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Editorial on the Research Topic
Endocrine regulation of mineral ions and their relevance to metabolic diseases

One of the significant global challenges over the last couple of decades has been the
emergence of the metabolic syndrome, a major global health concern (1). Extensive
research is being conducted to understand and address this issue, with a particular focus
on the role of minerals in metabolic diseases. Essential nutrients and minerals such as
phosphate, calcium, magnesium, zinc, selenium, and iron, along with vitamins, play a vital
role in maintaining the body’s metabolic balance. There is a growing body of research
aimed at better comprehending the significance of minerals and their levels in the body,
especially concerning metabolic syndrome (2-5). Previous study by Hartman et al. have
indicated that salivary phosphate levels can potentially predict the onset of obesity in
children (6). Despite advancements in understanding the underlying mechanisms of
metabolic diseases, there are still gaps in knowledge regarding how imbalances in
various minerals and nutrients contribute to the development and progression of
metabolic disorders.

It is well-documented that minerals and trace elements are essential micronutrients
with well-defined biochemical and biological functions. Inadequacy in these micronutrients
is associated with widespread human health issues. For instance, some diabetic patients
may have deficiencies in zinc, chromium, and magnesium, highlighting the importance of
these minerals in health and disease (7).

Magnesium is an essential nutrient that plays a crucial role in various physiological
functions in the body (8, 9). It has been associated with a protective role in metabolic
disorders, particularly in relation to the activation of vitamin D and its impact on immune
function (10, 11). The paper by Eskander and Razzaque provided evidence that magnesium
may help reduce the severity of asthma symptoms, reduce the intensity of COVID-19
symptoms, and inflammation. Additionally, there is evidence suggesting that magnesium is
involved in improving glucose and insulin metabolism, making it relevant to conditions
such as obesity, metabolic syndrome, and type 2 diabetes (12, 13). However, while the
findings offer valuable insights, further research, including randomized controlled trials, is
needed to validate these associations and determine causality with potential impact on
vaccination and related adverse events (14). The significance of vitamin D and its impact on
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healthy glucose metabolism is an ongoing area of research,
particularly in relation to magnesium. Zittermann et al. described
the potential role of magnesium in the synthesis of vitamin D (15).
Gong et al. concluded that the level of vitamin D is independently
correlated with the HOMA-B index and pancreatic B-cell
dysfunction, and that magnesium intake enhances this
association. However, the cross-sectional nature of the study
prevents the determination of causality. Liu et al. found an
independent association between the level of vitamin D and
insulin resistance, which was modified by different levels of
magnesium intake. The research suggests that optimal
magnesium status may be important for optimizing vitamin D
status (16, 17), and that the interaction between magnesium and
vitamin D has significant implications for metabolic health.

Liu et al. conducted a study to examine the association between
different levels of vitamin D and metabolic health indicators. The
research focused on the relationship between triglycerides/high-
density lipoprotein (TG/HDL) ratio with vitamin D levels and
insulin resistance, impaired glucose tolerance, and diabetes
mellitus. Using a cross-sectional analysis of the American
National Health and Nutrition Examination Survey (NHANES)
database, the authors found that both too-low and too-high levels of
vitamin D3 can support the association of TG/HDL as a risk factor
for Insulin resistance, impaired glucose tolerance, and diabetes
mellitus. They concluded that maintaining vitamin D levels
within an optimal range is essential to delay the progression of
metabolic health issues such as insulin resistance, impaired glucose
tolerance, and type 2 diabetes. The research has also indicated a
connection between obesity and vitamin D deficiency, as well as low
calcium levels (18). Yang et al. suggested that exposure to famine
may be a factor contributing to changes in circulating calcium
concentrations. They proposed that establishing a normal range of
serum calcium and considering famine exposure history, especially
in females, could help identify individuals with abnormal calcium
levels and related diseases early. On the other hand, Li et al.
proposed that low serum calcium could contribute to retinopathy
in non-diabetic individuals. They suggested that maintaining a
higher serum calcium level may be recommended to reduce the
development of retinopathy.

The association between high phosphate levels and glucose
impairment has been a subject of research (4, 19). This line of
investigation originated from the observation of elevated phosphate
levels in the saliva of obese children in Kuwait (6, 20). This led to the
exploration of the potential link between obesity and phosphorus,
and why high phosphate levels are found in obese children.
Alhareky et al. conducted a study examining the beverage
consumption of children in Kuwait, which revealed that those
with high soda consumption had a significantly higher prevalence
of obesity. While high obesity prevalence was also observed with
high milk consumption, it was not as significant, and no such
association was found with high juice consumption. The
investigators discussed the possibility that the phosphate from
soda drinks, in combination with sugar, may contribute to the
development of obesity. The study sheds light on the potential
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impact of beverage choices on obesity and the need for additional
studies to validate these findings. Using the same Kuwaiti cohort, a
study published in 2016 found a significant association between
dental decay and calorie-adjusted sugar intake. Interestingly, the
study also revealed a significantly high percentage of dental decay in
children who consumed a diet low in sugar but high in phosphate,
compared to those who consumed a diet low in both sugar and
phosphate (21). This result highlights the potential impact of both
high sugar and high phosphate consumption on dental health (21,
22). Hetz et al. took a distinct approach to investigating the effects of
excessive phosphate on subcellular cell signaling. They utilized
quantitative proteomics and phosphoproteomics to explore the
role of inorganic phosphate in protein expression and
phosphorylation modification. The researchers also conducted
bioinformatic analyses and literature reviews, revealing that
elevated inorganic phosphate levels can rewire cell signaling
through extensive cross talk. Additionally, their use of western
blot analysis confirmed significant changes in the regulators
responsible for pre-mRNA alternative splicing. The study sheds
light on the potential impact of high phosphate intake on cellular
processes and the need for further research to fully understand its
consequences (23, 24).

The studies have elucidated the complex mechanisms involved
in regulating phosphate homeostasis and its associated cytotoxicity.
The kidney plays a critical role in maintaining the balance of
mineral ions, such as calcium, phosphate, zinc, and magnesium,
in the body, through processes like renal excretion, tubular
reabsorption, and fine adjustments of urinary excretion to
maintain the balance related to net intake. Imbalances in these
ions can lead to unwanted clinical complications, and the kidney’s
role in regulating their balance is of great physiologic importance
(25-28).

The article by Michigami et al. provides an overview of the role
of osteocytes in phosphate metabolism, focusing on their function
as dendritic cells in mineralized bone. The paper discusses how
osteocytes control bone mass by producing sclerostin, an inhibitor
of bone formation, and receptor activator of nuclear factor k B
ligand, an inducer of osteoblastic bone resorption. Additionally, it
highlights the role of osteocytes in governing phosphate
homeostasis through the production of fibroblast growth factor 23
(29). The article also delves into the molecular mechanisms through
which osteocytes regulate phosphate metabolism, shedding light on
their critical role in growth-related alterations and phosphate
sensing in the body.

The study by Mohammadifard et al. provides a systematic
review of randomized clinical trials, summarizing the impact of
consuming whole soy, soy products, and its isolated components on
metabolic syndrome features in adults. The research revealed that
the inclusion of soy products in the diet of patients with metabolic
syndrome effectively improved lipid profile and glycemic
parameters, independent of its impact on anthropometric
measures (30). In a separate study, Yan et al. aimed to determine
the role of soy intake in the risk of type 2 diabetes. The findings
indicated that soy intake from tofu was inversely associated with the
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risk of diabetes among women, with the inverse association being
more pronounced among overweight and postmenopausal women,
but not among men.

These studies underscore the potential benefits of soy and its
products in improving metabolic parameters and reducing the risk
of type 2 diabetes, particularly among specific demographic groups.
A study by Wang et al. sought to investigate the link between
minerals and obesity in children, using data from the NHANES
database from 2007-2014. This cross-sectional study aimed to
enhance understanding of the role of minerals in preventing and
managing obesity in children at high risk (31).

The existing research and reviews underscore the critical role
of minerals in metabolic health and the need for comprehensive
studies to further understand their impact on metabolic
diseases, including obesity, metabolic syndrome, and diabetes.
The findings emphasize the importance of monitoring mineral
intake, addressing potential imbalances, and conducting further
research to advance our understanding of mineral metabolism in
the context of metabolic disorders (32, 33).

The study by Zhang et al. investigated the impact of iron
overload on the development of non-alcoholic fatty liver disease
(NAFLD). The research suggested that introducing iron to male
Sprague Dawley rats fed a high-fat diet could synergistically
exacerbate lipid metabolism disorders, liver injury, and oxidative
damage. Additionally, treating the rats with deferoxamine (DFO)
indicated potential support in reducing lipid metabolism
dysfunction and the progression of NAFLD. The role of iron in
chronic liver disease has been a subject of interest, as iron
accumulation has been observed in various liver conditions,
including hereditary hemochromatosis, alcoholic liver disease,
nonalcoholic fatty liver disease, and hepatitis C viral infection.
Higher iron levels are present not only in patients with hereditary
hemochromatosis but also in those with acquired metabolic
disorders and viral infections. Iron regulation may be disrupted
in patients with chronic liver disease, as the liver’s synthetic
functions, including the production of hepcidin, are decreased
(34). Iron overload can lead to hepatic inflammation and alter
lipid metabolism, contributing to the pathophysiology of chronic
liver disease. The accumulation of iron in the liver is a common
occurrence in conditions such as hereditary hemochromatosis,
alcoholic liver disease, and nonalcoholic fatty liver disease. Ding
et al. conducted a systematic review and meta-analysis of
observational studies to investigate the associations of dietary
iron, copper, and selenium levels with metabolic syndrome. The
results of the study suggested a positive association between
dietary iron levels and metabolic syndrome, while a negative
association was found between dietary copper and selenium
levels and metabolic syndrome.

Zaborova et al. conducted a study to investigate the levels of
macro- and microelements, including potassium, rubidium,
magnesium, calcium, and cesium, in the bodies of young adult
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athletes. The researchers aimed to understand the mineral levels in
athletes during physical activity. The study found that wrestlers
had higher levels of several macro- and microelements, including
some toxic ones. The research highlights the significance of
monitoring mineral levels in athletes to support their overall
health and performance.

The articles published in this Research Topic emphasize the
significance of minerals, their levels, their interrelationships, and
their role in maintaining metabolic homeostasis. Experimental
and clinical studies have revealed a connection between mineral
intake, concentration in the body, and the incidence of metabolic
disorders. The involvement of minerals in muscle contraction,
heart rhythm, nerve impulse conduction, oxygen transport,
enzyme activation, immune functions, antioxidant activity, and
bone health underscores their essential role in the human body.

The articles in this Research Topic also serve to raise
awareness and enhance the knowledge of healthcare providers
regarding the importance of maintaining appropriate mineral
levels to support metabolic homeostasis and prevent or delay
the onset of diseases. Collectively, this body of research
underscores the necessity for dialogue within the healthcare
community to further explore the role of minerals in the
prevention and management of metabolic diseases. Additionally,
it emphasizes the importance of implementing effective
screening and monitoring of mineral levels during routine
physical examinations to increase awareness and encourage the
consumption of healthier foods that are rich in essential
minerals (35).
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The evidence on the protective effects of soy foods against type 2 diabetes has been
inconsistent. We thought to examine the association between the dietary intakes of
soy and the risk of diabetes in a prospective study encompassing 21,925 healthy
Japanese men and women aged 40-79 years. A validated self-administered food
frequency questionnaire determined the intakes of soy, and their associations with risk
of type 2 diabetes were evaluated by the logistic regression analysis. During the 5-year
follow-up period, we observed 593 new cases of type 2 diabetes (302 in men and 291
in women). There was no association between dietary intakes of soy foods and the
risk of type 2 diabetes among men. Whereas among women, higher tofu intake was
inversely associated with risk of type 2 diabetes; the multivariable odds ratios (ORs)
of type 2 diabetes were 0.92 (95% Cl: 0.69-1.21) for 3-4 times per week and 0.67
(95% ClI: 0.49-0.94) for almost daily (p-trend = 0.03) in reference to those consuming
tofu less than 3 times per week. Intakes of boiled beans and miso soup were not
associated with the risk in both genders. The inverse association tended to be more
evident among overweight women and postmenopaused women. In conclusion, the
frequency of tofu intake was inversely associated with the risk of type 2 diabetes
among women.

