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Abstract

Trace elements may play an important role in obesity. This study aimed to assess the plasma and dietary intake levels of four trace elements, Mn,
Cu, Zn and Se in a rural Chinese population, and analyse the relationship between trace elements and obesity. A cross-sectional study involving
2587 participants was conducted. Logistic regression models were used to analyse the association between trace elements and obesity; restricted
cubic spline (RCS) models were used to assess the dose-response relationship between trace elements and obesity; the weighted quantile sum
(WQS) model was used to examine the potential interaction of four plasma trace elements on obesity. Logistic regression analysis showed that
plasma Se concentrations in the fourth quartile (Q4) exhibited a lower risk of developing obesity than the first quartile (Q1) (central obesity:
OR =0-634, P=0-002; general obesity: OR=0-525, P=0-005). Plasma Zn concentration in the third quartile (Q3) showed a lower risk of
developing obesity in general obesity compared with the first quartile (Q1) (OR = 0-625, P= 0-0306). In general obesity, the risk of morbidity was
1-727 and 1-923 times higher for the second and third (Q2, Q3) quartiles of dietary Mn intake than for Q1, respectively. RCS indicated an inverse
U-shaped correlation between plasma Se and obesity. WQS revealed the combined effects of four trace elements were negatively associated
with central obesity. Plasma Zn and Se were negatively associated with obesity, and dietary Mn was positively associated with obesity. The
combined action of the four plasma trace elements had a negative effect on obesity.
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The prevalence of obesity is increasing at an alarming rate
worldwide today, with more than one billion people worldwide
suffering from obesity according to the latest figures from the
WHO™. Obesity directly or indirectly increases the risk of many
chronic diseases, such as type 2 diabetes mellitus, hyper-
lipidaemia, hypertension, neurological diseases and even

cancer?. Studies have found that overweight and obesity are
important causes of increased all-cause mortality®. In 2017
alone, overweight and obesity caused more than 4 million deaths
and 148 million disability-adjusted life years globally®. Obesity
has become one of the most serious global public health
problems and seriously threatens human life and health.

Abbreviations: RCS, restricted cubic spline; WQS, weighted quantile sum.
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Understanding the pathogenesis of obesity and its factors is of
great importance for public health. In recent years, as research
progressed, the important role of trace elements in the
development of obesity, including their role in the development
of various diseases, has been gradually recognised. For example,
Cu, Zn and Se play an essential role in cardiovascular protection;
Mn is involved in lipid metabolism and is a component of many
enzymes including arginase, glutamine synthetase, phosphoe-
nolpyruvate decarboxylase and Mn superoxide dismutase®®. In
addition, these trace elements are cofactors of many enzymes
involved in the antioxidant defence system and are associated
with changes in the body’s homoeostatic mechanisms, particu-
larly inflammation and oxidative stress, which are important in
the prevention of obesity”®. Studies have found that the
prevalence of obesity is significantly higher in areas with a high
prevalence of certain micronutrient deficiencies®!?’. Several
other studies have also found that overweight or obese
individuals are more likely to have micronutrient deficiencies
relative to normal-weight individuals'%'?. These findings
suggest a possible association between increased obesity
prevalence and micronutrients.

The impact of micronutrients on the development of obesity
in the population is complex and variable in terms of daily
dietary intake and potential mechanisms of action. A study by
Major et al. found that trace elements may play an important role
in central nervous system function and food intake control
through synthesising and regulating neurotransmitters!'®.
However, several inconsistencies were noted regarding the

14,15 Ror

association between obesity and micronutrients
example, data on the relationship between obesity and Se were
contradictory'®, and the reasons for these contradictory results
are still unknown.

The control and management of obesity require the
identification of its potential factors. Therefore, this study aimed
to analyse the relationship between plasma and dietary trace
element (Mn, Cu, Zn and Se) intake with obesity and to provide a
scientific basis for scientific diet and health promotion for obese
people in rural China. The results of this study will help raise
public health awareness and reduce the risk of trace element
deficiency-related diseases.

