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Introduction

Manganese (Mn) is an essential element in the human body that is mainly obtained
from water, nuts, grains, fruits, green vegetables, and caffeinated drinks (Gong et al.,
2020), which acts as a co-factor of superoxide dismutase (SOD), an enzyme responsible
for the degradation of superoxide radicals (Pfalzer and Bowman, 2017). Mn deficiency
may increase oxidative stress by producing more reactive oxygen species (ROS) (Li
and Yang, 2018), leading to inflammation and endothelial dysfunction (Liu et al., 2007;
Song et al., 2007), and accelerates the proliferation of vascular cells and increases
vasoconstriction (Tanito et al., 2004; Ward and Croft, 2006). Evidence from in vitro and
animal studies demonstrated that Mn supplementation could downregulate ROS
generation (Juttukonda et al., 2017), prevent endothelial dysfunction (Burlet and Jain,
2013) and reduce the levels of serum inflammatory biomarkers (Owumi and Dim, 2019).
However, excessive exposure of Mn from polluted air and water may lead to impaired
cognitive development and Parkinson’s disease, especially among workers and general

populations residing near factories (Pfalzer and Bowman, 2017; Li and Yang, 2018).

Given the roles of Mn in alleviating oxidative stress, it may improve
cardiometabolic health with its anti-oxidative ability. Metabolic syndrome (MetS) is a
clustering of metabolic disorders, namely elevated waist circumference, impaired
glucose metabolism, elevated blood pressure and dyslipidemia (Expert Panel on
Detection, 2001), and is one of the precursors of various chronic diseases, including
diabetes, dementia, stroke and coronary heart disease (Pal et al., 2018; Saklayen, 2018).

When compared with other metal exposures, such as cadmium (Cd), lead (Pb), and
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mercury (Hg) (Planchart et al., 2018; Ma et al., 2020), epidemiological evidence on the
relationship between Mn and MetS is limited and the results are inconsistent (Choi and
Bae, 2013; Lietal., 2013; Rhee et al., 2013; Rotter et al., 2015; Zhou et al., 2016; Bulka
etal., 2019). Most previous studies have used dietary methods to estimate Mn exposure.
In the analysis of Chinese National Nutrition and Health Survey 2010-2012 (Zhou et
al., 2016), dietary Mn was inversely associated with the odds of MetS, abdominal
obesity and elevated triglycerides among men, but positively associated with MetS and
low high-density-lipoprotein cholesterol (HDL-C) among women. In the analysis of the
Korea National Health and Nutrition Examination Survey (KNHANES) 2007-2008
(Choi and Bae, 2013), dietary Mn was lower among women with high blood pressure
but no significant difference among men. For another case-control study (Li et al., 2013),
dietary Mn was inversely associated with the odds of MetS and the number of MetS
components, but dietary assessment may subject to recall bias due to its self-reported
nature (Choi and Bae, 2013; Li et al., 2013; Zhou et al., 2016). Moreover, some studies
that have assessed Mn in urine or blood samples (Rhee et al., 2013; Rotter et al., 2015;
Bulka et al., 2019). A cross-sectional study in Poland found that serum Mn had
significant positive correlations with body mass index, waist circumference (WC),
waist-to-hip ratio, insulin, and insulin resistance, but no correlation with MetS (Rotter
et al., 2015). In analysis of KNHANES 2008 (Rhee et al., 2013), Mn from whole blood
or urine did not have significant relationship with MetS. A recent cross-sectional
analysis of the United States (U.S.) NHANES 2011-2014 did not find significant

association between Mn from whole blood with the prevalence of MetS, nor for the
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methylmercury-manganese pattern using principal components analysis (Bulka et al.,
2019). Furthermore, our previous analysis among the U.S. NHANES participants has
found positive linear relationships between urinary Mn with fasting plasma glucose
among women, and J-shaped dose-response relationships of blood Mn with insulin
resistance among men (Yang et al., 2020). Although some analyses explored the
combined effects of metal including Mn on cardiometabolic health, there is a need to

investigate associations of Mn with MetS in a sex-specific manner.

To address the knowledge gap as mentioned above, we have analyzed the
NHANES data from a nationwide sample in the U.S. to investigate the overall and sex-
specific associations of urinary and blood Mn levels with the prevalence of MetS and
its components. We also explored the shape of dose-response relationships across the

doses of urinary and blood Mn levels and the prevalence of MetS.

Materials and methods
Study population

The U.S. NHANES program refers to multiple cross-sectional surveys conducted
among general population in the U.S. to collect data on diet, nutritional status, health
status and health behaviors of the participants. In the present study, we included data (n
=29,902) from surveys conducted in 2011-2012, 2013-2014, and 2015-2016 cycles. A
random subsample was performed for urinary and blood Mn, and other metal assays

during the three cycles (Centers for Disease Control and Prevention, 2011). We
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included participants separately for analysis, the only difference in inclusion criteria
was the data availability of metals from urine or whole blood. For analyzing the
relationship between urinary Mn and MetS, we excluded participants who were missing
urinary metals data (n = 21,707), with missing value in biomarkers related to MetS (n
= 5,539), aged <18 years (n = 385), and with gestational diabetes mellitus (n = 1) or
gestational hypertension (n = 2). Since cardiovascular disease might influence the
association of urinary Mn levels with MetS, we further excluded participants with type
2 diabetes (T2D), coronary heart disease and stroke based on self-reported medical
history (n=556). Finally, 1,713 participants were included in urinary Mn analyses
(Figure S1). For analyzing the relationship between blood Mn and MetS, we applied
the same exclusion criteria and included 3,335 participants in the final analyses (Figure

s1).

Measurements of Mn and other metals

With the use of inductively coupled plasma mass spectrometers (ELAN® 6100
DRCP!s or ELAN® DRC II, PerkinElmer Norwalk, Fairfield), 15 metal levels in urine,
namely Cobalt (Co), Mn, Cd, Hg, Arsenic (As), Pb, Molybdenum (Mo), Barium (Ba),
Cesium (Cs), Antimony (Sb), Tin (Sn), Strontium (Sr), Thallium (TL), Tungsten (W)
and Uranium (U), along with 5 metal levels in whole blood, namely Cd, Hg, Pb,
Selenium (Se) and Mn were measured. Spot urine and fasting blood sample were
collected at the time of the laboratory exam, shipped on dry ice to the National Center
for Environmental Health (NCEH) in Atlanta, GA, and stored frozen at —20 °C until

assayed (Centers for Disease Control and Prevention, 2011).
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For urinary and blood metals that had levels below the detection limit, the values
were substituted with the detection limit divided by the square root of two. If the
detection limit differed between the three survey cycles, we selected the highest value
of the three cycles. The NHANES quality assurance and quality control (QA/QC)
protocols have met the 1988 Clinical Laboratory Improvement Act mandates (Bachner

and Hamlin, 1993a, b).

MetS Definition

MetS was defined according to the diagnostic criteria proposed by the Adult
Treatment Program 111 of the National Cholesterol Education Program (Expert Panel
on Detection, 2001). Participants with three or more of the following conditions were
classified as having MetS: 1) elevated triglyceride (TG) > 1.69 mmol/L (150 mg/dL);
2) low HDL-C : men < 1.04 mmol/L (40 mg/dL), women < 1.29 mmol/L (50 mg/dL);
3) elevated fasting plasma glucose (FPG): >6.1 mmol/L (110 mg/dL); 4) elevated WC:
men > 102 cm, women > 88 cm; 5) elevated systolic blood pressure (SBP) > 130 mmHg
and/or elevated diastolic blood pressure (DBP) > 85 mmHg. Fasting blood samples
were examined in the morning session after a 9-hour fast, while blood pressure was
measured by physicians for three times to calculate the average value (Centers for

Disease Control and Prevention, 2011).

Covariates
Standardized questionnaires were used to obtain socio-demographics, lifestyle,
clinical, and nutritional factors from participants. We included covariates based on the

priori knowledge on the risk factors of adverse cardiometabolic health, including low
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socioeconomic status (Ross et al., 2020), severity of depression (Godin et al., 2019),
smoking status (Adisen et al., 2018), excessive daily energy intake (Xu et al., 2018),
alcohol drinking status (Adisen et al., 2018), and the history of cancer (Bishehsari et al.,
2020). We included age (18-39, 40-59 or >60 years), sex (men or women),
race/ethnicity (Non-Hispanic White, Non-Hispanic Black, other Hispanic or other race),
educational attainment (less than high school, high school, at least some college),
poverty income ratio (PIR, dichotomized as <1 or >1), smoking status (categorized as
never, former or current smoker), dietary energy intake in quartiles, status of alcohol
drinking (dichotomized as yes or no), depression as classified by Patient Health
Questionnaire-9 (categorized as no depression, mild depression, moderate to severe
depression) (Patel et al., 2019), and self-reported history of cancer. Poverty-income
ratio (PIR) is the ratio of the family's self-reported income to the family's appropriate
poverty threshold according to the U.S. Census Bureau, and PIR values of 1.00 or
greater indicating people above the poverty threshold (Tyrrell et al., 2013). To calculate
daily energy intake, participants reported the food and beverage items reported
consumed between midnight and midnight 24 hours prior to the NHANES dietary

interview (Marriott et al., 2019).