Keywords: soy, tofu (soybean curd), type 2 diabetes, Japan, isoflavone

INTRODUCTION

Type 2 diabetes is becoming a heavy burden worldwide. Diabetes mellitus is the 7th leading cause
of death, which ignores its secondary complications, whereas it is the 3rd cause of mortality when
secondary complications are also considered. According to the data published by the International
Diabetes Federation (IDF) in the 9th atlas, 463 million diabetics existed worldwide in 2019. It is
expected to rise by 51% and reach 578 million by 2030 and 700 million by 2045 (1). In Japan, the
Ministry of Health, Labor, and Welfare reported in 2019 that 11 million people are suspected of
having diabetes, with a prevalence of 19.7% in men and 10.8% in women (2).
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Soy and Risk of T2D

Soy products have long been considered a source of high-
quality protein and healthful fat (3). The low frequency of
obesity and related metabolic disorders in Asian populations is
thought to be, at least partially, the credit of high soy intake,
a characteristic component in Asiatic diets (4). Several animal
studies showed that a soy-based diet increased insulin sensitivity
and lowered insulin requirement (5-7).

However, the evidence of the protective effects of soy foods
against type 2 diabetes in humans has been inconsistent. A meta-
analysis based on randomized clinical trials showed no overall
significance of soy intake on improvements of fasting glucose or
insulin concentrations (8). Meta-analyses based on observational
studies reached inconsistent conclusions (9-12). Two meta-
analyses suggested that the soy products were associated with a
lower risk of type 2 diabetes mellitus (9, 10). A third meta-analysis
showed that only tofu, but not total soy, was associated with
the reduced risk (11). On the contrary, a fourth meta-analysis
suggested a weak positive association between total legume (soy
+ pulses + peanuts) consumption and the risk of type 2 diabetes,
while soy intake per se was not associated with the risk (12).

In the aforementioned meta-analyses, several heterogeneities
related to the participants’ gender and ethnicity and the type
and the amount of soy food consumption under each study were
discussed. Therefore, in this study, we aim to clarify the gender-
specific association between the dietary intakes of three different
soy foods with the risk of type 2 diabetes among the Japanese
population, whose soy intake is almost 10 times higher than in
western countries (13).

METHODS
Study Population

The Japan Collaborative Cohort Study for Evaluation of Cancer
Risk (JACC Study) is a large prospective cohort study sponsored
by the Japanese Ministry of Education, Sports, and Science in
1988-1990. A total of 1,10,585 residents (46,395 men and 64,190
women) aged 40-79 years from 45 areas throughout Japan were
enrolled in the baseline survey after having informed individual
consent from the participants in 36 study areas or group consent
from community leaders in 9 study areas (14). Participants
completed a self-administered questionnaire at baseline, and
a 5-year follow-up survey was conducted in 31 of the 45
areas involved in the baseline survey, with 46,540 participants
responding. A total of 27,427 (10,589 men and 16,838 women)
individuals completed the 5-year follow-up survey of diabetes
and did not have a history of diabetes at baseline survey time.
Of whom, 21,925 participants (8,413 men and 13,512 women)
had the baseline information on soy intake, including tofu, boiled
beans, and miso soup. Finally, these 21,925 participants were
included in this study (Supplementary Figure S1). The study
design was approved by the ethics committees of Hokkaido
University and Osaka University.

Baseline Survey

The baseline data were collected using a self-administered
questionnaire that included queries on demographic
characteristics, medical history, and lifestyle habits. For soy

foods, the baseline questionnaire included a 40-item food
frequency questionnaire (FFQ) that inquired about the diet over
the past year. The frequency of tofu and boiled beans intake
consisted of five levels (almost never, one or two times per
month, one or two times per week, three or four times per week,
and almost daily). The frequency of miso soup intake consisted
of four levels (almost never, a few days per month, three or
four days per week, and almost daily). The number of bowls
of miso soup consumed per day was also given for those who
responded to daily intake. The FFQ was validated by referring to
12-day weighed dietary records as a standard. The Spearman’s
correlation coefficients for the intake of soy foods between the
FFQ and dietary records were 0.50, 0.30, and 0.69 for tofu, boiled
beans, and miso soup, respectively (15).

Ascertainment of Diabetes

The incidence of type 2 diabetes was defined as self-reported
physician-diagnosed diabetes at the 5-year follow-up survey
for participants without such a history at the baseline survey.
The validity of self-reporting physician-diagnosed diabetes
was evaluated by comparing self-reported diabetes with the
participants’ glucose concentrations or treatment history among
1,230 men and 1,837 women. Diabetes cases were defined as >7.8
mmol/L (>140 mg/dL) fasting serum glucose concentration or >
11.1 mmol/L (>200 mg/dL) randomly measured concentration,
or treatment with oral hypoglycemic agents or insulin (16). The
sensitivity and specificity of self-reporting were 70 and 95%,
respectively, for men and 75 and 98%, respectively, for women.

Statistical Analysis

We categorized the frequency of tofu consumption into three
groups: less than 3 times per week, 3 to 4 times per week, and
almost daily. The frequency of miso soup consumption was
categorized into four groups (less than one bowl per day, one
bowl per day, two bowls per day, and at least three bowls per day).
The frequency of boiled beans consumption was categorized into
three groups (less than weekly, one to two times per week, and at
least three times per week).

Statistical interaction was examined between the intake of soy
foods groups and sex toward the risk of type 2 diabetes. Then,
we calculated the sex-specific mean values and prevalence of type
2 diabetes risk factors and baseline participants’ characteristics
based on the categories of intake of soy foods. Using the lowest
intake frequency category as a reference, we estimated the sex-
specific odds ratios (ORs) and 95% confidence intervals (Cls)
of having developed type 2 diabetes related to the intake of
soy foods by the logistic regression analysis after adjusting for
age and area of residence (Model 1). Model 2 was further
adjusted for body mass index (BMI) (<18.5, 18.5-25.0, or >25
kg/m?), history of hypertension (yes or no), family history of
diabetes (yes or no), sports hours (<5h/ week or >5h/ week),
walking hours (<1h/ day or >1h/ day), alcohol intake (never,
ex-drinker, or current drinker of 0.1-22.9, 23.0-45.9, 46.0-
68.9, or >69.0 g ethanol/day), educational status (<18 or >19
years), sleep duration (<6.0, 6.0-7.0, 7.0-8.0, 8.0-9.0, or >9.0
h/day), smoking status (never, ex-smoker, current smoker of 1-
19 cigarettes/day, or >20 cigarettes/day), mental stress (high or
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TABLE 1 | Sex-specific baseline participants’ characteristics according to intake of soy foods.

Tofu intake p-trend Boiled beans intake p-trend Miso soup intake p-trend

<3 times/week 3-4 times/week Almost daily Less than weekly 1-2 times/week > 3 times /week <1 bowl/day 1 bowl/day 2 bowls/day >3 bowls/day
Men, n 3476 2727 2210 5202 2034 177 2171 1531 2202 2509
Age, year 559 +9.7 56.3 £ 9.5 57.7 £9.3 <0.0001 55.3+95 57.9+94 59.5+9.0 <0.0001 569+9.9 575+97 559+94 56.1 £9.3  <0.0001
History of 20.0 21.8 21.5 0.77 20.8 21.2 21.3 0.02 23.3 22.8 19.4 19.3 0.002
hypertension,
%
Current 53.4 48.4 49.5 0.05 53.6 46.2 45.9 <0.0001 52.4 45.9 50.6 52.5 0.16
smoker, %
Sports>5 74 8.4 9.2 0.10 7.0 9.0 1.5 0.005 8.8 7.5 7.5 8.4 0.01
h/week, %
Walking>1 50.6 50.1 53.2 <0.0001 50.0 52.8 53.2 0.12 47.6 44.6 51.0 58.3 <0.0001
h/day, %
Higher 16.6 18.9 18.4 0.06 171 18.3 20.3 0.01 20.5 21.4 19.7 1.7 <0.0001
education, %
High mental 22.3 22.2 20.3 0.74 23.5 20.2 17.0 0.02 25.3 22.1 22.7 17.5 <0.0001
stress, %
BMI, kg/m? 225+ 27 226+ 2.6 227 +£2.7 0.001 227 +2.7 224 +2.6 223+ 27 0.0005 225+27 224+28 227+26 227 +2.7 0.02
Alcohol 33.1£22.0 33.4+213 35.0 +£22.1  0.0007 35.3+219 30.9 + 22.1 30.9 +£20.3 <0.0001 31.9+225 31.2+209 334+208 36.9+224 <0.0001
intake, g/day
Sleep 7.4 +11 7.4+1.0 75+11 0.0012 75+1.1 74+1.0 75+1.0 0.04 74 +£141 7.4+1.0 74+1.0 7611 <0.0001
duration, h
Unemployed, 15.8 15.8 191 0.61 15.4 181 19.6 0.002 20.9 19.8 13.4 13.7 <0.0001
%
> 1 cup of 45.0 42.4 37.8 <0.0001 421 43.3 41.6 0.002 53.2 4341 42.4 315 <0.0001
coffee/day, %
> 1 cup of 78.2 78.3 79.4 0.64 76.7 81.2 82.1 <0.0001 79.6 79.8 79.9 75.6 0.06
green
tea/day, %
> 3 bowls of 49.2 50.4 48.4 0.04 50.1 491 46.3 0.9 43.8 35.6 47.9 63.8 <0.0001
rice/day, %
Women, n 4689 4436 4387 7942 3322 2248 4432 3331 3386 2363
Age, year 56.7 £9.9 555 +94 56.4 £9.0 0.1309 55.0 +£9.3 57.4+£95 58.6 +£ 9.0 <0.0001 56.5+9.9 56.3+95 554491 56.6 + 9.0 0.08
History of 21.0 19.6 21.2 0.3821 20.0 21.4 21.5 0.02 22.6 21.0 18.6 19.2 0.0002
hypertension,
%
Current 5.1 3.8 2.8 <0.0001 4.6 3.3 2.4 <0.0001 6.0 3.4 2.8 25 <0.0001
smoker, %
Sports> 5 4.0 4.3 5.0 <0.0001 3.9 4.5 6.2 0.0003 4.4 3.8 3.7 6.4 <0.0001
h/week, %

(Continued)
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TABLE 1 | Continued

Tofu intake p- trend Boiled beans intake p-trend Miso soup intake p-trend

<3 times/week 3-4 times/week Almost daily Less than weekly 1-2 times/week > 3 times /week <1 bowl/day 1 bowl/day 2 bowls/day >3 bowls/day
Walking>1 52.7 51.2 51.8 0.019 50.8 53.2 54.0 0.0007 49.5 49.8 52.7 58.2 <0.0001
h/day, %
Higher 8.6 10.0 10.8 0.0004 9.3 10.1 10.8 <0.0001 10.8 1.4 9.5 6.1 <0.0001
education, %
High mental 20.4 19.6 20.6 0.9123 21.1 20.0 17.4 0.24 219 20.6 19.3 17.5 <0.0001
stress, %
BMI, kg/m? 22.7 £ 3.1 228+29 23.0+£ 3.0 0.0005 229+ 3.0 22.7+£29 22.6 £3.0 0.0004 22.7+3.0 227+29 229+29 23.1£3.1  <0.0001
Alcohol 104 £ 14.6 89+ 11.1 9.2+10.6 0.0555 10.3 £ 13.2 82+98 79+10.7 0.0002 10.4+134 8.1 £10.1 95+12.4 9.7 £12.0 0.29
intake, g/day
Sleep 71+1.0 7.0+1.0 71+1.0 0.0527 7.0+1.0 71+1.0 71+1.0 0.54 7.0+1.0 7.0+1.0 71+1.0 7.3+1.0 <0.0001
duration, h
Unemployed, 49.1 48.4 54.4 <0.0001 47.9 53.2 56.0 0.58 51.3 51.4 48.1 51.4 0.54
%
>1 cup of 43.5 447 37.5 <0.0001 42.3 41.8 41.0 0.002 51.9 42.4 37.0 27.6 <0.0001
coffee/day, %
>1 cup of 73.9 76.2 76.8 0.0003 73.0 79.3 79.3 <0.0001 771 79.0 74.0 70.1 <0.0001
green
tea/day, %
>3 bowls of 24.3 21.3 19.4 0.09 22.3 21.8 19.6 0.08 22.2 15.7 19.3 32.9 <0.0001

rice/day, %
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TABLE 2 | Odds ratios (ORs) and 95% confidence intervals (Cls) for risk of type 2 diabetes according to intake of soy foods.