Materials and methods
Study population

The study participants were from the towns of Lianhua and
Limu in the Hongshui River Basin in Gongcheng Yao
Autonomous County, Guangxi, China. The cross-sectional
survey was conducted from December 2018 to November 2019.
A total of 4356 residents aged 30 years or older participated in
the study. Participants met the following criteria: (a) they had
lived in the study area for more than 5 years and (b) they were at
least 30 years old at the time of enrolment. Individuals were
excluded if: (@) recently taken diet pills, (b) those with
abnormal plasma metal concentration (higher than three times
the 99th percentile), (c) participants with abnormal waist
circumference and BMI levels (defined as below mean waist
circumference minus three standard deviations or above mean

waist circumference plus three standard deviations) and
(d) participants with unreasonable energy intake (greater than
16736 KJ (4000 Kcal) or less than 2510 KJ (600 Kcal)). With the
exclusion of participants who failed to complete the required
examination and whose questionnaire data were missing, a
total of 2587 participants were enrolled in the final study. The
currently expected prevalence of general obesity is approx-
imately 18 %7 and the expected prevalence of central obesity
is 44 %'®. The estimated sample size for this study was 1749
according to the cross-sectional sampling survey sample size
formula, so this study increased the sample by 30-35 %. The
study procedures were approved by the Medical Ethics
Committee of Guilin Medical College (No: 20180702-3) and
were conducted by the principles of the Declaration of
Helsinki. Written informed consent was provided by each
participant.

Biochemical analyses

After fasting for at least 12 h, venous blood was drawn by a
professional nurse on the morning of the physical examination
and transferred to the Laboratory Department of Gongcheng
Yao Autonomous County People’s Hospital via cold chain. After
centrifugation at 3000 rpm for 5 min, biochemical parameters
such as total serum cholesterol, TAG, LDL-cholesterol and HDL-
cholesterol and fasting blood glucose were measured using a
chemical auto-analyser (Hitachi 7600-020), and the remaining
blood samples were stored at —80°C for subsequent testing.

Plasma trace element assessment

The method of detection of plasma trace element concentrations
was mentioned in our previously published article?,
Inductively coupled plasma MS (Thermo Fisher Scientific
iCAPRQO01408) was used to measure the plasma trace element
concentrations. In summary, according to the instructions,
plasma samples were transferred from -80°C ambient to room
temperature for dissolution before testing and later diluted 20
times with a concentration of 1 % HNO3. The standard solution
consisted of a mixed standard solution composed of forty-three
elements and a single standard solution composed of six
elements including Cu, Zn, Fe, Mg and Ca. Based on the results of
the pre-experiments, we established standard curves in the
range of 5:05 ~ 1010 ppb and required a correlation coefficient
R?> 0999 to ensure that 80 % of the samples were within the
concentration range of the standard curve. Quality control was
performed by ClinChek® (Level I: No. 8883; Level II: No. 8884;
Recipe Chemicals) for the samples tested, and the quality control
solution was measured every twenty-five samples. In addition,
the spiked recoveries of the four trace elements measured were
in the range of 80-120 %. If any was below the limit of detection,
it was replaced with (limit of detection)//2?%. All trace elements
in this study were above the limit of detection. According to
Berger et al., Mn deficiency is rare in humans and Cu deficiency
may be present in plasma Cu concentrations < 0-08 pg/I?. In
addition, a study by Gac¢ et al. pointed out that the reference
ranges for plasma Zn and Se deficiency in adults are < 660 pg/1
and < 70 pg/l, respectively®?.
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Dietary micronutrient intake assessment

Diet was assessed using a FFQ in reference to the questionnaire
designed by Liu et al.?®. Several previous studies confirmed the
rationality, validity and reliability of the FFQ in assessing long-term
average dietary intake®*?», The FFQ is one of the most commonly
used dietary questionnaire tools, with the following main
components: cereals (9 items) and tuber crops (2 items),
processed vegetables (2 items), fresh vegetables (22 items), fruits
(14 items), processed meat (1 item), fresh meat (6 items), fresh
eggs (3 items), processed eggs (3 items), beans and products
(7 items), nuts and seeds (4 items), alcohol (2 items), and tea a total
of 12 groups and 76 items, including intake of tea (1 item). During
the survey, the researchers asked participants to recall the
frequency and average consumption of 109 food items in the
previous year through a food album aid (including diet items,
measurement tools and weight of each portion) accompanying
the FFQ. The energy and nutrient contents of these foods were
referenced from the Chinese Food Composition Table (2018/2019
edition). The daily intakes of four micronutrients and total energy
were obtained by calculation.

Anthropometric measurements

Height (accurate to 0-1 cm) and weight (accurate to 0-1 kg) were
measured on an electronic digital scale (BODIVIS, MYBODY1) by
trained staff with the participant wearing minimal clothing and no
shoes, and BMI was calculated from the weight and height data as
weight (kg)/height?* (m?). The participants stood naturally and our
staff placed a non-elastic tape at the midpoint of the line between
the upper edge of the participant’s hip bone and the lower edge of
the rib cage, parallel to the floor, around the abdomen, tightly but
without squeezing and measured waist circumference (accurate
to 0-1 cm) at the end of a normal exhalation. Based on the
consensus of Chinese experts on obesity management®
circumference greater than or equal to 90 cm for men and greater
than or equal to 85 cm for women was defined as central obesity;
according to some previous studies, BMI >27-5 kg/m? was
considered generally obese®72®,

, waist

Blood pressure measurements

Blood pressure was measured by staff using an electronic
sphygmomanometer (OMRON, U724]), with participants sitting
still for at least 15 min before measurement, and measured thrice
on different days and averaged.