Statistical analysis

Descriptive statistics were used to present the frequency and proportion of the
demographic. We compared the sex differences in participants’ characteristics by chi-
square test. Urinary Mn was divided by urinary creatinine to control the concentration

dilution of urine. To account for the collinear nature of 15 urinary metals being
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measured, we firstly conducted elastic net penalty regression to select the potential
metals that associated with MetS (Stafoggia et al., 2017; Hou et al., 2019). The elastic
net model can perform selection while enabling the inclusion of collinear predictors
through combining the least absolute shrinkage and selection operator and ridge (Zhao
et al., 2020). A set of elastic net coefficients were estimated and selected the metals that
their elastic net coefficients were not shrunken to zero. (Zhao et al., 2020)

Urinary and blood Mn levels was treated as categorical variable (classified as
quartiles, Q1 to Q4) or continuous variable (log10-transformed to reduce skewness).
Logistic regression models were used to examine the associations between urinary Mn
levels and the odds of MetS and each of its components (elevated TG, low HDL-C,
elevated FPG, elevated WC, elevated SBP and elevated DBP). The regression models
were adjusted for age, sex, race, education attainment, poverty income ratio, smoking
status, status of alcohol drinking, dietary energy, severity of depression, self-reported
history of cancer and urinary metals (all categorized in quartiles) as selected by elastic
net regression (multi-metal model). Tests of linear trend across increasing quartiles (Q)
of urinary Mn levels were performed by assigning the median levels in quartiles and
being treated as a continuous variable. Sensitivity analysis was performed to examine
the relationship between urinary Mn and MetS. We have added creatinine as a separate
covariate into regression models and used urinary Mn as exposure without dividing it
by creatinine (Barr et al., 2005).

The analysis plan when using blood Mn as exposure was the same as urinary Mn

except for not including urinary creatinine, with all blood metals, namely Cd, Hg, Pb,
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Se (all categorized in quartiles) being included into the logistic regression model (multi-
metal model). Collinearity between Mn (from urine or blood) and other included metals
in logistic regression models was examined by the variance inflation factor (VIF), and
VIF value over 10 might indicate multicollinearity (Midi et al., 2010). To demonstrate
how interactions between metals might modify the magnitude of associations, a
sensitivity analysis was conducted to exclude other metals from urine or blood (single-
metal model).

We performed restricted cubic spline analysis with 3-knot (25th, 50th and 75th
percentiles) to detect the shape of dose-response relationships of urinary and blood Mn
levels with the odds of MetS and its components, using the median of urinary and blood
Mn as the reference point (Jin et al., 2018). We used the R rms package anova function
to estimate Poveran and Pnoniinear, Which indicated the statistical significance of dose-
response relationships. If Poveran and Pnon-linear Were less than 0.05, that indicated dose-
response relationship in non-linear manner. If only Poveran Was less than 0.05, that
indicated a dose-response relationship in linear manner.

We also built Bayesian kernel machine regression (BKMR) model (10,000
iterations for urinary and blood metals data) to evaluate the joint effects of urinary and
blood Mn and other included metals with the prevalence of MetS (Bobb et al., 2015).
We used posterior inclusion probabilities (PIP) to estimate the importance of Mn (from
urine or blood) and other metals in the association with MetS. A higher PIP indicates a
higher relative importance of a metal in the association with MetS when accounting for

the interactions with other included metals. All metals were log10-transformed for
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BKMR analysis to reduce skewness. To further observe whether the urinary Mn-MetS
relationship varies substantially with the levels of included metals, exposure-outcome
function plots were made by fixing the other metals at their 25", 501 or 75" percentile
levels. We also summarized the overall impact of the combined urinary metal mixture
on MetS in comparison to its 50" percentile.

To explore potential sex heterogeneities, we performed sex-stratified analysis in
the logistic regression models and added the interaction term between sex and Mn to
test for the significance of interactions. Given the inherent nature of multiple complex
survey designs, we accounted for sample weight for each participant in the NHANES
dataset. We used svydesign function in R to account for sampling weights, as well as
the stratification and clustering. Data was analyzed using R statistical software (\ersion

3.6.3). Atwo-sided P value of <0.05 was considered statistically significant.

Results
Characteristics of the participants

There were 1,713 participants (847 men and 866 women) and 3,335 participants
included in urinary and blood Mn analyses. Compared to women, fewer men received
college education. Men also had higher smoking rates, higher dietary energy intake,
higher rate of alcohol drinking and less prevalence in depression. There were significant
sex differences in each of the MetS component, men were more prevalent in elevated
FPG, TG, SBP and DBP, but less prevalent in elevated WC and low HDL-C than

women. The details of other demographic characteristics were described in Table 1.
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Overall and sex-specific associations of urinary Mn with MetS

Among 15 urinary metals, the elastic net coefficients of seven metals (As, Cd, Hg,
Ba, Mo, Sn and Ur) were not shrunken to zero by the elastic net penalty regression
models, and therefore being included in the further logistic regression model to estimate
single-metal exposure (Mn) with the odds of MetS after controlling for other metals

(Figure S2).

When compared with Q1 of urinary Mn levels (Table 2), urinary Mn at Q3 was
associated with a decreased odd of MetS among all participants (odds ratio [OR]=0.55,
95% confidence interval [C.I.] = 0.32-0.97) and men (OR=0.40, 95% C.1.= 0.16-0.99).
Urinary Mn at Q2 to Q4 had lower odds for elevated WC among all participants (Q4
versus Q1: OR=0.45, 95% C.I.= 0.25-0.80) and men (Q4 versus Q1: OR=0.29, 95%
C.1.= 0.12-0.69), with significant decreased trends in odds ratio (P=0.031 for overall
and P=0.017 for men). When treating urinary Mn as continuous variable (per 1og10
increment), urinary Mn inversely associated with the prevalence of elevated WC among
all participants (OR= 0.50, 95% C.1.= 0.27-0.92) and men (OR=0.35, 95% C.I. = 0.14-
0.89). Compared with Q1, urinary Mn at Q3 also associated with a decreased odd of
elevated FPG among all participants (OR=0.46, 95% C.I. = 0.27-0.76) and men (OR=
0.44, 95% C.I. = 0.22-0.90). The interaction between sex and urinary Mn was not
significant on the associations with MetS and its components. Interestingly, the per
log10 increment of urinary Mn associated with an increased odd of elevated DBP
among women (OR= 14.40, 95% C.l. =3.57-58.13). The wide 95% C.I. might be

attributed by the lower rate of elevated DBP when compared to other MetS components,
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especially when the results were stratified by sex. For the sensitivity analysis that added
creatinine as a separate covariate into regression models and used urinary Mn not
divided by creatinine as exposure, the per logl0 increment of urinary Mn was
associated with the lower odd of MetS among men (OR= 0.14, 95% C.I. =0.03-0.61),
but not for women (OR=2.26, 95% C.l. =0.62-8.28) and overall participants (OR=1.08,

95% C.1. =0.41-2.83)

Overall and sex-specific associations of blood Mn with MetS

When compared with Q1 (Table 3), blood Mn at Q2 associated with a higher odd
of elevated WC (OR=1.75, 95% C.I. = 1.05-2.92) among women, and blood Mn at Q4
associated with the higher odd of elevated FPG among women (OR= 2.01, 95% C.I. =
1.21-3.32). Per 1og10 increment of blood Mn associated with the decreased odds of
elevated WC among all participants (OR= 0.39, 95% C.I. = 0.21-0.74) and men (OR=
0.19, 95% C.l. = 0.08-0.48). The interaction between sex and blood Mn was not
significant on their associations with MetS and its components. Similar to urinary Mn,
the per 1og10 increment of blood Mn associated with the odd of elevated DBP among
women (OR= 11.01, 95% C.I. = 2.41-50.35), which might be attributed by the lower

rate of elevated DBP.

When looking into the collinearity issue of regression models between blood and
urinary metals with MetS and its components (Table S1), most VIF values were over
10 for urinary metals and all VIF values were under 10 for blood. The results indicated
that the problem of collinearity could be more apparent for urinary metals. Therefore,

we performed a sensitivity analysis to evaluate whether putting multiple metals into the
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logistic regression model would affect the association between Mn (urine or blood) and
the odds of MetS. In the single-metal model, urinary Mn at Q3 was associated with a
lower odd of MetS among all participants (OR= 0.51, 95% C.I. = 0.30-0.85) and men
(OR=10.36, 95% C.I. =0.16-0.84), which was consistent to the results in multiple-metal
model (Table S2). Moreover, blood Mn did not have significant association with the

odd of MetS, which was also consistent to the results in multi-metal model (Table S3).

Dose-response associations

For dose-response relationship between urinary Mn and MetS, we observed a U-
shaped relationship among overall participants (Poveran = 0.005, Pnon-linear = 0.008), an
inversed linear relationship among men (Poveran = 0.005, Pnon-linear = 0.062), and no
significant association among women (Poveral = 0.697, Pron-linear = 0.486) (Figure 1A).
For blood Mn, we did not observe significant dose-response relationship among all

participants and both sexes (Figure 1B).