Tofu p-trend Boiled beans p-trend Miso soup p-trend
< 3 times/week 3-4 times/week Almost daily Less than weekly 1-2 times/week >3 times /week <1 bowl/day 1 bowl/day 2 bowls/day >3 bowls/day
Men, n 3476 2727 2210 5202 2034 1177 2171 1531 2202 2509
No. of Cases, n 120 95 87 195 59 48 88 59 79 76
Age- and 1.00 1.06(0.80-1.40) 1.22(0.91-1.63) 0.19 1.00 0.71(0.53-0.96) 0.99(0.71-1.37) 0.40 1.00 1.06(0.75 —1.50)1.11(0.78 —1.59) 0.96(0.65 —1.43) 0.96
area—adjusted
OR (95% Cl)
Multivariable 1.00 1.09(0.82-1.45) 1.26(0.93-1.7) 0.15 1.00 0.77(0.57-1.05) 1.10(0.78-1.55) 0.90 1.00 1.02(0.72-1.46) 1.09(0.76-1.58) 0.94(0.62-1.43) 0.89
adjusted OR
(95% ClIy*
Multivariable 1.00 1.09(0.82-1.46) 1.25(0.91-1.7) 0.17 1.00 0.77(0.56-1.04) 1.07(0.76-1.51) 0.79 1.00 0.99(0.69-1.42) 1.07(0.74-1.55) 0.92(0.6-1.41) 0.82
adjusted OR
(95% ClIy**
Women, n 4689 4436 4387 7942 3322 2248 4432 3331 3386 2363
No. of Cases, n 123 97 71 182 66 43 113 69 57 52
Age- and 1.00 0.86(0.66 —1.14) 0.64(0.48 —0.87) 0.005 1.00 0.79(0.59-1.05) 0.75(0.53-1.05) 0.05 1.00 0.88(0.64 —1.21)0.73(0.50 —1.07)0.85(0.55 —1.32) 0.26
area—adjusted
OR (95% Cl)
Multivariable 1.00 0.90(0.68-1.19) 0.66(0.48-0.91) 0.01 1.00 0.82(0.61-1.10) 0.82(0.57-1.17) 0.17 1.00 0.93(0.67-1.29) 0.82(0.55-1.21) 1.00(0.63-1.59) 0.73
adjusted OR
(95% ClIy*
Multivariable 1.00 0.92(0.69-1.21) 0.67(0.49-0.94) 0.02 1.00 0.82(0.61-1.10) 0.84(0.59-1.20) 0.21 1.00 1.01(0.73-1.41) 0.87(0.59-1.29) 1.05(0.66-1.67) 0.93
adjusted OR
(95% ClIy**
P for sex 0.01 0.27 0.65
interaction

* Adjusted for age, area, energy, body mass index, history of hypertension, family history of diabetes, sports hours, walking hours, alcohol intake, educational status, sleep duration, smoking status, mental stress, work status, and
nutritional factors (coffee, green tea, rice). **Adjusted further for intake of other two soy foods.
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TABLE 3 | Odds ratios (ORs) and 95% confidence intervals (Cls) for risk of type 2 diabetes according to tofu intake among different BMI groups.

Tofu p-trend

<3 times/week 3-4 times/week Almost daily
Men, BMI<25kg/m?, n 2770 2216 1765
No. of cases, n 77 68 62
Age- and area-adjusted OR (95% Cl) 1.00 1.16(0.83-1.62) 1.32(0.94-1.88) 0.11
Multivariable adjusted OR (95% CI)* 1.00 1.17(0.83-1.65) 1.35(0.94-1.94) 0.10
Multivariable adjusted OR (95% CI)** 1.00 1.2(0.85-1.69) 1.42(0.98-2.05) 0.06
Men, BMI>25kg/m?, n 576 438 369
No. of cases, n 35 26 24
Age- and area—adjusted OR (95% ClI) 1.00 1.07(0.62-1.84) 1.19(0.68-2.11) 0.55
Multivariable adjusted OR (95% CI)* 1.00 1.29(0.71-2.35) 1.63(0.84-3.16) 0.14
Multivariable adjusted OR (95% CI)** 1.00 1.25(0.69-2.29) 1.47(0.75-2.88) 0.25
P for BMI interaction 0.91
Women, BMI<25kg/m?, n 3548 3420 3333
No. of cases, n 65 51 45
Age- and area—adjusted OR (95% Cl) 1.00 0.89(0.61-1.3) 0.82(0.56-1.22) 0.32
Multivariable adjusted OR (95% CI)* 1.00 0.89(0.61-1.31) 0.81(0.53-1.23) 0.32
Multivariable adjusted OR (95% CI)** 1.00 0.90(0.61-1.32) 0.80(0.53-1.23) 0.31
Women, BMI>25kg/m?, n 918 860 913
No. of cases, n 53 44 26
Age- and area—adjusted OR (95% Cl) 1.00 0.87(0.57-1.33) 0.48(0.29-0.79) 0.01
Multivariable adjusted OR (95% CI)* 1.00 0.92(0.59-1.43) 0.50(0.29-0.85) 0.01
Multivariable adjusted OR (95% CI)** 1.00 0.95(0.61-1.49) 0.53(0.31-0.91) 0.03
P for BMI interaction 0.19

*Adjusted for age, area, energy, body mass index, history of hypertension, family history of diabetes, sports hours, walking hours, alcohol intake, educational status, sleep duration,
smoking status, mental stress, work status, and nutritional factors (coffee, green tea, rice). **Adjusted further for intake of other two soy foods (boiled beans and miso soup).

TABLE 4 | Odds ratios (ORs) and 95% confidence intervals (Cls) for risk of type 2 diabetes according to tofu intake among premenopausal and postmenopausal women.

Tofu p-trend

<3 times/week 3-4 times/week Almost daily
Premenopausal women, n 1553 1536 1310
No. of cases, n 29 22 19
Age- and area—adjusted OR (95% Cl) 1.00 0.77(0.44-1.36) 0.80(0.44-1.48) 0.45
Multivariable adjusted OR (95% CI)* 1.00 0.78(0.43-1.43) 0.68(0.34-1.33) 0.24
Multivariable adjusted OR (95% CI)** 1.00 0.80(0.43-1.47) 0.70(0.36-1.40) 0.30
Postmenopausal women, n 3136 2900 3077
No. of cases, n 94 75 52
Age- and area-adjusted OR (95% Cl) 1.00 0.88(0.64 —1.20) 0.59(0.42 —0.84) 0.004
Multivariable adjusted OR (95% CI)* 1.00 0.92(0.67-1.27) 0.63(0.44-0.92) 0.02
Multivariable adjusted OR (95% CI)** 1.00 0.94(0.68-1.30) 0.64(0.43-0.93) 0.02
P for menopausal status interaction 0.34

*Adjusted for age, area, energy, body mass index, history of hypertension, family history of diabetes, sports hours, walking hours, alcohol intake, educational status, sleep duration,
smoking status, mental stress, work status, and nutritional factors (coffee, green tea, rice). **Adjusted further for intake of other two soy foods (boiled beans and miso soup).

not high), having a paid job (yes or no), and nutritional factors,
including intakes of total energy (quartiles), coffee (never, 1-2
cups per month, 1-2 cups per week, 3-4 cups per week, 1-2 cups
per day, or > 3 cups day), green tea (never, less than 2 cups per
week, 3-4 cups per week, 1-2 cups per day, 3-9 cups per day,
or > 10 cups per day), and rice intake (1-2 bowls per day, 3
bowls per day, or > 3 bowls day). These variables were associated,

through previous studies, with the risk of type 2 diabetes. Mutual
adjustments were made for each soy food with the other two soy
foods in Model 3. Additionally, stratified analyses by the BMI (<
25 and > 25 kg/m?) among both men and women and by the
menopausal status (premenopausal and postmenopausal) among
the women group were conducted. The statistical significance of
soy food intake interactions with BMI and menopausal status
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toward the risk of type 2 diabetes was also tested for crossproduct
terms between each soy food intake categorical variable and
dichotomous BMI and menopausal status. SAS 9.4 software (SAS
Institute Inc., Cary, NC, USA) was used for all statistical analyses,
and two-tailed p-value < 0.05 indicated statistical significance.

RESULTS

Table 1 shows the sex-specific mean values and prevalence
of diabetes risk factor at the baseline based on the intakes
of different kinds of soy foods. Men and women who had
more frequent soy intake were older, more educated, and more
likely to practice sports but were less likely to smoke, have
hypertension, and perceived mental stress than their counterparts
who consumed soy less frequently.

During the 5-year follow-up period, we ascertained 593 new
cases of type 2 diabetes (302 in men and 291 in women).
Table 2 presents the ORs (95% Cls) for type 2 diabetes according
to the intake of soy foods. There was no association between
dietary intakes of soy foods and risk of type 2 diabetes among
men. Whereas among women, higher tofu intake was inversely
associated with the risk of type 2 diabetes (p-trend = 0.005 in
Model 1). Boiled beans and miso soup intakes were not associated
with the risk in women. After controlling for type 2 diabetes
traditional risk factors, the multivariable OR for type 2 diabetes
among women who consuming tofu almost daily in reference to
those consuming tofu <3 times per week was 0.66 (95% CI: 0.48-
0.91, p-trend = 0.01 in Model 2), and the association was still
significant after further adjustment for the intakes of other two
soy foods; OR = 0.67 (95% CI:0.49-0.94, p-trend = 0.02 in model
3), p-value for sex-interaction = 0.01.

There was no significant interaction with BMI (< or > 25
kg/m?) for the associations between soy foods and risk of type 2
diabetes; p-interactions were > 0.05 (Table 3). However, of note,
the multivariable OR (95%CI) for type 2 diabetes risk comparing
the highest vs. lowest intake frequencies of tofu was 0.53 (0.31-
0.91; p-trend = 0.03) in overweight women and 0.80 (0.53-
1.23; p-trend = 0.31) in lean women and that for miso soup
consumption in men was 3.21 (1.19-8.67; p-trend = 0.02) in
overweight men and 0.65 (0.39-1.08; p-trend = 0.11) in lean men.

Similarly, no significant interaction by the women’s
menopausal status was found for the inverse association between
tofu intake and risk of type 2 diabetes (p-interaction = 0.34)
(Table 4). The multivariable OR (95% CI) that compares the
almost daily tofu intake to <3 times/week was 0.70 (0.36-1.40;
p-trend = 0.30) in premenopausal women and 0.64 (0.43-0.93;
p-trend = 0.02) in postmenopausal women.

DISCUSSION

In this prospective population-based cohort study of Japanese
men and women, we found that among the soy foods (tofu,
boiled beans, and miso soup), tofu intake was associated with
the reduced risk of type 2 diabetes among women but not
among men. The association tended to be more pronounced
among overweight and postmenopausal women than lean

and premenopausal women; however, no significant effect
modifications were detected.