Data collection

On the morning of the examination, participants were interviewed
face-to-face by professional investigators using standardised and
structured questionnaires to obtain baseline information on sex, age,
ethnicity (Yao or other), smoking (yes or no), alcohol consumption
(yes or no) and agricultural physical activity (yes or no).

Statistical analysis

Continuous information was described by mean values and
standard deviation or median and interquartile range, and
comparisons between groups were made using the independ-
ence ! test or Wilcoxon, Kruskal-Wallis rank sum test.

Frequencies (17%) describe categorical information, and com-
parisons between groups were performed by the y* test or Fisher
exact probability method. Plasma and dietary trace elements
were transformed log10 in the logarithmic form to reduce bias.

First, trace elements were divided into four groups according to
quartiles (Q1, Q2, Q3 and Q4), and the association between plasma
and dietary trace element intake and the risk of obesity development
was assessed by logistic regression models using Q1 as a reference.
Our sample gave us 93-10 % power to detect the OR of 0-634 for the
association of plasma Se with central obesity risk at P < 0-05 (two-
tailed). Subsequently, the dose-response relationship between
micronutrients and obesity was evaluated using a restricted cubic
spline (RCS) model with three cross-sections of the RCS located at
25 %, 50 % and 75 % of the micronutrient concentration range. All
multivariate analyses were adjusted separately for sex, age,
ethnicity, smoking (defined as > 1 cigarette/d), alcohol consump-
tion (defined as > 50 g of alcohol per month), physical activity in
agriculture (engaged in farming, planting and weeding), diabetes
(defined as fasting blood glucose > 7-0 mmol/1 or taking glucose-
lowering medication or doctor-diagnosed diabetes or self-reported
history of diabetes), hypertension (defined as systolic blood
pressure > 140 mmHg or diastolic blood pressure > 90 mmHg or
taking anti-hypertensive medication or doctor’s diagnosis of
hypertension or self-reported history of hypertension) and
hyperlipidaemia (defined as total cholesterol >5-72 mmol/l,
TAG > 1-70 mmol/] or taking lipid-lowering medication).

Second, the overall effect of the four plasma micronutrients on
obesity was assessed utilising a weighted quantile sum (WQS)
regression model. The WQS regression model can combine linear
or logistic regression, which combines multiple variables into a
single score, thus avoiding any over-fitting and collinearity
problems®”. The model combines highly correlated variables in
an efficiently supervised manner to construct a weighted index to
assess the overall effect of multiple variables and the contribution of
each of these components to the overall effect. In brief, each study
factor was divided into four equal parts, and after adjusting for
covariates, the WQS regression outputs an empirically weighted
sum of the quartiles of the study factors. The weights of each study
factor were constrained to be between 0 and 1, with a sum of 1. The
weights were assessed based on the effect of each component on
the outcome, the greater the effect is, the higher the weight. Another
feature of the WQS regression model is that it constrains all
components to be associated in the same direction (positive or
negative) as the outcome®?. According to Czarnota et al., if the
trace elements associated with obesity are misclassified in the
WQS model, they would have negligible weight in terms of WQS
index weight assignment and present the opposite result®"32),
Therefore, we performed two analyses in different directions.

All statistical analyses described above were performed with
SPSS version 26.0, R language (4.2.1) (GWAS), (RMS) package,
and P < 0-05 (two-tailed) was considered statistically significant.