When looking into the components of MetS, urinary Mn had U-shaped relationship
with elevated WC (Pnon-linear = 0.028), low HDL-C (Pnon-linear = 0.003) and elevated FPG
(Pnon-linear = 0.009) among all participants (Figure S3). When stratified by sex, urinary
Mn had inverse relationship with elevated WC (Poveran = 0.001, Pnon-linear = 0.281), low
HDL-C (Poverall = 0.005, Pnon-linear = 0.054) and elevated FPG (Poverait = 0.032, Pnon-linear
=0.096) among men (Figure S4), and elevated WC (Poverat = 0.017, Pnon-linear = 0.616)
among women (Figure S5) in monotonic manner. Blood Mn was positively associated
with elevated FPG among all participants (Poverat = 0.004, Pnon-linear = 0.053) (Figure

S6). Moreover, inverted U-shaped relationship was detected between blood Mn and
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elevated FPG among men (Pron-inear = 0.008) (Figure S7). Blood Mn positively
associated with elevated FPG (Poverait = 0.021, Pnon-linear = 0.482) among women (Figure

S8) in monotonic manner.

BKMR analysis

In the BKMR models, the relative importance of each metal on the odds of MetS
after accounting for inter-metal interaction was quantified by PIP (Table S4). For the
analysis of urinary metals, the PIP was 0.49 for Mn, 0.66 for Cd, 0.67 for Mo, 0.54 for
As, 0.91 for Hg, 0.58 for Ba, 0.55 for Sn, 0.59 for Ur. For the analysis of blood metals,
the PIP was 0.59 for Mn, 0.60 for Cd, Hg and Pb, and 0.61 for Se. As demonstrated in
the exposure-outcome function plot when fixing the other metals at their 25", 50" or
75" percentile levels (Figure S9), or fixing each of the included metal at their 10", 50"
or 90" percentile levels (Figure S10), we did not observe the interactions of urinary
Mn and other metals with the odds of MetS. In the overall risk diagram, the combined

effect of urinary metal mixture has an inverse relationship with MetS (Figure S11).

Discussion

We have examined the associations of urinary and blood Mn with the odds of MetS
and its components among adults in NHANES 2011-2016. We have also explored the
potential sex-dependent heterogeneities. After adjusting for multiple covariates and the
levels of multiple metals in logistic regression models, the third quartile of urinary Mn
might associate with a lower odd of MetS, elevated WC and FPG among all participants
and men. The U-shaped dose-response relationship between urinary Mn and MetS

agrees with the results from regression analysis. Despite a larger sample size, we did
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not observe statistically significant associations of blood Mn with the odds of MetS.
We have also compared the relative contributions of Mn and other metals on MetS using
BKMR analysis indicating that urinary Mn has less contribution in the odd of MetS
compared other metals, but the contribution of blood Mn was similar to other blood

metals.

Although not in a dose-response manner, our findings agree with previous studies
that demonstrated the protective effect of Mn against impaired glucose metabolism. For
instance, a cohort analysis of Women’s Health Initiative (WHI) has shown that the
highest intake of dietary Mn has associated with 30% reduction in the risk of T2D
(Gong et al., 2020). The mediation analysis further suggested that the 19% and 12% of
T2D risk due to Mn were mediated through interleukin 6 and high-sensitivity C-reactive
protein respectively (Gong et al., 2020). The results from WHI have verified the roles
of Mn in cardiometabolic health through its anti-inflammatory function. Our research
group has also analyzed the associations of urinary Mn with fasting plasma glucose,
insulin resistance and kidney function among 1,417 participants in the NHANES (Yang
et al., 2020). In the previous analysis, urinary Mn has significant benefit in lowering
the level of fasting plasma glucose and raising the level of estimated glomerular
filtration rate, while blood Mn might associate with higher estimated glomerular
filtration rate among males. In the present analysis, we have expanded the analysis to

MetS and its components among NHANES participants.

In addition, we have increased the robustness of findings by accounting for the

interactions of urinary and blood metals (Domingo-Relloso et al., 2019). By
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investigating the independent association between urinary and blood Mn and MetS, our
analysis may provide additional clinical value for to identify individuals with higher
odds of metabolic disorders. The use of elastic net analysis helped to identify metals
that may interact with Mn to influence cardiometabolic health, namely As, Cd, Hg, Ba,
Mo, Sn, Ur. From the BKMR results, we have quantified the relative importance of
each metal on the odds of MetS after accounting for inter-metal interactions and have
compared how Mn from urine and blood might have different contributions to the
prevalence of MetS. As demonstrated in PIP statistics, Mn from urine might not play
the most important role in the association between multiple metals exposure and the
odds of MetS given the lowest PIP amongst other urinary metals, although the PIP of
blood Mn (0.59) was comparable to other blood metals (0.60 to 0.61). This is an
interesting finding given the independent association between Mn and MetS after
adjusting for multiple confounders, which suggests the complexity in relationship that
researchers may not notice using conventional analysis plan. For other metals included
in this study, As, Cd and Hg may have dose-response toxicity to adverse
cardiometabolic health. (Roy et al., 2017; Noor et al., 2018; Spratlen et al., 2018).
However, Mn serves as both essential metals and neurotoxins depending on doses (Li
and Yang, 2018). The variation in the shape of relationship may weaken the overall
association with MetS. In addition, NHNAES was performed among general population
in U.S., the harmful effects of heavy metals might be less profound when comparing

with occupational workers.

On the other hand, our findings have suggested the differential associations of
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urinary and blood Mn with the odds of MetS. While urinary Mn had significant inverse
associations with MetS and its components, the association with the odds of MetS was
attenuated for blood Mn. However, the association between urinary Mn and MetS may
be attributed by reverse causation. From the physiological perspective, the half-life of
blood Mn lasts for 10 to 42 days, but that for urinary Mn is less than 30 hours, indicating
a more recent exposure than blood Mn (Nelson et al., 1993). The lower level of urinary
Mn for people with MetS may reflect reduced urinary metal excretion due to impaired
renal function (Jin et al., 2018), a risk factor for adverse cardiometabolic health
(Sarafidis et al., 2006). The possibility of reverse causation is not ruled out given the
cross-sectional nature of the present study. Our hypothesis is also supported by the
overall risk diagram in BKMR analysis, which shows that the combined effect of

urinary metal mixture might have an inverse relationship with MetS.

Moreover, the present study has evaluated the sex differences in the relationship
between urinary Mn and MetS. For example, the third quartile of urinary Mn had an
inverse association with the MetS among men (OR at Q4: 0.40, 95% C.I. = 0.16-0.99)
but not women (OR= 0.63, 95% C.I. = 0.20-2.01). Sex differences in the response to
hormones may help to explain the relationship between Mn and cardiometabolic
biomarkers. Back in 2000s, researchers have found that higher testosterone levels and
lower plasma levels of sex hormone-binding globulin (SHBG) significantly linked to
an elevated risk of diabetes among women, and the relationship was weaker among
men (Ding et al., 2006; Ding et al., 2007). It is possible that Mn involves in the

interactions between SOD, SHBG and other sex hormones. However, correlation study
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on the association between SOD and estradiol (a precursor of SHBG) may not fully
support this hypothesis (Skiljic et al., 2016), while low SHBG is associated with MetS
among men and women (Weinberg et al., 2006; Mohammed et al., 2018). Another
potential explanation is the sex difference in smoking habit. Previous study suggested
that smokers may have higher serum Mn levels than non-smokers due to exposure from
cigarettes (Ates Alkan et al., 2019). In our study sample, a higher proportion of males
were smokers, which may explain the sex-specific association in the odds of elevated
WC. However, we need to interpret the data cautiously because there is no significant
interaction between sex and Mn exposure in the logistic regression analysis. The
presence of sex-specific associations and the physiological mechanisms behind

warrants further investigation.

Besides, we have compared the magnitude of association and trend analysis from
logistic regression, with the dose-response relationship being tested from restricted
cubic spline analysis. From these comparisons, urinary Mn has demonstrated a non-
monotonic relationship with MetS (U-shaped association with MetS at Q2 and Q3 of
urinary Mn from logistic regression, Pnon-linear = 0.008 in restricted cubic spline analysis)
among overall participants. While lower level of urinary Mn indicates the problem of
deficiency, diabetic patients with liver disorders may have increased excretion of Mn
from bile and urine (el-Yazigi et al., 1991). Moreover, blood Mn might have positive
association with elevated FPG among women (P trend=0.031 and positive association
at Q4 of blood Mn from logistic regression, Poveran = 0.021, Pnon-linear = 0.482 in

restricted cubic spline analysis). As indicated by a review paper, blood Mn levels can
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be increased or decreased among people with diabetes (Li and Yang, 2018). Although
the interpretation on possible sex-specific relationship should be cautious due to is no
significant interaction between sex and Mn exposure, our findings do provide additional

evidence into the body of knowledge.