Previous epidemiological studies reported inconsistent
associations between intake of soy foods and the risk of
diabetes (17-21). The discrepant findings could be attributed
to differences in the study design, ethnicity of the studied
population, and type and assessment of intake of soy foods.
For the evidence in Japan, our findings are consistent with that
of the Takayama cohort study of 13,521 (5,883 men and 7,638
women) residents aged 35-69 years and followed for a median
10-year period (17). For that study, the multivariable HR (95%
CI) or type 2 diabetes risk for the highest vs. lowest tertiles of
total soy intake was 0.45 (0.30-0.68; p-trend < 0.001) among
women and 1.02 (0.74-1.42; p-trend = 0.94) among men, but
the analyses for specific soy foods were not provided (17). On the
contrary, the findings from 25,872 men and 33,919 women aged
45-75 years in the Japan Public Health Center-based Prospective
(JPHC) study indicated no association between intake of total
soy products and the risk of 5-year incidence of type 2 diabetes
in either gender, and again, the analyses for specific soy foods
were not provided (18).

The evidence outside Japan was also inconsistent. Matching
our findings, a Vietnamese case-control study of 599 patients
with type 2 diabetes and 599 age- and sex-matched controls
showed that the multivariable OR (95 % CI) of type 2 diabetes
for the highest vs. lowest quintiles of intake was 0.66 (0.42-
1.02; p-trend = 0.009) for fresh tofu, 0.51 (0.35-0.75; p-trend
= 0.001) for fried tofu, and 0.31 (0.21-0.46; p-trend < 0.001)
for total soy foods (19). However, a pooled analysis of 3 large
cohorts of US populations (63,115 women from the nurses’
health study, 79,061 women from the nurses’ health study II,
and 21,281 men from the health professionals follow-up study)
showed no association between consumption of soy foods with
the risk of type 2 diabetes; the multivariable HR (95% CI) for >1
serving/week compared with no consumption was 0.93 (0.83-
1.03; p-trend = 0.14) (20). On the contrary to our finding, the
Multiethnic Cohort (MEC) study showed a positive association
between soy intake and the risk of type 2 diabetes among
29,719 Caucasians, HR (95% CI) for consuming > 10 g/d vs.
<5 g/d was 1.22 (1.02-1.46) in men and 1.44 (1.16-1.80) in
women, respectively; among 35,141 Japanese Americans, HR
(95% CI) was 1.14 (1.01-1.28) in men and 1.11 (0.98-1.26) in
women, respectively; and among 10,484 Native Hawaiians; HR
(95% CI) was 1.29 (1.08-1.53) in men and 1.19 (1.02-1.40) in
women (21).

The conclusions of the available meta-analyses also showed
the same inconsistent result. According to a meta-analysis of
24 randomized trials with a total of 1,518 subjects, there was
no overall impact of soy intake on improvements of fasting
glucose [mean (95% CI) difference was 20.69 mg/dL (21.65, 0.27
mg/dL), p = 0.16] or insulin concentrations [20.18 mg/dL (20.70,
0.34 mg/dL), p = 0.50] (8). On the contrary, a meta-analysis of
19 independent reports from 8 observational studies (6 cohort
and 2 cross-sectional) with a total of 1,74,561 participants
concluded that the consumption of soy foods was associated
with a lower risk of type 2 diabetes mellitus. The overall relative
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risk (RR) (95% CI) was 0.77 (0.66-0.91) and the association
was evident in women, RR = 0.65 (0.49-0.91) but not in
men, RR = 0.82 (0.58-1.16), and in Asian population, RR
= 0.73 (0.61-0.88) but not in non-Asians, RR = 1.05 (0.88-
1.25) (10). In a recent meta-analysis of 15 prospective studies
involving 11,232 cases among 2,71,709 individuals among the
soy foods, only tofu was inversely associated with the risk of
type 2 diabetes; RR (95% CI) was 0.92 (0.84, 0.99) for tofu,
0.89 (0.71-1.11) for soy milk, and 0.83 (0.68-1.01) for total soy
intake (11).

Although we did not find significant interactions by BMI on
the associations between soy foods and risk of type 2 diabetes,
the inverse association of tofu was more evident in overweight
women. The evidence on effect modifications by BMI from
previous studies was inconclusive. Soy intake was associated
with the reduced risk of type 2 diabetes in overweight but not
lean men of the Saku study (22) and women of the JPHC
study (18). However, the Takayama study reported the reduced
risk with soy intake in lean but not overweight women (17).
On the contrary, the weak positive association between soy
intake and the risk of diabetes was confined to overweight and
obese men and women of Caucasians, Hawaiians, and Japanese
Americans in the MEC study (21). On the other hand, no
effect modifications by BMI were found in the Vietnamese
case-control study (19), the Shanghai Women’s Health study
(23), the Singapore Chinese Health Study (24), and the USA
cohorts (20).

We do not have a clear explanation for the discrepant
directions of BMI effect modification on the association between
soy intake and the risk of type 2 diabetes. However, according to
BMI cut point and also ethnicity, the amount of soy consumption
and the type of soy foods varied between those previous studies.
The MEC study (21) mentioned that the mean soy intake among
Japanese American entity was 14.5g, which was much lower
than the 88g among JPHC study (18) population and 87.1¢g
among men and 81.7 g among women in Takayama study (17).
The authors of the MEC study assumed that these different
soy intakes might affect the BMI interaction. The low levels of
soy intake would not lead to the effect modification by BMI
in the association between soy intake and the risk of type 2
diabetes. Alternatively, the differences may also be due to a
random variation, residual confounding, or other dietary or
lifestyle factors correlated with soy food consumption, BMI, and
risk of type 2 diabetes. We recommend further longitudinal and
clinical trials to assess the effect modification by BMI.

The significant inverse association between tofu intake and the
risk of type 2 diabetes in postmenopausal women in our study
matches the finding of the JPHC study where a tendency toward
reduced risk was observed in the fourth quintile of total soy
intake in postmenopausal women: HR (95% CI) = 0.69 (0.48-
1.00; p-trend = 0.49) and premenopausal women with HR (95%
CI) = 0.79 (0.57-1.09; p-trend = 0.66), p-interaction = 0.36
(18). However, the interaction by the menopausal status was not
statistically significant in our study, in the JPHC study and other
studies (17, 18, 20, 23, 24).

There are several potential mechanisms for soy foods
protective function against type 2 diabetes. Soy-derived protein
and isoflavone contents could be the key protective factors
(10). The Chinese Singaporean study (24) indicated that the
isoflavone intake tended to be associated with a lower risk
of diabetes; HR= 0.76 (0.58-1.00; p-trend = 0.08) for the
highest vs. lowest quintiles of isoflavone intake. The previously
mentioned Vietnamese case-control study showed that the
multivariable ORs (95% Cls) for type 2 diabetes were 0.35
(0.24-0.49 p-trend < 0.001) for the highest (>23.2 mg/day)
vs. lowest (<12.6 mg/day) tertiles of major isoflavones intake,
0.36 (0.24-0.49; p-trend < 0.001) for daidzein, 0.35 (0.26-0.50;
p-trend < 0.001) for genistein, and 0.37 (0.26-0.53; p-trend
< 0.001) for glycitein (19). Total isoflavones were inversely
associated with the risk of type 2 diabetes in the pooled
analysis of the 3 US cohorts; the HR in the highest quintile
of isoflavones vs. the lowest was 0.89 (0.83-0.96; p-trend =
0.009) (20). Isoflavones in the soy may inhibit insulin release
from the pancreas and act as «-glucosidase inhibitors that
restrict the intestinal brush border uptake of glucose (25). Also,
isoflavone genistein could increase the beta-cell proliferation
by ERK1/2 (26) and cAMP/PKA(27) pathways and enhance
cell replication (28, 29). Moreover, pharmacological actions
of isoflavones on glycemic control include a tyrosine kinase
inhibitory action, changes in insulin receptor numbers and
affinity, intracellular phosphorylation, and alterations in glucose
transport (25, 30, 31). In addition to the isoflavones, soy
protein may reduce insulin resistance by activating peroxisome
proliferator-activated receptors (PPARs), which are nuclear
transcription factors that regulate the expression of genes
involved in glucose homeostasis, lipid metabolism, and fatty acid
oxidation (32-34).

As for strengths, this study was based on a large sample of
the community-based population, used a validated FFQ, and
controlled for a wide range of potential confounding factors. As
for limitations, the outcome variable was based on self-report;
however, as shown above, there were high sex-specific sensitivity
and specificity for the self-reported physician-diagnosed diabetes
in our participants (35). Second, the data were collected from
36% of the eligible participants because the 5-year follow-
up survey was limited to some but not to all the baseline
study areas. However, no significant differences in participants’
characteristics such as age, BMI, and other variables were
found between individuals who responded or did not respond
to the 5-year survey (36). Third, the dietary questionnaire
did not include the data on portion size or some soy foods
such as natto and soy milk; therefore, it was not possible to
estimate the intake of total soy isoflavones. Finally, the residual
confounding, such as by the glycemic index or load, cannot
be eliminated.

In conclusion, soy
associated with the
but not among
tended to be more
postmenopausal women.

intake from tofu was inversely
risk of diabetes among women
men. The inverse association
evident among overweight and
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Inorganic phosphate (Pi) is an essential nutrient for the human body which exerts adverse
health effects in excess and deficit. High Pi-mediated cytotoxicity has been shown to
induce systemic organ damage, though the underlying molecular mechanisms are poorly
understood. In this study, we employed proteomics and phosphoproteomics to analyze
Pi-mediated changes in protein abundance and phosphorylation. Bioinformatic analyses
and literature review revealed that the altered proteins and phosphorylation were enriched
in signaling pathways and diverse biological processes. Western blot analysis confirms
the extensive change in protein level and phosphorylation in key effectors that modulate
pre-mRNA alternative splicing. Global proteome and phospho-profiling provide a bird-eye
view of excessive Pi-rewired cell signaling networks, which deepens our understanding
of the molecular mechanisms of phosphate toxicity.

Keywords: inorganic phosphate, cytotoxicity, cell signaling, proteomics, phosphoproteomics, alternative splice

INTRODUCTION

Inorganic phosphate (Pi) is an essential mineral for life due to its fundamental role in diverse
cellular processes. These include nucleic acid synthesis, energy storage, and transfer, cell signal
transmission, bone formation, bone growth, and skeletal mineralization (1, 2). Humans routinely
intake phosphate through food, which maintains normal musculoskeletal functions. Excessive
intake of dietary phosphate, especially from processed food, may result in various health issues,
such as dental diseases (3, 4), cardiovascular disease (5), diabetes (6), infertility (7), kidney
disease (8), and tumors (9). These disorders are mechanistically mediated by high phosphate-
induced pathological calcification (10), oxidative stress (11), cell death, and abnormal signal
transduction (12).

Although excessive phosphate (Pi)-dysregulated AKT, mitogen-activated protein kinase
(MAPK), and fibroblast growth factor receptor (FGFR) cell signaling pathways have been
reported (12-15), the global protein expression and protein phosphorylation profiles perturbed by
extracellular Pi remains elusive. Comprehensive analysis of the Pi-related protein phosphorylation
landscape can offer a panoramic view of Pi-associated signaling networks, expanding our
understanding of how extracellular Pi shapes varied cell behaviors and may provide potential
therapeutic targets to manage high phosphate-induced organ damage. Herein, we applied
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quantitative proteomic and phosphoproteomic strategies to
uncover high Pi-mediated alterations in protein expression and
protein phosphorylation. The following bioinformatic analyses
and literature searching revealed excess Pi-rewired cell signaling
networks with extensive cross-talk. Western blot (WB) analysis
confirmed a profound change in the regulators that govern the
pre-mRNA alternative splicing.

