in the 1999–2004 national health and nutrition examination survey (NHANES).  

Environ. Health Perspect. 2008, 116, 51–56. 

29. Menke, A.; Muntner, P.; Silbergeld, E.K.; Platz, E.A.; Guallar, E. Cadmium levels in urine and 

mortality among U.S. Adults. Environ. Health Perspect. 2009, 117, 190–196. 

30. Sargis, R.M. The hijacking of cellular signaling and the diabetes epidemic: Mechanisms of 

environmental disruption of insulin action and glucose homeostasis. Diabetes Metab. J. 2014,  

38, 13–24. 

31. Srinivasan, P.; Li, Y.H.; Hsu, D.Z.; Su, S.B.; Liu, M.Y. Ostensibly ineffectual doses of cadmium 

and lipopolysaccharide causes liver damage in rats. Hum. Exp. Toxicol. 2011, 30, 624–635. 

32. Satarug, S.; Baker, J.R.; Reilly, P.E.; Esumi, H.; Moore, M.R. Evidence for a synergistic 

interaction between cadmium and endotoxin toxicity and for nitric oxide and cadmium 

displacement of metals in the kidney. Nitric Oxide Biol. Chem. Off. J. Nitric Oxide Soc. 2000, 4, 

431–440. 

33. Everard, A.; Cani, P.D. Diabetes, obesity and gut microbiota. Best Pract. Res. Clin. 

Gastroenterol. 2013, 27, 73–83. 

34. Turner, J.R. Intestinal mucosal barrier function in health and disease. Nat. Rev. Immunol. 2009,  

9, 799–809. 

35. Ley, R.E.; Backhed, F.; Turnbaugh, P.; Lozupone, C.A.; Knight, R.D.; Gordon, J.I. Obesity alters 

gut microbial ecology. Proc. Natl. Acad. Sci. USA 2005, 102, 11070–11075. 



Int. J. Environ. Res. Public Health 2015, 12 11409 
 

 

36. Ley, R.E.; Turnbaugh, P.J.; Klein, S.; Gordon, J.I. Microbial ecology: Human gut microbes 

associated with obesity. Nature 2006, 444, 1022–1023. 

37. Hartstra, A.V.; Bouter, K.E.; Backhed, F.; Nieuwdorp, M. Insights into the role of the microbiome 

in obesity and type 2 diabetes. Diabetes Care 2015, 38, 159–165. 

38. Karlsson, F.H.; Tremaroli, V.; Nookaew, I.; Bergstrom, G.; Behre, C.J.; Fagerberg, B.; Nielsen, J.; 

Backhed, F. Gut metagenome in Eropean women with normal, impaired and diabetic glucose 

control. Nature 2013, 498, 99–103. 

39. Qin, J.; Li, Y.; Cai, Z.; Li, S.; Zhu, J.; Zhang, F.; Liang, S.; Zhang, W.; Guan, Y.; Shen, D.; et al.  

A metagenome-wide association study of gut microbiota in type 2 diabetes. Nature 2012, 490, 55–60. 

40. Gao, Z.; Yin, J.; Zhang, J.; Ward, R.E.; Martin, R.J.; Lefevre, M.; Cefalu, W.T.; Ye, J. Butyrate 

improves insulin sensitivity and increases energy expenditure in mice. Diabetes 2009, 58,  

1509–1517. 

41. Gnauck, A.; Lentle, R.G.; Kruger, M.C. Aspirin-induced increase in intestinal paracellular 

permeability does not affect the levels of LPS in venous blood of healthy women. Innate Immun. 

2015, 21, 537–545. 

42. Casimir, G.J.; Heldenbergh, F.; Hanssens, L.; Mulier, S.; Heinrichs, C.; Lefevre, N.; Desir, J.; 

Corazza, F.; Duchateau, J. Gender differences and inflammation: An in vitro model of blood cells 

stimulation in prepubescent children. J. Inflamm. Lond. 2010, 7, doi:10.1186/1476-9255-7-28. 

43. Santos-Galindo, M.; Acaz-Fonseca, E.; Bellini, M.J.; Garcia-Segura, L.M. Sex differences in the 

inflammatory response of primary astrocytes to lipopolysaccharide. Biol. Sex Differ. 2011, 2,  

doi:10.1186/2042-6410-2-7. 

44. Soderland, P.; Lovekar, S.; Weiner, D.E.; Brooks, D.R.; Kaufman, J.S. Chronic kidney disease 

associated with environmental toxins and exposures. Adv. Chronic Kidney Dis. 2010, 17,  

254–264. 

45. Olsson, I.M.; Bensryd, I.; Lundh, T.; Ottosson, H.; Skerfving, S.; Oskarsson, A. Cadmium in blood 

and urine—Impact of sex, age, dietary intake, iron status, and former smoking—Association of 

renal effects. Environ. Health Perspect. 2002, 110, 1185–1190. 

© 2015 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/4.0/). 