The strength of the present study is the use of data collected by rigorous protocol
and extensive quality-control procedures, in which technicians were trained and
certified in data collection. However, we should interpret the study findings carefully
by noting several limitations. First, residual confounding effects could not be fully
addressed, such as the influence of Mn from dietary sources and physical activities on
cardiometabolic health. In addition, the cross-sectional nature of the present study was
not able to rule out how changes in metabolism, lifestyle or medication use may affect
the levels of urinary metal and cardiometabolic biomarkers. Another limitation is the
measurement of metal exposure at single time point, which may not reflect the long-
term and cumulative exposure. Moreover, findings from our study sample may not be
generalized to the total population in the U.S. despite accounting for the sampling
weight. Finally, Mn levels may vary by lifestyles and dietary patterns, therefore our

findings may not be directly extrapolated to all individuals.

To conclude, urinary Mn may associate with the odds of MetS with U-shaped
relationships and might have sex-specific differences. No significant associations were
observed between blood Mn and the odds of MetS. More mechanistic studies and
prospective cohorts are necessary to verify the potential sex and specimen specific roles

of Mn in cardiometabolic health.
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® U-shaped relationship between urinary Mn and MetS was observed.
® No significant associations were found between blood Mn with MetS.

® There could be sex and specimen specific associations between Mn and MetS.
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Introduction

Manganese (Mn) is an essential element in the human body that is mainly obtained
from water, nuts, grains, fruits, green vegetables, and caffeinated drinks (Gong et al.,
2020), which acts as a co-factor of superoxide dismutase (SOD), an enzyme responsible
for the degradation of superoxide radicals (Pfalzer and Bowman, 2017). Mn deficiency
may increase oxidative stress by producing more reactive oxygen species (ROS) (Li
and Yang, 2018), leading to inflammation and endothelial dysfunction (Liu et al., 2007;
Song et al., 2007), and accelerates the proliferation of vascular cells and increases
vasoconstriction (Tanito et al., 2004; Ward and Croft, 2006). Evidence from in vitro and
animal studies demonstrated that Mn supplementation could downregulate ROS
generation (Juttukonda et al., 2017), prevent endothelial dysfunction (Burlet and Jain,
2013) and reduce the levels of serum inflammatory biomarkers (Owumi and Dim, 2019).
However, excessive exposure of Mn from polluted air and water may lead to impaired
cognitive development and Parkinson’s disease, especially among workers and general

populations residing near factories (Pfalzer and Bowman, 2017; Li and Yang, 2018).

Given the roles of Mn in alleviating oxidative stress, it may improve
cardiometabolic health with its anti-oxidative ability. Metabolic syndrome (MetS) is a
clustering of metabolic disorders, namely elevated waist circumference, impaired
glucose metabolism, elevated blood pressure and dyslipidemia (Expert Panel on
Detection, 2001), and is one of the precursors of various chronic diseases, including
diabetes, dementia, stroke and coronary heart disease (Pal et al., 2018; Saklayen, 2018).

When compared with other metal exposures, such as cadmium (Cd), lead (Pb), and
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mercury (Hg) (Planchart et al., 2018; Ma et al., 2020), epidemiological evidence on the
relationship between Mn and MetS is limited and the results are inconsistent (Choi and
Bae, 2013; Lietal., 2013; Rhee et al., 2013; Rotter et al., 2015; Zhou et al., 2016; Bulka
etal., 2019). Most previous studies have used dietary methods to estimate Mn exposure.
In the analysis of Chinese National Nutrition and Health Survey 2010-2012 (Zhou et
al., 2016), dietary Mn was inversely associated with the odds of MetS, abdominal
obesity and elevated triglycerides among men, but positively associated with MetS and
low high-density-lipoprotein cholesterol (HDL-C) among women. In the analysis of the
Korea National Health and Nutrition Examination Survey (KNHANES) 2007-2008
(Choi and Bae, 2013), dietary Mn was lower among women with high blood pressure
but no significant difference among men. For another case-control study (Li et al., 2013),
dietary Mn was inversely associated with the odds of MetS and the number of MetS
components, but dietary assessment may subject to recall bias due to its self-reported
nature (Choi and Bae, 2013; Li et al., 2013; Zhou et al., 2016). Moreover, some studies
that have assessed Mn in urine or blood samples (Rhee et al., 2013; Rotter et al., 2015;
Bulka et al., 2019). A cross-sectional study in Poland found that serum Mn had
significant positive correlations with body mass index, waist circumference (WC),
waist-to-hip ratio, insulin, and insulin resistance, but no correlation with MetS (Rotter
et al., 2015). In analysis of KNHANES 2008 (Rhee et al., 2013), Mn from whole blood
or urine did not have significant relationship with MetS. A recent cross-sectional
analysis of the United States (U.S.) NHANES 2011-2014 did not find significant

association between Mn from whole blood with the prevalence of MetS, nor for the
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methylmercury-manganese pattern using principal components analysis (Bulka et al.,
2019). Furthermore, our previous analysis among the U.S. NHANES participants has
found positive linear relationships between urinary Mn with fasting plasma glucose
among women, and J-shaped dose-response relationships of blood Mn with insulin
resistance among men (Yang et al., 2020). Although some analyses explored the
combined effects of metal including Mn on cardiometabolic health, there is a need to

investigate associations of Mn with MetS in a sex-specific manner.

To address the knowledge gap as mentioned above, we have analyzed the
NHANES data from a nationwide sample in the U.S. to investigate the overall and sex-
specific associations of urinary and blood Mn levels with the prevalence of MetS and
its components. We also explored the shape of dose-response relationships across the

doses of urinary and blood Mn levels and the prevalence of MetS.

Materials and methods
Study population

The U.S. NHANES program refers to multiple cross-sectional surveys conducted
among general population in the U.S. to collect data on diet, nutritional status, health
status and health behaviors of the participants. In the present study, we included data (n
=29,902) from surveys conducted in 2011-2012, 2013-2014, and 2015-2016 cycles. A
random subsample was performed for urinary and blood Mn, and other metal assays

during the three cycles (Centers for Disease Control and Prevention, 2011). We
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included participants separately for analysis, the only difference in inclusion criteria
was the data availability of metals from urine or whole blood. For analyzing the
relationship between urinary Mn and MetS, we excluded participants who were missing
urinary metals data (n = 21,707), with missing value in biomarkers related to MetS (n
= 5,539), aged <18 years (n = 385), and with gestational diabetes mellitus (n = 1) or
gestational hypertension (n = 2). Since cardiovascular disease might influence the
association of urinary Mn levels with MetS, we further excluded participants with type
2 diabetes (T2D), coronary heart disease and stroke based on self-reported medical
history (n=556). Finally, 1,713 participants were included in urinary Mn analyses
(Figure S1). For analyzing the relationship between blood Mn and MetS, we applied
the same exclusion criteria and included 3,335 participants in the final analyses (Figure

s1).

Measurements of Mn and other metals

With the use of inductively coupled plasma mass spectrometers (ELAN® 6100
DRCP!s or ELAN® DRC II, PerkinElmer Norwalk, Fairfield), 15 metal levels in urine,
namely Cobalt (Co), Mn, Cd, Hg, Arsenic (As), Pb, Molybdenum (Mo), Barium (Ba),
Cesium (Cs), Antimony (Sb), Tin (Sn), Strontium (Sr), Thallium (TL), Tungsten (W)
and Uranium (U), along with 5 metal levels in whole blood, namely Cd, Hg, Pb,
Selenium (Se) and Mn were measured. Spot urine and fasting blood sample were
collected at the time of the laboratory exam, shipped on dry ice to the National Center
for Environmental Health (NCEH) in Atlanta, GA, and stored frozen at —20 °C until

assayed (Centers for Disease Control and Prevention, 2011).
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For urinary and blood metals that had levels below the detection limit, the values
were substituted with the detection limit divided by the square root of two. If the
detection limit differed between the three survey cycles, we selected the highest value
of the three cycles. The NHANES quality assurance and quality control (QA/QC)
protocols have met the 1988 Clinical Laboratory Improvement Act mandates (Bachner

and Hamlin, 1993a, b).

MetS Definition

MetS was defined according to the diagnostic criteria proposed by the Adult
Treatment Program 111 of the National Cholesterol Education Program (Expert Panel
on Detection, 2001). Participants with three or more of the following conditions were
classified as having MetS: 1) elevated triglyceride (TG) > 1.69 mmol/L (150 mg/dL);
2) low HDL-C : men < 1.04 mmol/L (40 mg/dL), women < 1.29 mmol/L (50 mg/dL);
3) elevated fasting plasma glucose (FPG): >6.1 mmol/L (110 mg/dL); 4) elevated WC:
men > 102 cm, women > 88 cm; 5) elevated systolic blood pressure (SBP) > 130 mmHg
and/or elevated diastolic blood pressure (DBP) > 85 mmHg. Fasting blood samples
were examined in the morning session after a 9-hour fast, while blood pressure was
measured by physicians for three times to calculate the average value (Centers for

Disease Control and Prevention, 2011).