MATERIALS AND METHODS

Materials

Most of the reagents were purchased from Sigma-Aldrich (St.
Louis, MO, USA). HeLa cell line was an in-kind gift from Dr.
Don Newmeyer (La Jolla Institute for Immunology, San Diego,
CA, USA). HEK293 cells, Dimethylsulfoxide (DMSO), XTT Cell
Proliferation Assay Kit, and Universal Mycoplasma Detection Kit
were purchased from ATCC (Manassas, VA, USA). Dulbecco’s
modified Eagle’s medium (DMEM), Dulbecco’s phosphate-
buffered saline (DPBS), Ultrapure water, EDTA (0.5 M), Halt™
Protease and Phosphatase Inhibitor Cocktail, Acclaim™
PepMap™ 100 C18 HPLC Column, TMT10plex™ Isobaric
Label Reagent Set, High-Select™ Fe-NTA Phosphopeptide
Enrichment Kit, UltraPure™ SDS Solution (10%), Pierce™
Rapid Gold BCA Protein Assay Kit, NuPAGE™ Bis-Tris 4-12%
precast gels, NuPAGE™ MOPS SDS Running Buffer (20x),
NuPAGE™ MES SDS Running Buffer (20x), Restore™ PLUS
Western Blot Stripping Buffer, PageRuler™ Plus Prestained
10-250kDa Protein Ladder, Instant Non-fat Dry Milk, Trypsin-
EDTA (0.25%), Fetal bovine serum (FBS) and L-Glutamine
(200 mM), anti-Phospho-epitope SR proteins antibody (Clone
1H4), and anti-SR protein family protein antibody (Clone
16H3) were obtained from Thermo Fisher Scientific (Carlsbad,
CA, USA). Nitrocellulose Membrane, Precision Plus Protein™
Dual Color Standards, and Trans-Blot® Turbo™ RTA Midi
Nitrocellulose Transfer Kit were purchased from Bio-Rad
(Hercules, CA, USA). Antibodies against AKT1, GAPDH,
Phospho-C-JUN (S63), Phospho-C-JUN (§73), C-JUN, Cleaved
Caspase-3 (Aspl75), and SRSF10 were obtained from Cell
Signaling Technology (Danvers, MA, USA). SRPK (D-7) and
Caspase-2 (F-2) antibodies were purchased from Santa Cruz
Biotechnology (Dallas, TX, USA). Anti-SRPK1 and SRPK2
antibodies were purchased from BD Biosciences (San Jose, CA,
USA). SRSF1, SRSF9, and SRSF11 antibodies were purchased
from MyBioSource (San Diego, CA, USA). Direct-Blot™ HRP
anti-B-actin, HRP Goat anti-mouse IgG, HRP donkey anti-rabbit
IgG, HRP mouse anti-rat IgG antibodies, Western-Ready™
ECL Substrate Kit, and antibodies against MYC, Bcl-XS/L,
and DYKDDDDK (Flag) Tag were purchased from BioLegend
(San Diego, CA). PP1 Catalytic Subunit (PP1C) and Caspase-9
antibodies were purchased from R&D Systems (Minneapolis,
MN, USA). The pIRES-EGFP plasmid was obtained from
Addgene (Watertown, MA, USA). ORF cDNAs of Wild type
(WT) human TRA2A, TRA2B, SRSF1, SRSF2, SRSF3, SRSF4,
SRSF5, SRSF6, SRSF7, SRSF11, and SRSF12 cloned into
pcDNA3.14/C-(K)DYK vectors were purchased from Genscript
(Piscataway, NJ, USA). FuGENE® HD Transfection Reagent
was purchased from Promega (Madison, WI, USA).

Cell Culture and Treatment

The protocol was followed as detailed by He et al. in an earlier
publication (12). Briefly, HEK293 and HeLa were maintained in
DMEM (with 1 mM Pi) supplemented with 10% FBS. All cells
were maintained at 37°C and 5% CO,. Monosodium phosphate
(NaH,PO4, 2M, pH 6.8) was used as the source of Pi. Cells
were treated with an increased amount of Pi for 24h. For
PFA treatment, the cells were pre-treated with PFA at indicated
concentrations for 0.5h followed by Pi treatment at different
concentrations in the presence of PFA for 24 h.

Total Protein Extraction

The protocol was followed as detailed by He et al. in an
earlier publication (12). Briefly, the cells were lysed in lysis
buffer (50 mM Tris-HCI, pH 7.4, 150 mM NaCl, 0.25% Sodium
deoxycholate, 1% NP-40, 0.1% SDS) supplemented with 1x
Protease and Phosphatase Inhibitor Cocktail.

Electrophoresis and Western Blot (WB)

The protocol was followed as detailed by He et al. in an earlier
publication (12). Protein concentration was measured by Rapid
Gold BCA Protein Assay Kit according to the manufacturer’s
protocol. A total of 30 pg extracted protein was resolved by
electrophoresis and transferred to the nitrocellulose membrane.
After blocking with 5% non-fat milk, the membrane was probed
with diluted primary antibodies used at the manufacturer’s
recommended concentrations. Proteins were visualized using
HRP conjugated secondary antibodies and chemiluminescence
detection. The images were captured by LI-COR C-Digit imaging
system (Lincoln, NE, USA).

Transient Transfection

Cells were transfected with plasmids using FuGENE® HD
Transfection Reagent according to the manufacturer’s protocol.
Total proteins were extracted 24 h posterior to transfection.

XTT Assay

The protocol was followed as detailed by He et al. in an earlier
publication (12). HEK293 cells were transfected with plasmids
for 24h followed by 40 mM Pi treatment. The XTT assay was
performed 24 h after high Pi treatment. The average of specific
absorbance from biological duplicates was normalized to the
1 mM Pi-treated group. The fold change of relative absorbances
was plotted as the mean absorbance = SEM using GraphPad
Prism version 8 software (San Diego, CA, USA).

Quantitative Proteomics and

Phosphoproteomics

HEK293 were treated with physiological (1 mM), pro-survival
(10 mM), and pro-death (40 mM) concentrations of Pi for 24 h.
Then, the cells were scraped in PBS and the cell pellet was lysed
in 8 M urea in 20 mM HEPES buffer pH 8 with phosphatase
inhibitors HALT freshly added. The protein concentration of the
cell lysates was measured by a BCA assay. Each sample (1 mg
of total protein) was reduced with dithiothreitol and alkylated
with iodoacetamide before digesting overnight using 200 pg
sequencing grade trypsin. Digested peptide samples were desalted
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using a C18 solid-phase extraction (SPE) column and dried in
a Speedvac centrifugal vacuum concentrator (Thermo Fisher
Scientific, Waltham, MA, USA). Each sample was dissolved in
high-performance liquid chromatography (HPLC) grade water
and a quantitative peptide assay was used to measure the
peptide concentration. For global proteomics using TMT labels,
25 pg of peptides were taken from each sample and labeled
with TMT10plex tags according to the manufacturer’s protocol.
The TMT labeled samples were desalted and separated using
a high pH reversed-phase HPLC method, and the collections
were combined into 4 fractions. For phosphoproteomics using
TMT, 1 mg of peptides were PO3-enriched using a Hi-select
Fe-NTA phospho-enrichment kit. The eluted peptide samples
were evaporated in a SpeedVac and desalted using SPE spin
columns. The desalted PO3-enriched peptide samples were
labeled with TMT labels. The labeled samples were combined
without fractionation.

The TMT-labeled samples were analyzed on a ThermoFisher
Scientific UltiMate 3000 UHPLC system (ThermoFisher
Scientific, Bremen, Germany) interfaced with a ThermoFisher
Scientific Orbitrap Fusion Lumos Tribrid mass spectrometer
(Thermo Scientific, Bremen, Germany). Liquid chromatography
(LC) was performed prior to mass spectrometry (MS)/MS
analysis for peptide separation. The HPLC column used is a
Thermo Scientific™ Acclaim™ PepMap™ 100 C18 reversed-
phase capillary chromatography column (Thermo Fisher
Scientific, Waltham, MA, USA) 75um x 15cm, 2 pum, 100 A.
Then, 5 pl volumes of the peptide extract were injected and
peptides eluted from the column by a 90-min acetonitrile/0.1%
formic acid gradient at a flow rate of 0.30 pl/min and introduced
to the source of the mass spectrometer online. Nano electrospray
ion source was operated at 2.3 kV. The digest was analyzed
using the data-dependent multitask capability of the instrument
acquiring full scan mass spectra using a Fourier Transform (FT)
Orbitrap analyzer to determine peptide molecular weights and
higher-energy collisional dissociation (HCD) MS/MS product
ion spectra with the Orbitrap FT analyzer (Thermo Fisher
Scientific, San Jose, CA, USA) at 38% normalized collision
energy (NCE) to determine both the amino acid sequence and
the quantities of the isobaric tags. The MS method used in this
study was a data-dependent acquisition (DDA) with a 3s duty
cycle. It includes one full scan at a resolution of 120,000 followed
by as many MS/MS scans as possible on the most abundant ions
in that full scan. The MS/MS HCD scan starts at 110 m/z with
a resolution of 30,000. Dynamic exclusion was enabled with a
repeat count of 1 and ions within 10 ppm of the fragmented mass
were excluded for a duration of 60 s.

The data were analyzed using Proteome Discoverer V2.3
(Thermo Fisher Scientific, Waltham, MA, USA) with the search
engine Sequest-HT which is integrated with the Proteome
Discoverer software (Thermo Fisher Scientific, Waltham, MA,
USA). The protein sequence database used to search the MS/MS
spectra was the Uniprot mouse protein database containing
25,035 entries with an automatically generated decoy database
(reversed sequences). The protease was set to full activity
trypsin with a maximum of two missed cleavages. Oxidation of
Methionine and acetylation of protein N-terminus were set as
dynamic modifications and carbamidomethylation of cysteine,

TMTé6plex of Lysine, and peptide N-terminus were set as static
modifications. The precursor mass tolerance for these searches
was set to 10 ppm and the fragment ion mass tolerance was
set to 0.02 Da. Keratins were known contaminants and were
excluded from identified proteins. A false discovery rate (FDR)
was set to 1% for both peptide and protein identification and
calculated using the number of identified peptides/proteins from
the decoy database divided by the total number of identified
peptides/proteins. Two peptides were required for positive
protein identification to decrease the chance of false discovery by
a random match.

Relative quantitation of the samples labeled by different
isobaric tags was done by the Reporter Ions Quantifier node
in Proteome Discoverer using the intensity of the reporter ions
from MS/MS scans. The m/z tolerance of the reporter ions
was set to 20 ppm, and the ion selection was set to the most
confident centroid. Quantitative values were normalized by the
total amount of peptide in each label channel. The peptide used
for quantification was set to Unique + Razor, and the precursor
Co-isolation threshold was set to 50%. Razor-peptides are non-
unique peptides and these are assigned to the protein group
containing the largest number of other peptides, according to
Occam’s razor principle.

Bioinformatics

The high-qualified (P < 0.05 from three biological replicates)
differentially expressed proteins with at least two matching
peptides and phosphopeptides with >2-fold change between 1
and 10mM Pi-treated cells, and 1 and 40mM Pi-treated cells, were
the input dataset for the bioinformatic analyses.

Kyoto Encyclopedia of Genes and Genomes (KEGG)
Mapping

The Kyoto Encyclopedia of Genes and Genomes (KEGG)
pathway map is a manually drawn graphical diagram showing
metabolic, signaling, and other molecular interaction/reaction
networks (16). The differential hits were uploaded to KEGG
Mapper (https://www.genome.jp/kegg/tool/map_pathwayl.
html) to map specific proteins in KEGG signaling pathways.

HuRI Mapping

HuRI is a reference map of the human binary protein
interactome, documenting human “all-by-all” binary protein
interactions based on experimental validation (high-throughput
yeast two-hybrids) and literature curation (17). The differential
hits were uploaded to the Human Reference Interactom (HuRI)
database (http://www.interactome-atlas.org/search) to acquire
the Pi-associated protein interactome.