Results
Demographic characteristics

General demographic characteristics are shown in Table 1, and
2587 participants were included in the analysis. Of these, 203
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Table 1. Descriptive characteristics of the subjects (Numbers and percentages; mean values and standard deviations)
Total No obesity Central obesity P No obesity General obesity P
n 2587 n 2061 n 526 n 2384 n 203
n % n % n % n % n %
Age
Mean 57-68 57-68 57-65 0-848 57-99 54.01 < 0-001
SD 1194 12.23 10-74 11.98 10-79
Sex 0-002 0-925
Male 986 381 816 396 170 323 908 381 78 384
Female 1601 619 1245 60-4 356 677 1476 61-9 125 61-6
Ethnicity 0-531 0-009
Yao 1930 74-6 1532 743 398 757 1763 74-0 16 782-3)
Other 657 254 529 257 128 24.3 621 260 36 177
Smoking status < 0-001 0-013
Yes 474 18-3 412 200 62 11.8 450 18-9 24 11-8
No 2113 81.7 1649 80-0 464 88-2 1934 81-1 179 88-2
Drinking status 0-196 0072 ~
Yes 848 328 688 334 160 304 793 333 55 271 =
No 1739 672 1373 66-6 366 69-6 1591 66-7 148 72-9 i
Agricultural activities 0-001 0-750 ;
Yes 1694 655 1381 67-0 313 59.5 1559 65-4 135 66-5 =~
No 893 345 680 33.0 213 405 825 34-6 68 335
Hypertension < 0-001 < 0-001
Yes 1193 461 868 421 325 61-8 1069 44.8 124 61-1
No 1394 539 1193 57-9 201 382 1315 552 79 389
Hyperlipidaemia < 0-001 < 0-001
Yes 1269 491 925 44.9 344 654 1136 477 133 65-5
No 1318 509 1136 55-1 182 346 1248 523 70 34.5
Diabetes < 0-001 < 0-001
Yes 315 12.2 201 98 114 21.7 274 115 41 20-2
No 2272 878 1860 90-2 412 783 2110 885 162 79-8
Median Interquartile range  Median Interquartile range  Median Interquartile range Median Interquartile range  Median Interquartile range
Plasma Mn (pg/l) 214 1.55, 3-03 212 1-54, 3-00 221 1.57, 315 0-162 213 1.54, 3-02 2:24 1-61, 310 0-140

Plasma Cu (ng/l) 919-36  804-20, 1039-58 917-13  799-44, 103822 929-81 823.74, 1047-40 0-071 919-12  802:12, 1038-53 926-57  821.03, 1055-27 0455
Plasma Zn (pg/l) 106724  762-.02, 4793-93 107860  761-37,4830-75 1030-03  763-49, 4084-60 0411 1073-85  762:06, 4753-07 993-15  761-43, 5321-49 0-813

Plasma se (pg/l) 109-22 94.59, 123-32 109-64 94-89, 123-89 107-78 93-39, 120-97 0-042 109-29 94-88, 123-60 107-87 92.06, 118-17 0-053
Dietary Mn (mg/d) 3-90 279, 5-42 3-89 277, 541 3:96 2-82, 5-49 0-381 3-87 275, 5-38 4.35 322, 6-20 < 0-001
Dietary Cu (mg/d) 0-99 0-66, 1-49 0-98 0-65, 1-49 1.00 0-68, 1-49 0-526 0-98 0-64, 1-48 1.07 0-74 1-65 0-014
Dietary Zn (mg/d) 6-74 4.72,9-54 6-76 471, 9-56 6-67 477, 9-45 0-866 6-70 4-67, 9-548 716 527, 10-31 0-018
Dietary se (mg/d) 17-61 11.08, 28-21 17.62 11.08, 28-16 17-49 11.35, 28-38 0722 17-50 10-98, 28-00 19-67 12.65, 29-65 0-064
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Table 2. The logistic regression model for the association between plasma trace elements and obesity (Odds ratios and 95 % confidence intervals)

Q1 Q2 Q3 Q4
OR 95 % Cl P OR 95 % Cl P OR 95 % ClI P

Central obesity

Mn (ug/l) 1-00 (Ref) 1.037 0-776, 1-387 0-805 1.059 0-790, 1-420 0-703 1-168 0-874, 1-560 0-294
Cu (pg/l) 1-00 (Ref) 1142 0-853, 1-529 0-373 1-093 0-814, 1-467 0-554 0-962 0712, 1-301 0-802
Zn (pg/l) 1.00 (Ref) 1.044 0-788, 1-382 0-765 0-837 0628, 1-115 0-224 0-865 0-643, 1-164 0-338
se (ng/l) 1-00 (Ref) 0-995 0-754,1-313 0972 0-814 0-614, 1-079 0152 0-634 0-472, 0-852 0-002
General obesity

Mn (ug/l) 1-00 (Ref) 1.022 0-658, 1-588 0-922 1.015 0-655, 1-572 0-947 0-979 0633, 1-515 0-926
Cu (pg/l) 1.00 (Ref) 1.312 0-851, 2.021 0-218 1-036 0-657, 1-633 0-880 1.427 0913, 2:231 0-119
Zn (pg/l) 1-00 (Ref) 0-939 0-623, 1-416 0-764 0-625 0-403, 0-970 0-036 0-743 0-485, 1-138 0171
se (pg/l) 1.00 (Ref) 0-838 0-558, 1257 0-393 0-816 0547, 1218 0-319 0-525 0-335, 0-822 0-005

Adjusted for age, sex, ethnicity (Yao or other), agricultural activities (yes or no), type 2 diabetes (yes or no), hyperlipidaemia (yes or no), hypertension (yes or no), smoking (yes or no),
alcohol consumption (yes or no) and total energy intake (continuous variable).