Covariates
Standardized questionnaires were used to obtain socio-demographics, lifestyle,
clinical, and nutritional factors from participants. We included covariates based on the

priori knowledge on the risk factors of adverse cardiometabolic health, including low
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socioeconomic status (Ross et al., 2020), severity of depression (Godin et al., 2019),
smoking status (Adisen et al., 2018), excessive daily energy intake (Xu et al., 2018),
alcohol drinking status (Adisen et al., 2018), and the history of cancer (Bishehsari et al.,
2020). We included age (18-39, 40-59 or >60 years), sex (men or women),
race/ethnicity (Non-Hispanic White, Non-Hispanic Black, other Hispanic or other race),
educational attainment (less than high school, high school, at least some college),
poverty income ratio (PIR, dichotomized as <1 or >1), smoking status (categorized as
never, former or current smoker), dietary energy intake in quartiles, status of alcohol
drinking (dichotomized as yes or no), depression as classified by Patient Health
Questionnaire-9 (categorized as no depression, mild depression, moderate to severe
depression) (Patel et al., 2019), and self-reported history of cancer. Poverty-income
ratio (PIR) is the ratio of the family's self-reported income to the family's appropriate
poverty threshold according to the U.S. Census Bureau, and PIR values of 1.00 or
greater indicating people above the poverty threshold (Tyrrell et al., 2013). To calculate
daily energy intake, participants reported the food and beverage items reported
consumed between midnight and midnight 24 hours prior to the NHANES dietary

interview (Marriott et al., 2019).

Statistical analysis

Descriptive statistics were used to present the frequency and proportion of the
demographic. We compared the sex differences in participants’ characteristics by chi-
square test. Urinary Mn was divided by urinary creatinine to control the concentration

dilution of urine. To account for the collinear nature of 15 urinary metals being
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measured, we firstly conducted elastic net penalty regression to select the potential
metals that associated with MetS (Stafoggia et al., 2017; Hou et al., 2019). The elastic
net model can perform selection while enabling the inclusion of collinear predictors
through combining the least absolute shrinkage and selection operator and ridge (Zhao
et al., 2020). A set of elastic net coefficients were estimated and selected the metals that
their elastic net coefficients were not shrunken to zero. (Zhao et al., 2020)

Urinary and blood Mn levels was treated as categorical variable (classified as
quartiles, Q1 to Q4) or continuous variable (log10-transformed to reduce skewness).
Logistic regression models were used to examine the associations between urinary Mn
levels and the odds of MetS and each of its components (elevated TG, low HDL-C,
elevated FPG, elevated WC, elevated SBP and elevated DBP). The regression models
were adjusted for age, sex, race, education attainment, poverty income ratio, smoking
status, status of alcohol drinking, dietary energy, severity of depression, self-reported
history of cancer and urinary metals (all categorized in quartiles) as selected by elastic
net regression (multi-metal model). Tests of linear trend across increasing quartiles (Q)
of urinary Mn levels were performed by assigning the median levels in quartiles and
being treated as a continuous variable. Sensitivity analysis was performed to examine
the relationship between urinary Mn and MetS. We have added creatinine as a separate
covariate into regression models and used urinary Mn as exposure without dividing it
by creatinine (Barr et al., 2005).

The analysis plan when using blood Mn as exposure was the same as urinary Mn

except for not including urinary creatinine, with all blood metals, namely Cd, Hg, Pb,
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Se (all categorized in quartiles) being included into the logistic regression model (multi-
metal model). Collinearity between Mn (from urine or blood) and other included metals
in logistic regression models was examined by the variance inflation factor (VIF), and
VIF value over 10 might indicate multicollinearity (Midi et al., 2010). To demonstrate
how interactions between metals might modify the magnitude of associations, a
sensitivity analysis was conducted to exclude other metals from urine or blood (single-
metal model).

We performed restricted cubic spline analysis with 3-knot (25th, 50th and 75th
percentiles) to detect the shape of dose-response relationships of urinary and blood Mn
levels with the odds of MetS and its components, using the median of urinary and blood
Mn as the reference point (Jin et al., 2018). We used the R rms package anova function
to estimate Poveran and Pnoniinear, Which indicated the statistical significance of dose-
response relationships. If Poveran and Pnon-linear Were less than 0.05, that indicated dose-
response relationship in non-linear manner. If only Poveran Was less than 0.05, that
indicated a dose-response relationship in linear manner.

We also built Bayesian kernel machine regression (BKMR) model (10,000
iterations for urinary and blood metals data) to evaluate the joint effects of urinary and
blood Mn and other included metals with the prevalence of MetS (Bobb et al., 2015).
We used posterior inclusion probabilities (PIP) to estimate the importance of Mn (from
urine or blood) and other metals in the association with MetS. A higher PIP indicates a
higher relative importance of a metal in the association with MetS when accounting for

the interactions with other included metals. All metals were log10-transformed for
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BKMR analysis to reduce skewness. To further observe whether the urinary Mn-MetS
relationship varies substantially with the levels of included metals, exposure-outcome
function plots were made by fixing the other metals at their 25", 501 or 75" percentile
levels. We also summarized the overall impact of the combined urinary metal mixture
on MetS in comparison to its 50" percentile.

To explore potential sex heterogeneities, we performed sex-stratified analysis in
the logistic regression models and added the interaction term between sex and Mn to
test for the significance of interactions. Given the inherent nature of multiple complex
survey designs, we accounted for sample weight for each participant in the NHANES
dataset. We used svydesign function in R to account for sampling weights, as well as
the stratification and clustering. Data was analyzed using R statistical software (\ersion

3.6.3). Atwo-sided P value of <0.05 was considered statistically significant.

Results
Characteristics of the participants

There were 1,713 participants (847 men and 866 women) and 3,335 participants
included in urinary and blood Mn analyses. Compared to women, fewer men received
college education. Men also had higher smoking rates, higher dietary energy intake,
higher rate of alcohol drinking and less prevalence in depression. There were significant
sex differences in each of the MetS component, men were more prevalent in elevated
FPG, TG, SBP and DBP, but less prevalent in elevated WC and low HDL-C than

women. The details of other demographic characteristics were described in Table 1.
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Overall and sex-specific associations of urinary Mn with MetS

Among 15 urinary metals, the elastic net coefficients of seven metals (As, Cd, Hg,
Ba, Mo, Sn and Ur) were not shrunken to zero by the elastic net penalty regression
models, and therefore being included in the further logistic regression model to estimate
single-metal exposure (Mn) with the odds of MetS after controlling for other metals

(Figure S2).

When compared with Q1 of urinary Mn levels (Table 2), urinary Mn at Q3 was
associated with a decreased odd of MetS among all participants (odds ratio [OR]=0.55,
95% confidence interval [C.I.] = 0.32-0.97) and men (OR=0.40, 95% C.1.= 0.16-0.99).
Urinary Mn at Q2 to Q4 had lower odds for elevated WC among all participants (Q4
versus Q1: OR=0.45, 95% C.I.= 0.25-0.80) and men (Q4 versus Q1: OR=0.29, 95%
C.1.= 0.12-0.69), with significant decreased trends in odds ratio (P=0.031 for overall
and P=0.017 for men). When treating urinary Mn as continuous variable (per 1og10
increment), urinary Mn inversely associated with the prevalence of elevated WC among
all participants (OR= 0.50, 95% C.1.= 0.27-0.92) and men (OR=0.35, 95% C.I. = 0.14-
0.89). Compared with Q1, urinary Mn at Q3 also associated with a decreased odd of
elevated FPG among all participants (OR=0.46, 95% C.I. = 0.27-0.76) and men (OR=
0.44, 95% C.I. = 0.22-0.90). The interaction between sex and urinary Mn was not
significant on the associations with MetS and its components. Interestingly, the per
log10 increment of urinary Mn associated with an increased odd of elevated DBP
among women (OR= 14.40, 95% C.l. =3.57-58.13). The wide 95% C.I. might be

attributed by the lower rate of elevated DBP when compared to other MetS components,
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especially when the results were stratified by sex. For the sensitivity analysis that added
creatinine as a separate covariate into regression models and used urinary Mn not
divided by creatinine as exposure, the per logl0 increment of urinary Mn was
associated with the lower odd of MetS among men (OR= 0.14, 95% C.I. =0.03-0.61),
but not for women (OR=2.26, 95% C.l. =0.62-8.28) and overall participants (OR=1.08,

95% C.1. =0.41-2.83)

Overall and sex-specific associations of blood Mn with MetS

When compared with Q1 (Table 3), blood Mn at Q2 associated with a higher odd
of elevated WC (OR=1.75, 95% C.I. = 1.05-2.92) among women, and blood Mn at Q4
associated with the higher odd of elevated FPG among women (OR= 2.01, 95% C.I. =
1.21-3.32). Per log10 increment of blood Mn associated with the decreased odds of
elevated WC among all participants (OR= 0.39, 95% C.I. = 0.21-0.74) and men (OR=
0.19, 95% C.l. = 0.08-0.48). The interaction between sex and blood Mn was not
significant on their associations with MetS and its components. Similar to urinary Mn,
the per 1og10 increment of blood Mn associated with the odd of elevated DBP among
women (OR= 11.01, 95% C.I. = 2.41-50.35), which might be attributed by the lower

rate of elevated DBP.

When looking into the collinearity issue of regression models between blood and
urinary metals with MetS and its components (Table S1), most VIF values were over
10 for urinary metals and all VIF values were under 10 for blood. The results indicated
that the problem of collinearity could be more apparent for urinary metals. Therefore,

we performed a sensitivity analysis to evaluate whether putting multiple metals into the
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logistic regression model would affect the association between Mn (urine or blood) and
the odds of MetS. In the single-metal model, urinary Mn at Q3 was associated with a
lower odd of MetS among all participants (OR= 0.51, 95% C.I. = 0.30-0.85) and men
(OR=0.36, 95% C.I. =0.16-0.84), which was consistent to the results in multiple-metal
model (Table S2). Moreover, blood Mn did not have significant association with the

odd of MetS, which was also consistent to the results in multi-metal model (Table S3).