Ingenuity Pathway Analysis (IPA)

Ingenuity pathway analysis is a web-based software application
that enables analysis, integration, and understanding of data
from gene expression, miRNA, and SNP microarrays, as well
as metabolomics, proteomics, and RNAseq experiments (18-
21). The proteins and protein phosphorylation significantly
dysregulated by high Pi treatment identified in the proteome
and phosphoproteome were investigated using IPA software
[outsource service provided by QIAGEN (Germantown, MD,
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USA), https://www.qiagen.com/ingenuity]. This analysis used
a pre-made significance test as a cut-off (p < 0.05) for all
fold change values, to note enrichment in IPA. The analysis
examines genes in the dataset known to affect each biological
function and compares their direction of change to what is
expected from the literature. Phospho-proteomic core analysis
is performed to identify significantly associated canonical
pathways, predicted upstream regulators, the top predicted
diseases and bioFunctions associated with differentially expressed
gene set and molecular networks.

Statistics

An unpaired student’s t-test was used to compare means between
control and high Pi-treated groups. A value of P < 0.05 was
considered statistically significant. *P < 0.05, **P < 0.01, ***P
< 0.001, ¥**P < 0.0001. GraphPad Prism version 8 software was
used to perform the statistics (San Diego, CA, USA).

RESULTS

Proteomic and Phosphoproteomic
Profiling of High Pi-treated Cells

To understand the complex networks and functions coordinated
by protein phosphorylation, we adopted proteomic and
phosphoproteomic platforms to analyze Pi-related protein and
protein phosphorylation change globally and quantitatively in
HEK293 cells (Figure 1A).

The cells were treated with 1mM (physiological), 10 mM
(pro-survival), and 40mM (pro-death) Pi for 24h. We
applied an abnormally high concentration of Pi in the acute
phosphate toxicity cell model to determine the immediate
cytotoxic effects, as detailed in our earlier publication (12).
The extracted protein was digested and labeled prior to LC-
MS/MS analysis. Each treatment has 3 biological replicates.
A total of 4,704 proteins were identified with at least
two matching peptides (Supplementary Table1), and the
quantitation result is given in Supplementary Table2. A
total of 5,041 phosphopeptides were identified, within which
4,249 peptides had quantitative values (Supplementary Table 3).
We thereafter compared the global protein and protein
phosphorylation changes between 1 and 10mM, and 1 and
40 mM Pi-treated groups and set >2-fold change and P <
0.05 (n = 3) as cut-off values. Compared to 1mM Pi-
treated groups, 10 mM Pi treatment decreased the level of one
protein (Calmodulin-3, highlighted in Supplementary Table 4)
and 20 phosphopeptides from 12 proteins (highlighted in
red in Supplementary Table 5), increased the abundance of
one phospho-peptide (S138) from Alpha-2-HS-glycoprotein
(highlighted in yellow in Supplementary Table 5). In contrast
to 10, 40mM Pi caused more pronounced global protein
expression and protein phosphorylation changes. The treatment
resulted in the downregulation of 44 proteins (highlighted
in red in Supplementary Table 6) and upregulation of 18
proteins (highlighted in yellow in Supplementary Table 6).
It led to 560 underrepresented phosphopeptides from 171
proteins (highlighted in red in Supplementary Table 7) and 19
overrepresented phosphopeptides from 14 proteins (highlighted

in yellow in Supplementary Table 7). The differential expressed
proteins and phosphopeptides are summarized in Figure 1B.

Bioinformatic Analysis of High
Pi-perturbed Cell Signaling Networks

The differentially  expressed  proteins and  protein
phosphorylation ~with high quality (as described at
Bioinformatics) are the input dataset for the following
bioinformatic analyses.

KEGG Mapping

The analysis mapped differential protein and phosphorylation
hits between 1 and 40 mM Pi-treated cells to enriched pathways,
including spliceosome, complement, and coagulation cascades,
Rapl signaling pathway for proteome, and spliceosome, RNA
transport, and pathways in cancer for phosphoproteome. High
Pi impairment of spliceosome assembly is exemplified in
Supplementary Figure 1A.

HuRI Mapping

The analysis identified protein-protein interaction networks
of 40mM Pi-mediated reduction of protein expression and
protein phosphorylation. The molecular interaction networks are
involved in RNA splicing by proteomics and phosphoproteomics
(Supplementary Figure 1B).

IPA

Canonical Pathways

The core analysis identified the IPA canonical pathways that
were significantly enriched from the dataset. Fisher exact test
was used to determine significant p-values and the association
of the dataset with canonical pathways. In addition, pathways
were predicted to be activated or inhibited based on the entire
dataset provided to IPA. The analysis identified significantly
dysregulated pathways in 40mM Pi-treated cells. A Heatmap
of the comparison analysis showed significant inactivation of
EIF2 signaling by proteomic analysis and spliceosomal cycle
by phosphoproteomic analysis (Figure 2A). Specific pathways,
such as EIF2 signaling (Figure2B) and spliceosomal cycle
(Figure 2C), were colored using the Molecular activity predictor
in IPA.

Upstream Regulators

Ingenuity pathway analysis (IPA) core analysis allows for
predicting upstream regulators that may be responsible for the
gene expression changes observed in the dataset based on the
information from the IPA knowledge base. Network maps for
specific upstream regulators were colored by MAP and overlaid
with specific canonical pathways. Supplementary Figure 2A
displays high Pi downregulated key regulators of RNA
splicing (SRPK1/2, CLK1) and cell signaling (CSNK2A1,
CDK1/6). The affected regulating networks are depicted in
Supplementary Figures 2A-H.

Disease and Function Analysis

The Diseases and Functions Analysis identifies downstream
effects that are expected to increase or decrease, given the
observed gene expression changes in the dataset. It is based on
the expected causal effects, derived from the literature compiled

Frontiers in Nutrition | www.frontiersin.org

22

January 2022 | Volume 8 | Article 765391


https://www.qiagen.com/ingenuity
https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Hetz et al.

High Phosphate Perturbed Cell Signaling

(P-value, y-axis) vs. magnitude of change (fold change, x-axis).

A HEK293 e TMT
rotein
e P -3 label All peptides Phosphopeptides
| peefecan @ —_»{1}3@ All —> 7 (4 fractions) (1 fraction)
a.| == 8M Trypsin = _¥ peptides =
3w v @R ol =% | 3 o it
£| - N 127N ™ = LC-MS/MS on Orbitrap Fusion Lumos
o (%:_,O @ ﬁé@ 12_7::-(*'?'\ % Identification
= - £
=| @0 QS ¢ — Qg |2
S Q 128N s Q
% w m ;{gi %%‘}‘@E g Quantitation
S| o @0 & 128C eS| | 8
o o 12—91;‘4"'43*' T
— - > Q.
| (st @ AITE — <
S wove \ 4 TORS s
S| Cantye 6@ ) Ti02 A= | & 1mMvs. 10mM 1mM vs. 40mM
5| === ) enriched 132 | —
F (.\. ~ @ 1554‘:\ Phospho.q,@‘ \
Fam x peptides 131 ¥ - Bioinformatics
B

Down-regulated:

10mM volcan? plot Calmodulin-3 i(;%rjg;phopeptldes
i 10/1=0.35 ) Up-regulated: 1 protein
IR 3 1 phosphopeptide
' P=0.0108
10/1=2.46
sra .. Alpha-2-HS-glycoprotein (S138)
L0g;{Grp10/Grp1) LOgAGP10p0s/GrP1, )
1mM vs. =Ty Down-regulated: 44 wz:  Down-regulated: 171 proteins
40mM P <0.05 560 phosphopeptides
40/1<0.5 P<0.05
Calmodulin-3 included 40/1<0.5
. (40/1=0.26) "
¥, Up-regulated: 18 4 ss Up-regulated: 14 p-proteins
P <0.05 19 phosphopeptides
40/1>2 P <0.05
N— e 40/12 2

FIGURE 1 | Comparison of protein abundance and protein phosphorylation between non-treated and high Pi-treated cells by quantitative proteomics and
phosphoproteomics. (A) Experimental flow chart. (B) Summary of differential hits between groups. The embedded volcano plots demonstrate statistical significance

~ Down-regulated: 12 proteins

in the Ingenuity Knowledge Base, between genes and functions.
The analysis examines genes in the dataset that are known to
affect functions and uses the expected causal effects of the genes
derived from the literature to issue a prediction for each function,
based on the direction of change in gene expression. The z-
score captures the direction of change. In line with our previous
findings (12), proteomics and phosphoproteomics revealed that
10mM Pi treatment increased cell viability and decreased cell
death/apoptosis, while 40mM Pi treatment enhanced cell death
and mitigated cell survival (Supplementary Figure 3).

Network Analysis

Network view displays an interactive graphical representation
of the interrelationships between molecules. The analysis
demonstrated complicated molecular networks regulating

splicing and processing of RNA in 40mM Pi-treated cells by
phosphoproteomics (Supplementary Figure 4).

Literature-Based High Pi-impacted Cellular

Processes

In parallel, the differential hits resulting from different
concentrations of Pi treatment by proteomics and
phosphoproteomics were searched against published data. As
shown in Supplementary Figure 5, the literature search revealed
that the dysregulation of protein expression and phosphorylation
by high Pi suppresses Calcium signaling, CREB signaling,
cell cycle progression, and pre-mRNA alternative splicing. It
promotes TGEF-f signaling, ER stress, and apoptosis. Cross-talk
among the Pi-rewired signaling pathways is demonstrated in
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pathways were colored using the Molecular activity predictor. Molecules in red and green indicate high Pi upregulated and downregulated protein expression or

phosphorylation, respectively.

Figure 3A. Notably, mRNA alternative splicing is the most
extensively affected by high Pi treatment (Figure 3B).

High Pi-mediated the Dysregulation of
MRNA Splicing

Bioinformatics (Figure 2, Supplementary Figures1, 5) and
literature searching (Figure 3) congruently show the high
Pi-elicited differentially expressed and phosphorylated proteins
enriched in pathways that regulate pre-mRNA splicing and
spliceosome assembly. Among the 40mM Pi downregulated
proteins and protein phosphorylation, 12 out of 18 (66.7%)
proteins and 63 out of 187 (33.7%) phosphorylated proteins
participate in RNA splicing. To validate the proteomic
and phosphoproteomic data, we examined the expression
and phosphorylation of RNA splicing effectors, especially
SR proteins (SRSFs) and SR protein kinases (SRPK), and
their master regulators, CSNK2A1 and JUN (as indicated
in Supplementary Figures 2,4,5), PPIC (22) and MYC
(23) (as noted in literature). WB analysis verified universal
decline of SRSFs’ expression (SRSF1, SRSF4, and SRSF10) and
phosphorylation (SRSF1, SRSF3, SRSF4, SRSF5, and SRSF6)
induced by excessive extracellular Pi (Figure 4A). We observed

a slight molecular weight (Mw) shift (possibly due to high
Pi-mediated dephosphorylation) of SRSF9 in 40mM Pi-treated
cells (Figure 4B). We also observed reduced SRPKI1, but not
SRPK2, in high Pi-treated cells (Figures 4A,C). The high Pi-
suppressed SRSFs and SRPK1 were abolished by the inhibition
of Pi intake with phosphonoformic acid (PFA), an inhibitor of
sodium/phosphate (Na/Pi) co-transporters (24). Regarding the
upstream regulators of SRSFs and SRPKs, we validated increased
phosphorylation of c-JUN at Serine (S) 63 and S73 and detected
decreased expression of MYC induced by high Pi (Figure 4B).
However, we found no expression changes in CSNK2A1 and
PP1C in the cultured cells exposed to elevated Pi (Figure 4A).

High Pi-induced Cell Death Is Independent

of Aberrant MRNA Splicing
Western blot (WB) analysis displayed 40mM Pi suppressed
splicing of Caspase-2 by showing decreased Caspase-2 long
isoform (Casp2L) compared to Caspase-2 short isoform
(Casp2S), but no splicing alterations in Caspase-9 nor Bcl-x
(Figure 5A).