(7-85 %) were generally obese and 526 (20-33 %) were centrally Weighted quantile sum regression model to assess the
obese. In the total population, the median plasma levels of the association between plasma trace elements and obesity
four trace elements Mn, Cu, Zn and Se were 2-14, 919-36, 1067-24
and 109-22 (ug/D, respectively, with 272 (10-51 %) Zn-deficient
and 90 (3-48 %) Se-deficient individuals; the median intakes of
the four trace elements were 3-90, 0-99, 6-74 and 17-61 (mg/d).
In the comparison between groups, there were significant
differences between the two obese phenotypes and non-obese
in smoking, hypertension, hyperlipidaemia and diabetes
mellitus; there were significant differences between the general
obese and non-obese groups in age, ethnicity and intake of Mn,
Cu and Zn.

The results of the WQS regression model for plasma micro-
nutrients and obesity are shown in Table 4. The estimated
weights for each wq index are shown in Fig. 2; the highest
weights of the four plasma trace elements for obesity were Mn
and Cu, respectively (central obesity: Mn — 0-689, Cu — 0-228;
general obesity: Cu — 0-674, Mn — 0-200). To further analyse the
changes in the effects of mixtures on body indices, for
continuous outcome waist circumference and BMI, a WQS
model was installed to assess the influences of exposure to the
four trace elements on obesity indices. As shown in Table 4, the
wq index was significantly negatively associated with BMI
Logistic regression analysis of micronutrients and obesity (f=-0-264, 95% CI —0-479, =0-050). Regarding the weighted
estimation of wq index weight, Fig. 2(d) shows that Mn and Se
contributed the largest weight to BMI, whereas waist circum-
ference was the largest contribution of Mn and Cu.

We also analysed whether there was a negative association
between micronutrients and obesity. The results are shown in
Table 5; wq index was significantly negatively associated with
central obesity, waist circumference and BMI (central obesity:
(central obesity: OR=0-634, P=0-002; general obesity: f=—-0-174, 95% CI —0-342, —0-006; waist circumference:
OR=0-525, P=0-005). Compared with Q1, Q3 plasma Zn f=—1-170, 95% CI —1.769, —0-567; BMI: = —0-250, 95% CI
concentrations showed a lower risk of developing general
obesity (OR = 0-625, P=0-030).

The results of the logistic regression analysis of dietary

After adjusting for ethnicity, smoking, alcohol consumption, sex,
age, physical labour, hypertension, hyperlipidaemia, diabetes
and total energy intake as covariates, the results of logistic
regression analysis of plasma trace elements and obesity are
shown in Table 2. Compared with QI1, Q4 plasma Se
concentrations exhibited a lower risk of obesity development

—0-442, —0-059), and the estimated weight of wq index is shown
in Fig. 3, where Zn was the largest contributor to this negative

association.
micronutrients and obesity are shown in Table 3. In general
obesity, the risk of Mn intake was 1-727 (P=0-024) and 1923
P=0-009) times higher in Q2 and Q3 than in Q1, respectively.
( 9) times higher in Q Q3 in Q1, respectively Discussion

As essential trace elements for life activities, whether deficient or

Restricted cubic spline model analysis of micronutrients excessive, they may lead to physiological dysfunction,

and obesity decreased resistance and immunity and cause a variety of
The dose-response relationship between micronutrients and the diseases. In the present study, we assessed the plasma and
risk of obesity development was assessed by the RCS model; dietary intake levels of four trace elements in the rural Chinese
after adjusting for ethnicity, smoking, alcohol consumption, sex, population and evaluated their association with obesity based on
age, physical labour, hypertension, hyperlipidaemia, diabetes logistic regression model. Then we analysed the potential
and total energy intake as covariates, the results of the analysis interactions of the four plasma trace elements through the WQS
are shown in Fig. 1. Plasma Se concentration (Fig. 1(d)) was model. Logistic regression analysis revealed that plasma Zn and
associated with obesity in an inverted U-shape (central obesity: Se reduced the risk of obesity and dietary Mn increased the risk
P-overall £0-001, P-nonlinear = 0-004, general obesity: P-over- of obesity. RCS analysis also showed an inverse U-shaped

all =0-004, P-nonlinear = 0-015). association between plasma Se and the risk of obesity. WQS
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Table 3. The logistic regression model for the association between dietary trace elements and obesity (Odds ratios and 95 % confidence intervals)