Dose-response associations

For dose-response relationship between urinary Mn and MetS, we observed a U-
shaped relationship among overall participants (Poveran = 0.005, Pnon-linear = 0.008), an
inversed linear relationship among men (Poveran = 0.005, Pnon-linear = 0.062), and no
significant association among women (Poveral = 0.697, Pron-linear = 0.486) (Figure 1A).
For blood Mn, we did not observe significant dose-response relationship among all

participants and both sexes (Figure 1B).

When looking into the components of MetS, urinary Mn had U-shaped relationship
with elevated WC (Pnon-linear = 0.028), low HDL-C (Pnon-linear = 0.003) and elevated FPG
(Pnon-linear = 0.009) among all participants (Figure S3). When stratified by sex, urinary
Mn had inverse relationship with elevated WC (Poveran = 0.001, Pnon-linear = 0.281), low
HDL-C (Poverall = 0.005, Prnon-linear = 0.054) and elevated FPG (Poverail = 0.032, Pnon-linear
=0.096) among men (Figure S4), and elevated WC (Poverat = 0.017, Pnon-linear = 0.616)
among women (Figure S5) in monotonic manner. Blood Mn was positively associated
with elevated FPG among all participants (Poverat = 0.004, Pnon-linear = 0.053) (Figure

S6). Moreover, inverted U-shaped relationship was detected between blood Mn and
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elevated FPG among men (Pron-iinear = 0.008) (Figure S7). Blood Mn positively
associated with elevated FPG (Poverait = 0.021, Pnon-linear = 0.482) among women (Figure

S8) in monotonic manner.

BKMR analysis

In the BKMR models, the relative importance of each metal on the odds of MetS
after accounting for inter-metal interaction was quantified by PIP (Table S4). For the
analysis of urinary metals, the PIP was 0.49 for Mn, 0.66 for Cd, 0.67 for Mo, 0.54 for
As, 0.91 for Hg, 0.58 for Ba, 0.55 for Sn, 0.59 for Ur. For the analysis of blood metals,
the PIP was 0.59 for Mn, 0.60 for Cd, Hg and Pb, and 0.61 for Se. As demonstrated in
the exposure-outcome function plot when fixing the other metals at their 25", 50" or
75" percentile levels (Figure S9), or fixing each of the included metal at their 10", 50"
or 90" percentile levels (Figure S10), we did not observe the interactions of urinary
Mn and other metals with the odds of MetS. In the overall risk diagram, the combined

effect of urinary metal mixture has an inverse relationship with MetS (Figure S11).

Discussion

We have examined the associations of urinary and blood Mn with the odds of MetS
and its components among adults in NHANES 2011-2016. We have also explored the
potential sex-dependent heterogeneities. After adjusting for multiple covariates and the
levels of multiple metals in logistic regression models, the third quartile of urinary Mn
might associate with a lower odd of MetS, elevated WC and FPG among all participants
and men. The U-shaped dose-response relationship between urinary Mn and MetS

agrees with the results from regression analysis. Despite a larger sample size, we did
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not observe statistically significant associations of blood Mn with the odds of MetS.
We have also compared the relative contributions of Mn and other metals on MetS using
BKMR analysis indicating that urinary Mn has less contribution in the odd of MetS
compared other metals, but the contribution of blood Mn was similar to other blood

metals.

Although not in a dose-response manner, our findings agree with previous studies
that demonstrated the protective effect of Mn against impaired glucose metabolism. For
instance, a cohort analysis of Women’s Health Initiative (WHI) has shown that the
highest intake of dietary Mn has associated with 30% reduction in the risk of T2D
(Gong et al., 2020). The mediation analysis further suggested that the 19% and 12% of
T2D risk due to Mn were mediated through interleukin 6 and high-sensitivity C-reactive
protein respectively (Gong et al., 2020). The results from WHI have verified the roles
of Mn in cardiometabolic health through its anti-inflammatory function. Our research
group has also analyzed the associations of urinary Mn with fasting plasma glucose,
insulin resistance and kidney function among 1,417 participants in the NHANES (Yang
et al., 2020). In the previous analysis, urinary Mn has significant benefit in lowering
the level of fasting plasma glucose and raising the level of estimated glomerular
filtration rate, while blood Mn might associate with higher estimated glomerular
filtration rate among males. In the present analysis, we have expanded the analysis to

MetS and its components among NHANES participants.

In addition, we have increased the robustness of findings by accounting for the

interactions of urinary and blood metals (Domingo-Relloso et al., 2019). By
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investigating the independent association between urinary and blood Mn and MetS, our
analysis may provide additional clinical value for to identify individuals with higher
odds of metabolic disorders. The use of elastic net analysis helped to identify metals
that may interact with Mn to influence cardiometabolic health, namely As, Cd, Hg, Ba,
Mo, Sn, Ur. From the BKMR results, we have quantified the relative importance of
each metal on the odds of MetS after accounting for inter-metal interactions and have
compared how Mn from urine and blood might have different contributions to the
prevalence of MetS. As demonstrated in PIP statistics, Mn from urine might not play
the most important role in the association between multiple metals exposure and the
odds of MetS given the lowest PIP amongst other urinary metals, although the PIP of
blood Mn (0.59) was comparable to other blood metals (0.60 to 0.61). This is an
interesting finding given the independent association between Mn and MetS after
adjusting for multiple confounders, which suggests the complexity in relationship that
researchers may not notice using conventional analysis plan. For other metals included
in this study, As, Cd and Hg may have dose-response toxicity to adverse
cardiometabolic health. (Roy et al., 2017; Noor et al., 2018; Spratlen et al., 2018).
However, Mn serves as both essential metals and neurotoxins depending on doses (Li
and Yang, 2018). The variation in the shape of relationship may weaken the overall
association with MetS. In addition, NHNAES was performed among general population
in U.S., the harmful effects of heavy metals might be less profound when comparing

with occupational workers.

On the other hand, our findings have suggested the differential associations of
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urinary and blood Mn with the odds of MetS. While urinary Mn had significant inverse
associations with MetS and its components, the association with the odds of MetS was
attenuated for blood Mn. However, the association between urinary Mn and MetS may
be attributed by reverse causation. From the physiological perspective, the half-life of
blood Mn lasts for 10 to 42 days, but that for urinary Mn is less than 30 hours, indicating
a more recent exposure than blood Mn (Nelson et al., 1993). The lower level of urinary
Mn for people with MetS may reflect reduced urinary metal excretion due to impaired
renal function (Jin et al., 2018), a risk factor for adverse cardiometabolic health
(Sarafidis et al., 2006). The possibility of reverse causation is not ruled out given the
cross-sectional nature of the present study. Our hypothesis is also supported by the
overall risk diagram in BKMR analysis, which shows that the combined effect of

urinary metal mixture might have an inverse relationship with MetS.

Moreover, the present study has evaluated the sex differences in the relationship
between urinary Mn and MetS. For example, the third quartile of urinary Mn had an
inverse association with the MetS among men (OR at Q4: 0.40, 95% C.I. = 0.16-0.99)
but not women (OR= 0.63, 95% C.I. = 0.20-2.01). Sex differences in the response to
hormones may help to explain the relationship between Mn and cardiometabolic
biomarkers. Back in 2000s, researchers have found that higher testosterone levels and
lower plasma levels of sex hormone-binding globulin (SHBG) significantly linked to
an elevated risk of diabetes among women, and the relationship was weaker among
men (Ding et al., 2006; Ding et al., 2007). It is possible that Mn involves in the

interactions between SOD, SHBG and other sex hormones. However, correlation study



352

353

354

355

356

357

358

359

360

361

362

363

364

365

366

367

368

369

370

371

372

373

on the association between SOD and estradiol (a precursor of SHBG) may not fully
support this hypothesis (Skiljic et al., 2016), while low SHBG is associated with MetS
among men and women (Weinberg et al., 2006; Mohammed et al., 2018). Another
potential explanation is the sex difference in smoking habit. Previous study suggested
that smokers may have higher serum Mn levels than non-smokers due to exposure from
cigarettes (Ates Alkan et al., 2019). In our study sample, a higher proportion of males
were smokers, which may explain the sex-specific association in the odds of elevated
WC. However, we need to interpret the data cautiously because there is no significant
interaction between sex and Mn exposure in the logistic regression analysis. The
presence of sex-specific associations and the physiological mechanisms behind

warrants further investigation.