As global proteomic and phosphoproteomic profiling, in
line with WB verification, demonstrated a high Pi-mediated
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decrease in the expression and phosphorylation of key mRNA
splicing regulators, we wanted to know if the complementation
of those regulators could rescue the cells cultured in a high Pi
medium. HEK293 cells were transfected with plasmids encoding
wild-type (WT) SR proteins (SRSF1-7, SRSF11, SRF12, TRA2A,
and TRA2B) fused with Flag tag. WB analysis confirmed the
successful over-expression of each regulator at correct Mws
by using an antibody against the Flag tag (Figure 5B). After
24h following transfection, cells were treated with 40mM Pi
for another 24h followed by XTT analysis of cell survival.
XTT analysis showed that high Pi-induced cell death could
not be significantly prevented by over-expressing SR proteins
(Figure 5C), suggesting minor roles of defective mRNA splicing
in excess Pi-mediated cell damage.

DISCUSSION

Use of Phosphoproteomics to Study High

Pi-rewired Signaling Networks

We previously showed high phosphate-mediated damage
in mice kidneys (25), and in cells that originated from
kidneys, such as HEK293 (12). The in vitro study showed
that extracellular increased Pi elicited a profound change in
protein phosphorylation, which is one type of post-translational
modification (PTM). It is the core driving force for cell
signaling and orchestrates several cellular processes (26).
Intracellular signaling usually involves reversible protein
phosphorylation regulated by the activity of kinase that uses
ATP as a substrate to phosphorylate signaling molecules and
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the activity of phosphatase that catalyzes the transfer of the
Pi from a phosphoprotein to a water molecule (27). Pi may
serve as an important regulator of phosphatase in different
organisms (28). Hence, the alteration of extracellular Pi may
affect the activity of phosphatase and regulate the overall cell
signaling network. Beck’s group established the investigation
of phosphate-controlled cellular response by quantitative
proteomics (2, 29, 30). They used cleavable isotope-coded
affinity tag reagents to identify and quantitate protein expression
differences in phosphate-treated murine MC3T3-E1 osteoblast
cells. They found a nearly two-fold increased abundance
of Cyclin D1 when cells treated with 10mM NaH,PO4 for
24h were compared to Na,SO4 treated control cells (30).
However, these studies focused on Pi-related transcriptomics
and proteomics instead of PTMs, such as phosphorylation.
Therefore, global phosphorylation dynamics perturbed by

extracellular phosphate remain elusive. The phosphoproteomic
strategy has been proven to successfully analyze a drug
or pathogen-induced overall change in phosphorylation
events occurring in a cell at different time phases (31-37).
A phosphoproteomics-based investigation of the global
phosphorylation and protein abundance landscape of phosphate
toxicity can help us understand the connections between the
known Pi-related cell signaling pathways and expand our
view of phosphate-associated signaling networks that induce
direct cytotoxicity. Thus, we adopted quantitative proteomic
and phosphoproteomic platforms to analyze Pi-mediated
protein and protein phosphorylation change (Figure 1A). The
analysis revealed significant changes in both global protein
expression and protein phosphorylation induced by extremely
high concentrations of extracellular Pi, especially for 40 mM
Pi-treated cells (Figure 1B).
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Bioinformatics and Literature Searching Pi Cytotoxicity and Defective mRNA
Reveals the Cross-Talk Among High Splicing

Pi-perturbed Cell Signaling Pathways We focused on high Pi-mediated aberrant mRNA splicing
To acquire an extensive and in-depth view of high Pi- because both bioinformatics and literature review (38)

revealed high Pi caused differential protein expression and
phosphorylation highly enriched in the pre-mRNA splicing
process. To the best of our knowledge, there is no study focusing
on phosphate’s toxic effects on RNA splicing. The assembly
of the spliceosome and the subsequent splicing requires serial
phosphorylation and dephosphorylation of essential factors
known as SR proteins (38). Impressively, proteomic analysis
revealed that the majority of SR protein family members
splicing and the spliceosomal cycle (Supplementary Figure 1, (SRSF1-8,12 and TRA2A/B) showed lower abundance and
Figure 2). Further literature search confirmed not only excess  hypo-phosphorylation in 40mM Pi-treated cells compared to
Pi-perturbed mRNA splicing, but also displayed high Pi-  1mM Pi-treated cells. Kinases are known to phosphorylate
dysregulated calcium signaling, CREB signaling, cell cycle the RS (Arginine/Serine)-rich regions of SR proteins and
progression, TGF-B signaling, ER stress, and apoptosis. The  other spliceosomal proteins include members of the Cdc2-like
latter three biological processes induced by high Pi were also  kinase family (CLK1-3, PRPF4B) and SRPK family (SRPK1-3),
validated in our earlier study (12). Moreover, Pi-related cellular ~ CDK13, and DNA topoisomerase 1 (39). WB analysis verified
processes and pathways synergistically contribute to high Pis  the reduction in protein expression and phosphorylation in
cytotoxicity by extensive and intricate cross-talk (Figure 3A). several SR proteins and demonstrated low expression of one

dysregulated cellular processes, we harnessed different
bioinformatic tools to study Pi-altered pathways (by KEGG
mapping and IPA), protein-protein interaction network
(by HuRI mapping), and master regulators (by IPA). These
bioinformatic analyses revealed elevated Pi-rewired Rapl
signaling and EIF2 signaling pathways (Figure2A), as well
as high Pi-mediated dysregulation of pre-mRNA alternative
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of the key kinases of SR proteins, SRPK1 (Figure4). Since
dephosphorylation by phosphatase (mainly PP1 and PP2A) in
SR proteins is also required for splicing activity (40), we tested
PP1’s expression in high-Pi treated cells. However, WB did
not detect a significant change in the PP1 level (Figure 4A).
Beyond kinases and phosphatases, splicing effectors can also
be transcriptionally modulated. Katiyar et al. reported that
c-JUN could directly impair mRNA splicing by downregulating
the expression of over 50 genes controlling mRNA processing
and splicing, including SRSFs (41). Oncoprotein MYC could
transcriptionally upregulate the expression of the SR protein
splicing factor, SRSF1, in lung cancer cells, which triggered
mRNA splicing of a series of kinases and facilitated oncogenic
signaling (23). Indeed, we found increased phosphorylation
of JUN and a reduced amount of MYC in elevated Pi-treated
cells (Figure 4B). We applied the HeLa cell line, a widely used
homogenous experimental cell line in the published research
works, in the verification study to ensure the consistency and the
reproducibility of WB data. Therefore, we used HEK293 cells as
primary and HeLa cells as secondary cell-based model systems
in this study. Taken together, our findings suggest increased
phosphate exposure gives rise to defective mRNA splicing in
cultured cells.

Next, we wanted to determine whether high Pi-associated
alteration of mRNA splicing contributes to phosphate
cytotoxicity. Excessive Pi-induced apoptosis is one of the
fundamental mechanisms of Pi-related tissue damage (11, 12).
The alternative pre-mRNA splicing regulated programmed cell
death has been well documented (42-44). As summarized by
Schwerk and Schulze-Osthoff (43), several pro-/anti-apoptotic
effectors are regulated by alternative splicing that generates
different protein isoforms with different and sometimes even
opposite functions during apoptosis. For instance, SR proteins,
SRSF1 and SRSF2, promote skipping of exon 9 in the Caspase-2
gene, causing an increased expression of pro-apoptotic Capase-
2 long isoform (Casp2L) and thus enhancing apoptosis. In
contrast, hnRNP facilitates the inclusion of exon 9 in Caspase-
2, generating a premature stop codon and that leads to the
expression of pro-survival Capase-2 short isoform (Casp2S)
(45). Consistently, we found elevated Pi-induced depression of
SRSF1, SRSF2, and the subsequent decrease of pro-apoptotic
Casp2L (Figure 5A), indicating an anti-apoptotic role of high
Pi-dysregulated mRNA splicing. Researchers also found that
the apoptosis inducer, ceramide, could dephosphorylate SR
proteins by activating PP1 phosphatase, which mediated the
increase of pro-apoptotic splicing variants of Caspase 9 and
Bcl-x(s) (46). However, we did not detect excess Pi-mediated
alterations in the alternative splicing of Caspase-9 and Bcl-x
(Figure 5A). The over-expression of SR proteins could not
prevent high Pi-induced cell death (Figure 5B), suggesting high
Pi-mediated suppression of SR proteins plays a minor role in
excessive Pi-induced apoptosis. Collectively, this data indicates
cell damage caused by excess Pi is not primarily ascribed to the
changes in mRNA alternative splicing.

Limitations
We previously showed the effects of phosphate toxicity on kidney
tissues (25) and cells obtained from the kidney (HEK293) (12).

Hence, we used HEK293 cells as primary cells to investigate
cell signaling networks rewired by elevated phosphate in this
study. However, since different cell lines’ responses to increased
extracellular Pi may vary (13, 15, 47-49), the proteomic and
phosphoproteomic landscapes in high environmental Pi from
one cell line may not be applicable to other cell lines. Systematic
analysis of other lines derived from various tissues cultured
in medium with different concentrations of Pi is desired to
globally profile Pi-associated proteomic and phosphoproteomic
signatures. This study focuses on acute Pi-mediated cytotoxicity
by exposing cells with a high concentration of Pi for 24 h. Chronic
effects (for instance, 3-7 days treatment) of elevated Pi may
generate varying results on proteomics and phosphoproteomics.
Again, in our study, we used the non-physiologic concentration
of Pi to document the immediate cytotoxic effects of Pi by
exposing the cells to the toxic range of Pi. We believe such
an approach is likely to provide mechanistic insights into
acute cytotoxicity.

We did not observe the rescue effects with the over-
expression of plasmid-encoded WT SR proteins in high Pi-
treated cells. The transfection of a single target may cause
it. Several SR proteins may play combinational roles in
regulating mRNA alternative splicing in high Pi-treated HEK293
cells. Therefore, co-transfection of multiple SR proteins in
excessive Pi-treated cells may assist the understanding of the
relationship between RNA splicing and apoptosis in the context
of phosphate toxicity.

CONCLUSION

Underlying the broad spectrum of phosphate cytotoxicity is the
intricate high phosphate-perturbed cell signaling networks and
cellular processes as revealed by quantitative proteomic and
phosphoproteomic analyses. The bioinformatics and functional
assays determined abnormal pre-mRNA splicing as a novel
mechanism of phosphate-induced cytotoxicity. An in-depth
study of how aberrant alternative splicing contributes to
phosphate toxicity will open another window to fully understand
the high phosphate-related pathologies, and likely to provide
therapeutic clues to manage phosphate toxicity-associated
organ damages.
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Background: Epidemiological studies have investigated the associations of dietary iron,
copper, and selenium level with metabolic syndrome (MetS). However, their results
are conflicting. This meta-analysis of observational study was, therefore, employed to
investigate the associations above.

Methods: A comprehensive literature search was employed using PubMed, Web of
Science, Embase, and Scopus database up to October 2021 (no restriction was set for
the initiate time). The pooled relative risk (RR) of MetS for the highest vs. lowest dietary
iron, copper, and selenium level was estimated, respectively.

Results: A total of 14 observational studies (55,131 participants) were identified as
meeting the inclusion criteria. Specifically, 7 studies were related to the dietary iron
level. The overall multivariable adjusted RR demonstrated that the dietary iron level was
positively associated with MetS (RR = 1.27, 95% CI: 1.12-1.44; p < 0.001). With
regard to the dietary copper level, 7 studies were included for meta-analysis. The overall
multivariable adjusted RR showed that the dietary copper level was inversely associated
with MetS (RR = 0.85, 95% CI: 0.78-0.93; p < 0.001). In addition, 4 studies were
specified for the dietary selenium level. The overall multivariable adjusted RR indicated
that the dietary selenium level was inversely associated with MetS (RR = 0.77, 95% Cl:
0.63-0.95; p = 0.01) as well.