Qf Q2 Q3 Q4
OR 95 % Cl P OR 95 % Cl P OR 95 % ClI P
Central obesity
Mn (mg/d) 1.00 (Ref) 1126 0-841, 1.507 0-426 1-146 0-839, 1-565 0-392 1.079 0-739, 1.577 0-694
Cu (mg/d) 1-00 (Ref) 1-066 0-791, 1435 0-676 1-308 0-950, 1-801 0-100 1.078 0-711, 1-634 0.722
Zn (mg/d) 1.00 (Ref) 1.224 0914, 1.640 0175 1125 0-817, 1-550 0-471 0-932 0-610, 1-425 0-745
se (mg/d) 1-00 (Ref) 1-221 0-914, 1631 0-176 1131 0-829, 1-543 0-437 0-997 0-680, 1-463 0-989
General obesity
Mn (mg/d) 1-00 (Ref) 1.727 1.076, 2.771 0-024 1.923 1-178, 3-140 0-009 1.755 0.971, 3:172 0-062
Cu (mg/d) 1.00 (Ref) 1.290 0-815, 2.043 0-277 1.477 0-904, 2:412 0-119 1.266 0-678, 2-365 0-459
Zn (mg/d) 1-00 (Ref) 1.578 0-997, 2.497 0-051 1.442 0-876, 2-375 0-150 1-482 0.779, 2.817 0-230
se (mg/d) 1.00 (Ref) 1-469 0-940, 2.295 0-091 1.367 0-851, 2:196 0-196 1.134 0-636, 2:021 0-670
(a) P-overall = 0-630 P-non-linear = 0-510 P-overall = 0-968 P-non-linear = 0-891 (b) P-overall = 0-589 P-non-linear = 0-431 P-overall = 0-253 P-non-linear = 0-141
3‘71.5 5—2 Z\—LS . =
R g4 g 39 g
S 40 6] o] 8 -5
_3.
00 0-4 0-8 0-0 04 0-8 > 2:6 2.8 3.0 2:6 28 3.0
plasma Manganese (ug/L) plasma Manganese (ug/L) plasma Copper (ug/L) plasma Copper (ug/L)
P-overall = 0-693 P-non-linear = 0-838 _15 P-overall = 0-090 P-non-linear = 0-767 P-overall = 0-939 P-non-linear = 0-977 P-overall = 0-456 P-non-linear = 0-956
z-ls R %15 22
3 i 3
£ 2.0 < 25 2 -2-0 < -3
% 25 ég 4.5 % -25 ;E) .
© 30 © 30 © s
0-0 0-4 0-8 00 0-4 0-8 -0-4 0-0 0-4 —0-4 0-0 0-4
dietary Manganese (mg/day) dietary Manganese (mg/day) dietary Copper (mg/day) dietary Copper (mg/day)
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Fig. 1. Dose-response relationship between log10-transformed trace elements and obesity. The solid and dotted lines represent the fitting curves and 95 % ClI,
respectively. Adjusted for age, sex, ethnicity (Yao or other), agricultural activities (yes or no), type 2 diabetes (yes or no), hyperlipidaemia (yes or no), hypertension (yes or
no), smoking (yes or no), alcohol consumption (yes or no) and total energy intake (continuous variable).

model analysis revealed a negative joint effect of combined
exposure of the four trace elements on obesity.

Mn is the 12th most abundant element in the earth’s crust®
and is widely present in soil, water and food. Our study found
that increased intake of Mn resulted in a higher risk of
developing general obesity. According to the appropriate
standard of Mn intake for healthy individuals described in the
US Food and Drug Administration 1991-1997 Total Diet Study,
the daily intakes for adult males and females are 2-3 and

1-8 mg/d, respectively®®. The median intake of Mn in our study
population was 3-9 mg/d, which was higher than the above-
mentioned standard. The study by Lv et al. also confirmed that
excess Mn induced lipogenesis and accumulation in the intestine
through deacetylation of the oxidative stress-SIRT 1-PPARy
pathway®®. In addition, recent experimental studies found that
Mn levels dys-regulated TFEB, Beclin 1, Bcl-2 and mTOR
proteins and induce dys-regulation of autophagy, another
potentially relevant pathway for Mn and central obesity©@®37,
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Table 4. WQS model to estimate the associations between WQS index
and obesity (95 % confidence intervals)

Outcomes B 95% Cl of g P
Central obesity
Model 1 0-083 —0-074, 0-240 0-302
Model 2 -0-018 —0-176, 0-141 0-828
General obesity
Model 1 0-047 —-0-211, 0-305 0-720
Model 2 —0-033 -0-278, 0-213 0-795
Waist circumference
Model 1 0-191 —0-457, 0-839 0-564
Model 2 0-067 —0-523, 0-657 0-825
BMI
Model 1 0-032 —-0-235, 0-172 0-763
Model 2 -0-264 —0-479, —0-050 0-002

WQS, weighted quantile sum.