Besides, we have compared the magnitude of association and trend analysis from
logistic regression, with the dose-response relationship being tested from restricted
cubic spline analysis. From these comparisons, urinary Mn has demonstrated a non-
monotonic relationship with MetS (U-shaped association with MetS at Q2 and Q3 of
urinary Mn from logistic regression, Pnon-linear = 0.008 in restricted cubic spline analysis)
among overall participants. While lower level of urinary Mn indicates the problem of
deficiency, diabetic patients with liver disorders may have increased excretion of Mn
from bile and urine (el-Yazigi et al., 1991). Moreover, blood Mn might have positive
association with elevated FPG among women (P trend=0.031 and positive association
at Q4 of blood Mn from logistic regression, Poveran = 0.021, Pnon-linear = 0.482 in

restricted cubic spline analysis). As indicated by a review paper, blood Mn levels can
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be increased or decreased among people with diabetes (Li and Yang, 2018). Although
the interpretation on possible sex-specific relationship should be cautious due to is no
significant interaction between sex and Mn exposure, our findings do provide additional

evidence into the body of knowledge.

The strength of the present study is the use of data collected by rigorous protocol
and extensive quality-control procedures, in which technicians were trained and
certified in data collection. However, we should interpret the study findings carefully
by noting several limitations. First, residual confounding effects could not be fully
addressed, such as the influence of Mn from dietary sources and physical activities on
cardiometabolic health. In addition, the cross-sectional nature of the present study was
not able to rule out how changes in metabolism, lifestyle or medication use may affect
the levels of urinary metal and cardiometabolic biomarkers. Another limitation is the
measurement of metal exposure at single time point, which may not reflect the long-
term and cumulative exposure. Moreover, findings from our study sample may not be
generalized to the total population in the U.S. despite accounting for the sampling
weight. Finally, Mn levels may vary by lifestyles and dietary patterns, therefore our

findings may not be directly extrapolated to all individuals.

To conclude, urinary Mn may associate with the odds of MetS with U-shaped
relationships and might have sex-specific differences. No significant associations were
observed between blood Mn and the odds of MetS. More mechanistic studies and
prospective cohorts are necessary to verify the potential sex and specimen specific roles

of Mn in cardiometabolic health.



396

397

398

399

400

401

402

403

404

405

406

407

408

409

410

411

412

413

414

415

416

417

Funding sources
The present study was supported The National Key Research and Development

Program of China (Grant Number: 2017YFC1307603).

Acknowledgement

None declared.

References

Adisen, E., Uzun, S., Erduran, F., Gurer, M.A., 2018. Prevalence of smoking, alcohol
consumption and metabolic syndrome in patients with psoriasis. An Bras Dermatol 93,
205-211.

Ates Alkan, F., Karis, D., Cakmak, G., Ercan, A.M., 2019. Analysis of the Relationship
Between Hemorheologic Parameters, Aluminum, Manganese, and Selenium in
Smokers. Biol Trace Elem Res 187, 22-31.

Bachner, P., Hamlin, W., 1993a. Federal regulation of clinical laboratories and the
Clinical Laboratory Improvement Amendments of 1988--Part I. Clin Lab Med 13, 739-
752; discussion 737-738.

Bachner, P., Hamlin, W., 1993b. Federal regulation of clinical laboratories and the
Clinical Laboratory Improvement Amendments of 1988--Part Il. Clin Lab Med 13,
987-994.

Baker, M.G., Simpson, C.D., Stover, B., Sheppard, L., Checkoway, H., Racette, B.A.,
Seixas, N.S., 2014. Blood manganese as an exposure biomarker: state of the evidence.
J Occup Environ Hyg 11, 210-217.

Barr, D.B., Wilder, L.C., Caudill, S.P., Gonzalez, A.J., Needham, L.L., Pirkle, J.L.,



418

419

420

421

422

423

424

425

426

427

428

429

430

431

432

433

434

435

436

437

438

439

2005. Urinary creatinine concentrations in the U.S. population: implications for urinary
biologic monitoring measurements. Environ Health Perspect 113, 192-200.
Bishehsari, F., Voigt, R.M., Keshavarzian, A., 2020. Circadian rhythms and the gut
microbiota: from the metabolic syndrome to cancer. Nat Rev Endocrinol 16, 731-739.
Bobb, J.F., Valeri, L., Claus Henn, B., Christiani, D.C., Wright, R.O., Mazumdar, M.,
Godleski, J.J., Coull, B.A., 2015. Bayesian kernel machine regression for estimating
the health effects of multi-pollutant mixtures. Biostatistics 16, 493-508.

Bulka, C.M., Persky, V.W., Daviglus, M.L., Durazo-Arvizu, R.A., Argos, M., 2019.
Multiple metal exposures and metabolic syndrome: A cross-sectional analysis of the
National Health and Nutrition Examination Survey 2011-2014. Environ Res 168, 397-
405.

Burlet, E., Jain, S.K., 2013. Manganese supplementation reduces high glucose-induced
monocyte adhesion to endothelial cells and endothelial dysfunction in Zucker diabetic
fatty rats. J Biol Chem 288, 6409-6416.

Centers for Disease Control and Prevention, 2011. NHANES Laboratory Procedures
Manual. Atlanta, GA: Centers for Disease Control and Prevention.

Choi, M.K., Bae, Y.J., 2013. Relationship between dietary magnesium, manganese, and
copper and metabolic syndrome risk in Korean adults: the Korea National Health and
Nutrition Examination Survey (2007-2008). Biol Trace Elem Res 156, 56-66.

Ding, E.L., Song, Y., Malik, V.S., Liu, S., 2006. Sex differences of endogenous sex
hormones and risk of type 2 diabetes: a systematic review and meta-analysis. JAMA

295, 1288-1299.



440

441

442

443

444

445

446

447

448

449

450

451

452

453

454

455

456

457

458

459

460

461

Ding, E.L., Song, Y., Manson, J.E., Rifai, N., Buring, J.E., Liu, S., 2007. Plasma sex
steroid hormones and risk of developing type 2 diabetes in women: a prospective study.
Diabetologia 50, 2076-2084.

Domingo-Relloso, A., Grau-Perez, M., Briongos-Figuero, L., Gomez-Ariza, J.L.,
Garcia-Barrera, T., Duenas-Laita, A., Bobb, J.F., Chaves, F.J., Kioumourtzoglou, M.A.,
Navas-Acien, A., Redon-Mas, J., Martin-Escudero, J.C., Tellez-Plaza, M., 2019. The
association of urine metals and metal mixtures with cardiovascular incidence in an adult
population from Spain: the Hortega Follow-Up Study. Int J Epidemiol 48, 1839-1849.
el-Yazigi, A., Hannan, N., Raines, D.A., 1991. Urinary excretion of chromium, copper,
and manganese in diabetes mellitus and associated disorders. Diabetes Res 18, 129-134.
Expert Panel on Detection, E., 2001. Executive Summary of The Third Report of The
National Cholesterol Education Program (NCEP) Expert Panel on Detection,
Evaluation, And Treatment of High Blood Cholesterol In Adults (Adult Treatment
Panel I11). JAMA 285, 2486-2497.

Godin, O., Bennabi, D., Yrondi, A., Richieri, R., D'Amato, T., Bellivier, F., Bougerol,
T., Horn, M., Camus, V., Courtet, P., Doumy, O., Genty, J.B., EI-Hage, W., Haesebaert,
F., Holtzmann, J., Lancon, C., Leboyer, M., Llorca, P.M., Maruani, J., Moliere, F.,
Samalin, L., Schmitt, L., Stephan, F., Vaiva, G., Aouizerate, M.W.B., Haffen, E.,
FondaMental Advanced Centers of Expertise in Resistant Depression, C., 2019.
Prevalence of Metabolic Syndrome and Associated Factors in a Cohort of Individuals
With Treatment-Resistant Depression: Results From the FACE-DR Study. J Clin

Psychiatry 80, 0-0.



462

463

464

465

466

467

468

469

470

471

472

473

474

475

476

477

478

479

480

481

482

483

Gong, J.H., Lo, K., Liu, Q., Li, J., Lai, S., Shadyab, A.H., Arcan, C., Snetselaar, L., Liu,
S., 2020. Dietary Manganese, Plasma Markers of Inflammation, and the Development
of Type 2 Diabetes in Postmenopausal Women: Findings From the Women's Health
Initiative. Diabetes Care 43, 1344-1351.

Hou, Q., Huang, L., Ge, X,, Yang, A., Luo, X., Huang, S., Xiao, Y., Jiang, C., Li, L.,
Pan, Z., Teng, T., Zhang, H., Li, M., Mo, Z., Yang, X., 2019. Associations between
multiple serum metal exposures and low birth weight infants in Chinese pregnant
women: A nested case-control study. Chemosphere 231, 225-232.

Jin, R., Zhu, X., Shrubsole, M.J., Yu, C., Xia, Z., Dai, Q., 2018. Associations of renal
function with urinary excretion of metals: Evidence from NHANES 2003-2012.
Environ Int 121, 1355-1362.

Juttukonda, L.J., Berends, E.T.M., Zackular, J.P., Moore, J.L., Stier, M.T., Zhang, Y.,
Schmitz, J.E., Beavers, W.N., Wijers, C.D., Gilston, B.A., Kehl-Fie, T.E., Atkinson, J.,
Washington, M.K., Peebles, R.S., Chazin, W.J., Torres, V.J., Caprioli, R.M., Skaar, E.P.,
2017. Dietary Manganese Promotes Staphylococcal Infection of the Heart. Cell Host
Microbe 22, 531-542 e538.