S estimates represent the OR of obesity when the WQS index was increased by one
quartile. Model 1: adjusted for crude. Model 2: adjusted for age, sex, ethnicity (Yao or
other), agricultural activities (yes or no), type 2 diabetes (yes or no), hyperlipidaemia
(yes or no), hypertension (yes or no), smoking (yes or no), alcohol consumption (yes or
no) and total energy intake (continuous variable).

However, contradictory results on the effects of Mn intake on
obesity remain. Data from a Chinese National Nutrition and
Health Survey showed that higher Mn intake was negatively
associated with central obesity in men®®. In addition, unlike the
findings below, we did not find an association between plasma
Mn and obesity. A cross-sectional study in Poland found that
serum Mn concentration was significantly and positively
associated with BMI, waist circumference and waist-to-hip
ratio®. A national nutrition and health survey of children and
adolescents in the USA showed that Mn increases the risk of
obesity“?. It may be influenced by factors such as age, sex or
exposure, as in the study by Tao et al. who observed significant
sex differences in the relationship between blood Mn levels and
visceral adipose tissue accumulation®”. The current inadequate
biological evidence on Mn and the many conflicting results of
cross-sectional studies require more large cohort studies similar
to long-term follow-up or with full consideration of various
confounding factors (sex, age) to further reveal the association
between Mn and obesity.

Cu is the third most essential trace element and one of the
components of antioxidant enzymes. Cu can affect oxidative
stress, which is a fundamental mechanism in the development of
obesity and its associated complications, through a variety of
mechanisms“?). First, glutathione is a powerful cellular antioxi-
dant and high levels of Cu can decrease glutathione levels in the
body, thereby increasing oxidative stress“?. Second, Cu can
promote oxidative stress through the up-regulation of several
cytokines including activator protein-1, hypoxia-inducible factor
1-a, IL-6, IL-1f3, TNF and IL-8“%. A cross-sectional study found
that elevated serum Cu levels were associated with a high ratio of
overweight/overall obesity and central obesity in children and
adolescents®. Several other studies have also shown that serum
Cu levels were significantly higher in overweight and obese
patients than in those of normal weight““®%?_ Unexpectedly, we
did not observe an association between Cu and obesity, perhaps
influenced by population characteristics such as age and sex.
Previous studies reported significant differences in plasma Cu
concentrations across sex and age groups, with females being

significantly higher than males and plasma Cu/Zn increasing
significantly with ageing®®. In addition, Koppel et al. found an
antagonistic effect between Zn and Cu”, an important factor
that we must consider.

Zn is an essential trace element for balancing the body’s diet
and vital activities. Studies have found that Zn deficiency or
inadequate intake can lead to elevated circulating TNF-a and
increase the release of reactive oxygen species in tissues, which
can cause oxidative stress leading to obesity®%>". In addition,
Xiao et al. found that Zn-a2-glycoprotein, an adipokine, can
reduce lipid accumulation by up-regulating lipocalin and
lipolytic genes (FXR, PPARea, etc.) and inhibit NF-kB/JNK
signalling, thereby suppressing obesity and related inflammatory
responses®?. Liu et al. also found that overexpression of the Zn-
a2-glycoprotein gene significantly reduced mice’s body weight
and adipose tissue mass®?. In a study about Mexican adults,
Héctor Hernandez-Mendoza et al. found a negative association
between plasma Zn levels and obesity®?. Several other studies
similarly found a negative association between plasma Zn levels
and waist circumference and/or BMI®>™7, which is consistent
with our findings that plasma Zn was negatively associated with
general obesity. In our study, the median dietary Zn intake of the
total population was 6-74 mg/d, which was lower than the study
by Ju et al. (8-5 mg/d), who found that Zn intake was a protective
factor for overweight/obesity in women®®. Perhaps due to the
influence of sex, we did not find an association between dietary
Zn intake and obesity, and a larger sample size prospective study
is needed.

Se, a vital micronutrient, was first discovered in 1817.
Adequate intake of Se has been found to maintain tissue Se
concentrations and selenoprotein activity, which is important in
preventing the development of obesity and its associated
metabolic disorders® . Nada et al. found that Se can inhibit
fat formation by regulating selenoprotein gene expression and
oxidative stress-related genes©". In addition, a study by Hossain
et al. observed that Se regulated lipid metabolism in humans and
rodents and increasing dietary Se intake has an important role in
the prevention of obesity and diabetes?. Wang et al. found that
Se methionine could reduce obesity by promoting the leukocyte
formation in white adipose tissue®®®. A negative association
between serum Se and obesity was also observed in a study of
adolescent children®®. In a cross-sectional study on National
Health and Nutrition Examination Survey, a negative association
between Se levels and systemic and central obesity was
observed®®. Consistent with these findings, our study found
that plasma Se was negatively associated with central obesity.
Given the pathogenic role played by oxidative stress and
inflammation in the development of obesity, that Se had a
beneficial role in preventing and managing obesity was not
unexpected. We did not observe a correlation between dietary
Se and obesity, and perhaps micronutrient intakes showed large
differences between studies and practice, with medians or mean
not reflecting the true picture. Our results were supported by a
meta-analysis that showed that dietary Se levels did not differ
significantly between overweight/obese and malnourished
groups at all ages®?.

The mechanisms of single metal effects on obesity are well
understood, but research on the overall effects of multiple trace
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Fig. 2. WQS model regression index weights for central obesity (a) and waist circumference (b); general obesity (c) and BMI (d). Models were adjusted for age, sex,
ethnicity (Yao, or other), agricultural activities (yes or no), type 2 diabetes (yes or no), hyperlipidaemia (yes or no), hypertension (yes or no), smoking (yes or no), alcohol
consumption (yes or no) and total energy intake (continuous variable). The horizontal axis represents the exposure and the vertical axis represents the weighting

coefficient. WQS, weighted quantile sum.

Table 5. WQS model to estimate the associations between WQS index
and obesity (95 % confidence intervals)

Outcomes B 95% Cl of P
Central obesity
Model 1 —-0-095 —0-245, 0-056 0-215
Model 2 —0-174 —0-342, —0-006 0-042
General obesity
Model 1 —-0-006 —-0-211, 0-200 0-958
Model 2 -0-118 —0-324, 0-089 0-264
Waist circumference
Model 1 —0-576 —1.205, 0-053 0-073
Model 2 -1170 -1.769, —-0-567 < 0-001
BMI
Model 1 —0-051 —0-205, 0-102 0-512
Model 2 —-0-250 —0-442, —0-059 0-011

WQS, weighted quantile sum.

S estimates represent the OR of obesity when the WQS index was increased by one
quartile. Model 1: adjusted for crude. Model 2: adjusted for age, sex, ethnicity (Yao or
other), agricultural activities (yes or no), type 2 diabetes (yes or no), hyperlipidaemia
(yes or no), hypertension (yes or no), smoking (yes or no), alcohol consumption (yes or
no) and total energy intake (continuous variable).

metals on obesity is quite scarce. Compared with single metal
elements, the mixture of metals reflects real-life metal exposure
scenarios. WQS is a model developed to assess the health effects
of mixture exposures compared with single metal studies, which
are more realistic in real-life scenarios. The current study was

able to assess the overall effect of four trace element exposures
on obesity and the contribution of each component to the overall
effect. Several previous studies have noted that the WQS
regression model had higher sensitivity than other single
analyses in assessing important influences®”. Our study found
that in the positive analysis, the four micronutrients had a
negative effect on BMI, with Mn and Cu accounting for the
highest weighting. In the negative analysis, the combined effect
of the four micronutrients was significantly and negatively
associated with central obesity, waist circumference and BMI
with Zn as the largest contributor. This result is consistent with
the results of the single-metal analysis. However, more studies
are needed to predict the interaction between trace elements
(e.g. Cu and Zn) and to determine the mechanisms involved.
This study combined plasma and diet to analyse the
relationship between multiple micronutrients and obesity to
increase the reliability of the results. It has to be discussed here
that the present study also had some limitations. First, because of
the nature of cross-sectional studies, we were unable to assess
the causal relationship between micronutrients and obesity.
Second, we only analysed plasma and dietary trace elements and
did not take urine into account, so more evidence on urinary
trace elements is needed to support our conclusions. In addition,
although this study adjusted for some potential confounders as
much as possible, information on life circumstances, economic
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coefficient. WQS, weighted quantile sum.

conditions, family history and genetic characteristics was not
taken into account, and the effect of residual confounders was
still unavoidable.

Conclusion

In conclusion, our results suggest that plasma Zn and Se are
negatively associated with obesity, dietary Mn intake is positively
associated with obesity and the combined action of the four trace
elements has a negative effect on obesity. Selective increase of
micronutrients while maintaining safe levels may be a potential
strategy to prevent and treat obesity.
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