Li, L., Yang, X., 2018. The Essential Element Manganese, Oxidative Stress, and
Metabolic Diseases: Links and Interactions. Oxid Med Cell Longev 2018, 7580707.
Li, Y., Guo, H., Wu, M., Liu, M., 2013. Serum and dietary antioxidant status is
associated with lower prevalence of the metabolic syndrome in a study in Shanghai,
China. Asia Pac J Clin Nutr 22, 60-68.

Liu, S., Tinker, L., Song, Y., Rifai, N., Bonds, D.E., Cook, N.R., Heiss, G., Howard,



484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

499

500

501

502

503

504

505

B.V., Hotamisligil, G.S., Hu, F.B., Kuller, L.H., Manson, J.E., 2007. A prospective
study of inflammatory cytokines and diabetes mellitus in a multiethnic cohort of
postmenopausal women. Arch Intern Med 167, 1676-1685.

Ma, J., Zhou, Y., Wang, D., Guo, Y., Wang, B., Xu, Y., Chen, W., 2020. Associations
between essential metals exposure and metabolic syndrome (MetS): Exploring the
mediating role of systemic inflammation in a general Chinese population. Environ Int
140, 105802.

Marriott, B.P., Hunt, K.J., Malek, A.M., Newman, J.C., 2019. Trends in Intake of
Energy and Total Sugar from Sugar-Sweetened Beverages in the United States among
Children and Adults, NHANES 2003-2016. Nutrients 11, 2004.

Midi, H., Sarkar, S.K., Rana, S., 2010. Collinearity diagnostics of binary logistic
regression model. J Interdiscip Math 13, 253-267.

Mohammed, M., Al-Habori, M., Abdullateef, A., Saif-Ali, R., 2018. Impact of
Metabolic Syndrome Factors on Testosterone and SHBG in Type 2 Diabetes Mellitus
and Metabolic Syndrome. J Diabetes Res 2018, 4926789.

Nelson, K., Golnick, J., Korn, T., Angle, C., 1993. Manganese encephalopathy: utility
of early magnetic resonance imaging. Br J Ind Med 50, 510-513.

Noor, N., Zong, G., Seely, EW., Weisskopf, M., James-Todd, T., 2018. Urinary
cadmium concentrations and metabolic syndrome in U.S. adults: The National Health
and Nutrition Examination Survey 2001-2014. Environ Int 121, 349-356.

Owumi, S.E., Dim, U.J., 2019. Manganese suppresses oxidative stress, inflammation

and caspase-3 activation in rats exposed to chlorpyrifos. Toxicol Rep 6, 202-209.



506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

525

526

527

Pal, K., Mukadam, N., Petersen, I., Cooper, C., 2018. Mild cognitive impairment and
progression to dementia in people with diabetes, prediabetes and metabolic syndrome:
a systematic review and meta-analysis. Soc Psychiatry Psychiatr Epidemiol 53, 1149-
1160.

Patel, J.S., Oh, Y., Rand, K.L., Wu, W., Cyders, M.A., Kroenke, K., Stewart, J.C., 2019.
Measurement invariance of the patient health questionnaire-9 (PHQ-9) depression
screener in U.S. adults across sex, race/ethnicity, and education level: NHANES 2005-
2016. Depress Anxiety 36, 813-823.

Pfalzer, A.C., Bowman, A.B., 2017. Relationships Between Essential Manganese
Biology and Manganese Toxicity in Neurological Disease. Current environmental
health reports 4, 223-228.

Planchart, A., Green, A., Hoyo, C., Mattingly, C.J., 2018. Heavy Metal Exposure and
Metabolic Syndrome: Evidence from Human and Model System Studies. Curr Environ
Health Rep 5, 110-124.

Rhee, S.Y., Hwang, Y.C., Woo, J.T., Sinn, D.H., Chin, S.O., Chon, S., Kim, Y.S., 2013.
Blood lead is significantly associated with metabolic syndrome in Korean adults: an
analysis based on the Korea National Health and Nutrition Examination Survey
(KNHANES), 2008. Cardiovasc Diabetol 12, 9.

Ross, K.M., Guardino, C., Dunkel Schetter, C., Hobel, C.J., 2020. Interactions between
race/ethnicity, poverty status, and pregnancy cardio-metabolic diseases in prediction of
postpartum cardio-metabolic health. Ethn Health 25, 1145-1160.

Rotter, I., Kosik-Bogacka, D., Dolegowska, B., Safranow, K., Lubkowska, A.,



528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

Laszczynska, M., 2015. Relationship between the concentrations of heavy metals and
bioelements in aging men with metabolic syndrome. Int J Environ Res Public Health
12, 3944-3961.

Roy, C., Tremblay, P.Y., Ayotte, P., 2017. Is mercury exposure causing diabetes,
metabolic syndrome and insulin resistance? A systematic review of the literature.
Environ Res 156, 747-760.

Saklayen, M.G., 2018. The Global Epidemic of the Metabolic Syndrome. Curr
Hypertens Rep 20, 12.

Sarafidis, P.A., Whaley-Connell, A., Sowers, J.R., Bakris, G.L., 2006. Cardiometabolic
syndrome and chronic kidney disease: what is the link? J Cardiometab Syndr 1, 58-65.
Skiljic, D., Nilsson, S., Petersen, A., Karlsson, J.O., Behndig, A., Kalaboukhova, L.,
Zetterberg, M., 2016. Oestradiol levels and superoxide dismutase activity in age-related
cataract: a case-control study. BMC Ophthalmol 16, 210.

Song, Y., Manson, J.E., Tinker, L., Rifai, N., Cook, N.R., Hu, F.B., Hotamisligil, G.S.,
Ridker, P.M., Rodriguez, B.L., Margolis, K.L., Oberman, A., Liu, S., 2007. Circulating
levels of endothelial adhesion molecules and risk of diabetes in an ethnically diverse
cohort of women. Diabetes 56, 1898-1904.

Spratlen, M.J., Grau-Perez, M., Best, L.G., Yracheta, J., Lazo, M., Vaidya, D.,
Balakrishnan, P., Gamble, M.V., Francesconi, K.A., Goessler, W., Cole, S.A., Umans,
J.G., Howard, B.V., Navas-Acien, A., 2018. The Association of Arsenic Exposure and
Arsenic Metabolism With the Metabolic Syndrome and Its Individual Components:

Prospective Evidence From the Strong Heart Family Study. Am J Epidemiol 187, 1598-



550

551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

1612.

Stafoggia, M., Breitner, S., Hampel, R., Basagana, X., 2017. Statistical Approaches to
Address Multi-Pollutant Mixtures and Multiple Exposures: the State of the Science.
Curr Environ Health Rep 4, 481-490.

Tanito, M., Nakamura, H., Kwon, Y.W., Teratani, A., Masutani, H., Shioji, K.,
Kishimoto, C., Ohira, A., Horie, R., Yodoi, J., 2004. Enhanced oxidative stress and
impaired thioredoxin expression in spontaneously hypertensive rats. Antioxid Redox
Signal 6, 89-97.

Tyrrell, J., Melzer, D., Henley, W., Galloway, T.S., Osborne, N.J., 2013. Associations
between socioeconomic status and environmental toxicant concentrations in adults in
the USA: NHANES 2001-2010. Environ Int 59, 328-335.

Ward, N.C., Croft, K.D., 2006. Hypertension and oxidative stress. Clin Exp Pharmacol
Physiol 33, 872-876.

Weinberg, M.E., Manson, J.E., Buring, J.E., Cook, N.R., Seely, E.W., Ridker, P.M.,
Rexrode, K.M., 2006. Low sex hormone-binding globulin is associated with the
metabolic syndrome in postmenopausal women. Metab Clin Exp 55, 1473-1480.

Xu, H., Li, X., Adams, H., Kubena, K., Guo, S., 2018. Etiology of Metabolic Syndrome
and Dietary Intervention. Int J Mol Sci 20, 128.

Yang, J., Yang, A., Cheng, N., Huang, W., Huang, P., Liu, N., Bai, Y., 2020. Sex-specific
associations of blood and urinary manganese levels with glucose levels, insulin
resistance and kidney function in US adults: National health and nutrition examination

survey 2011-2016. Chemosphere 258, 126940.



572

573

574

575

576

577

578

579

580

Zhao, H., Tang, J., Zhu, Q., He, H., Li, S., Jin, L., Zhang, X., Zhu, L., Guo, J., Zhang,
D., Luo, Q., Chen, G., 2020. Associations of prenatal heavy metals exposure with
placental characteristics and birth weight in Hangzhou Birth Cohort: Multi-pollutant
models based on elastic net regression. Sci Total Environ 742, 140613,

Zhou, B., Su, X., Su, D., Zeng, F., Wang, M.H., Huang, L., Huang, E., Zhu, Y., Zhao,
D., He, D., Zhu, X., Yeoh, E., Zhang, R., Ding, G., 2016. Dietary intake of manganese
and the risk of the metabolic syndrome in a Chinese population. Br J Nutr 116, 853-

863.



Click here to access/download;Figure;R2 Figure1_20210308.jpg %

Figure 1. Restricted cubic spline analysis of dose-response relationships between
urinary (A) and blood (B) manganese (Mn) and metabolic syndrome.
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