Conclusion: Our results suggest that the dietary iron level is positively associated with
MetS, whereas a negative association between the dietary copper and selenium level and
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MetS is obtained. Further large well-designed prospective cohort studies are warranted
to elaborate on the issues examined in this studly.

Keywords: dietary iron level, dietary copper level, dietary selenium level, metabolic syndrome, meta-analysis,

observational studies

INTRODUCTION

Elevated waist circumference, blood pressure, fasting blood
glucose, triglycerides, and decreased high-density lipoprotein
cholesterol (at least three of the five above metabolic
abnormalities) are considered as the presence of metabolic
syndrome (MetS) (1). MetS is a well-known attributable risk
to diabetes, stroke, and coronary heart disease epidemic (2-4).
Moreover, MetS increases the incidence of atherosclerotic
cardiovascular disorder and complication that decreases
longevity (5). However, the subjects suffering from MetS
are progressively growing worldwide and the current global
prevalence of MetS is between 11.6 and 62.5% (6). Although the
etiology of MetS is not well understood yet, dietary factors are
considered to be involved in MetS (7-11).

Micronutrients are important factors for cellular and
biochemical functions (release of energy for synthesis and
movement) (12). Iron, copper, and selenium are considered
to be significant micronutrients and their dietary sources are
meat, seeds, heme, tea, milk, nuts, cereals, eggs, fish, and so
on (13-18). Iron is one of the most abundant elements, which
plays a significant role in various cellular processes, such as iron-
dependent signaling, cellular respiration, DNA replication and
synthesis, nucleic acid repair, and energy metabolism (19-21).
Iron consumption, uptake, transfer, and storage are involved to
maintain iron homeostasis (22). However, excess iron leads to
inflammation and tissue damage, produces hydroxyl radicals
(Haber-Weiss—Fenton reactions), which cause oxidative damage
to cellular components (lipids, proteins, and DNA) (23, 24). On
the contrary, copper, a component of extracellular superoxide
dismutase (25), is essential for iron uptake and signaling in
eukaryotic organisms, energy metabolism, reactive oxygen
species, and detoxification (26). In addition, copper plays an
essential role in mitochondrial function and signaling involving
mitophagy, bioenergetics, and dynamics, which affect cell fate
by metabolic reprogramming (26). Selenium, also an essential
micronutrient, is necessary to maintain the different cellular
functions, such as signaling transduction pathways and immune-
endocrine function (18). Moreover, selenium incorporates
into selenoproteins and selenium-dependent enzymes (e.g.,
glutathione peroxidases), which are involved in intracellular
redox regulation and modulation (27). Since oxidative stress
and inflammation play a significant role in the pathophysiology
of MetS (28), the dietary iron, copper, and selenium level is
considered to be closely related to MetS.

A number of observational studies have been employed to
investigate the associations of the dietary iron, copper, and
selenium level with MetS (29-42). However, their results are
still conflicting. Thus, this meta-analysis of observational studies
is employed to further investigate the above associations. It is

hypothesized that the dietary iron level is positively associated
with MetS, whereas the dietary copper and selenium level is
inversely associated with MetS.

MATERIALS AND METHODS
Search Strategy

Our meta-analysis was performed according to the Preferred
Reporting Items for Systematic Reviews and Meta-analyses
(PRISMA) guidelines (43). The PubMed, Web of Science,
Embase, and Scopus electronic databases were searched up to
October 2021 (no restriction was set for the initiate time) by
using a combination of keywords that related to MetS (“metabolic
syndrome”), iron (“iron,” “Fe”), copper (“copper, “Cu”), and
selenium (“selenium,” “Se”). No language restriction was set
in the search strategy. We screened the titles and abstracts of
all the articles and then read the full articles to identify the
eligible studies.

Study Selection

The titles, abstracts, and full texts of all the retrieved studies
were reviewed by two researchers independently. Disagreements
were resolved by discussions. The included studies were required
to meet the following criteria: (1) the study design is an
observational study; (2) the outcomes include the associations of
the dietary iron, copper, and selenium level with MetS; and (3) the
relative risk (RR) or odds ratio (OR) with 95% CI was reported.
The exclusion criteria were listed as follows: (1) duplicated
or irrelevant articles; (2) reviews, letters, or case reports; (3)
randomized controlled trials; and (4) non-human studies.

Data Extraction

The data were extracted by two researchers independently and
disagreements were resolved by discussions. The information
about the first author and year of publication, location,
age, gender, sample size, study design, adjustments, exposure,
category of exposure, effect estimates, and diagnostic criteria of
MetS was collected. The corresponding effect estimates with 95%
ClIs for the highest vs. lowest dietary iron, copper, and selenium
level and MetS was extracted (adjusted for the maximum number
of confounding variables).

Quality Assessment

The Newcastle-Ottawa Scale (NOS) criteria for non-randomized
studies were employed to assess the quality of each included
study. The NOS is based on three broad perspectives: (1) the
selection process of the study cohorts; (2) the comparability
among the different cohorts; and (3) the identification of
exposure or outcome of the study cohorts. Disagreements
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FIGURE 1 | The detailed flow diagram of the study identification and selection in this meta-analysis.

with respect to the methodological quality were resolved by
mutual consultation.

Statistical Analyses

The RR for MetS was the outcome measure in this meta-analysis.
The I? statistic, which measures the percentage of total variation
across studies due to heterogeneity, was examined (I> > 50%
was considered as heterogeneity). If significant heterogeneity was
observed among the studies, a random-effects model was used;
otherwise, a fixed-effects model was accepted. Begg’s test was
employed to assess the publication bias (44). A p-value of <
0.05 was considered statistically significant. Moreover, subgroup
analysis for study design, diagnostic criteria of MetS, sample
size, exposure assessment, type of iron, and the population
was employed.

RESULTS

Study Identification and Selection

Figure 1 presents the detailed flow diagram of the study
identification and selection. A total of 1,793 potentially relevant
articles (PubMed: 236, Embase: 354, Web of Science: 477, and
Scopus: 726) were retrieved during the initial literature search.
After eliminating 749 duplicated articles, 1,044 articles were
screened according to the titles and abstracts and 751 irrelevant

studies were removed. Then, 182 reviews, case reports, or letters;
68 non-human studies; and 29 randomized controlled trial
studies were excluded, respectively. Eventually, a total of 14
studies were identified for this meta-analysis.

Study Characteristics

Table 1 presents the main characteristics of the included studies.
These studies were published between 2010 and 2021. Eight
studies were performed in Asian countries [Korea (31), China
(32, 35, 37, 39, 41), and Iran (33, 40)]. The other 6 studies
were conducted in Brazil (29, 38, 42), USA (30), Spain (36), and
Columbia (34), respectively. Except for the study by Bruscato
(only female) (29), both the male and female participants were
considered. The sample size ranged from 284 to 15,051 for a
total of 55,131. The dietary iron, copper, and selenium level
were assessed by a food-frequency questionnaire (FFQ) in 3
studies (35, 37, 40) and 24h or 3-day recall method in 11
studies (29-34, 36, 38, 39, 41, 42). The criteria for MetS were
the National Cholesterol Education Program-Adult Treatment
Panel III (NCEP ATP III) (31, 32, 38-41), the International
Diabetes Federation (IDF) (29, 33, 37), and the American Heart
Association (AHA) (30, 35, 36) in 6, 3, and 3 studies, respectively.
Moreover, some other criteria (34, 42) were also employed for
adolescents.
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TABLE 1 | Characteristics of the individual studies included in this meta-analysis.

References Location Age Gender Sample Study Adjustments Exposure Category of Effect estimates Diagnostic NOS
years size design exposure criteria of MetS
Bruscato Brazil >60 Female 284 Cross-  Age, smoking, years of 24 h recall Iron IDF 7
etal. (29) sectional education, physical Quartiles 1 1.00
activity and dietal
ﬁbe"r" v and detary Quartiles 2 0.65 (0.30, 1.38)
Quartiles 3 1.33(0.63, 2.83)
Quartiles 4 0.72(0.30, 1.72)
Otto et al. (30)US 45-84  Both 3,828  Cohort Energy intake, age, 24h recall Iron AHA 8
sex, race-ethnicity, Quintiles 1 1.00
education, study Quintiles 2 1.07 (0.85, 1.36)
center, alcohol intake, Quintiles 3 1.02 (0.80, 1.30)
physical activity, BMI, Quintiles 4 1.28 (1.01, 1.63)
fiber intake, cigarette Quintiles 5 1.06 (0.81, 1.40)

smoking, dietary
supplement use, the
ratio of polyunsaturated
fat intake: saturated fat
intake and antioxidant

intake
Choi et al. Korea >19 Both 5,136  Cross- Age, energy intake and 24 h recall Copper NCEP ATP I 8
(81) sectional alcohol frequency Male
Quartiles 1 1.00
Quartiles 2 0.98 (0.70, 1.37)
Quartiles 3 0.85(0.60, 1.20)
Quartiles 4 0.90 (0.60, 1.37)
Female
Quartiles 1 1.00
Quartiles 2 1.07 (0.80, 1.43)
Quartiles 3 1.02 (0.74, 1.40)
Quartiles 4 0.86 (0.58, 1.27)
Lietal (32) China 18-65 Both 550 Cross-  Age and sex 3 days recall Copper NCEP ATP Il 7
sectional Quartiles 1 1.00
Quartiles 2 0.75(0.45, 1.24)
Quartiles 3 0.65 (0.39, 1.07)
Quartiles 4 0.61(0.36, 1.01)
Selenium
Quartiles 1 1.00
Quartiles 2 1.38(0.89, 2.45)
Quartiles 3 0.81 (0.54, 1.49)
Quartiles 4 0.82 (0.46, 1.30)
Motamed Iran 35-65 Both 3,800 Cross- Sex, age, physical 24 h recall Iron IDF 7
etal. (33) sectional activity level, smoking, Quintiles 1 1.00
past medical history, Quintiles 2 1.15(0.90, 1.40)
energy intake and BMI Quintiles 3 1.24(0.90, 1.50)
Quintiles 4 1.24 (1.00, 1.50)
Quintiles 5 1.12(0.90, 1.40)
Copper
Quintiles 1 1.00
Quintiles 2 1.25(1.00, 1.50)
Quintiles 3 1.33 (1.06, 1.60)
Quintiles 4 1.16 (0.90, 1.40)
Quintiles 5 1.15 (0.90, 1.40)
Selenium
Quintiles 1 1.00

(Continued)
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TABLE 1 | Continued

References Location Age Gender Sample Study Adjustments Exposure Category of Effect estimates Diagnostic NOS
years size design exposure criteria of MetS
Quintiles 2 0.96 (0.70, 1.10)
Quintiles 3 0.85 (0.60, 1.04)
Quintiles 4 0.92 (0.70, 1.10)
Quintiles 5 0.78 (0.60, 0.90)
Suarez- Colombia 11-16  Both 1,311 Cross-  Age, BMI, 24 h recall Copper Ferranti 7
Ortegodn et al. sectional socioeconomic status, Males
(34) and intakes of fat, Tertiles 1 1.00
carbohydrates, protein Tertiles 2 /
and ascorbic acid )
Tertiles 3 0.84 (0.32, 2.19)
Females
Tertiles 1 1.00
Tertiles 2 /
Tertiles 3 0.77 (0.30, 1.82)
Wei et al. (35) China >18 Both 2,069 Cross- Age, sex, cigarette FFQ Selenium AHA 7
sectional smoking, alcohol Quartiles 1 1.00
drinking, nutritional Quartiles 2 0.60 (0.43, 0.86)
supplementary, activity Quartiles 3 0.82(0.58,1.17)
level, dietary energy Quartiles 4 0.72 (0.46, 1.14)
intake, fiber intake and
protein intake
Bulkaetal. Spain 18-74  Both 15,051 Cross- Energy intake, age, 24h recall Copper AHA 8
(36) sectional gender, and Below EAR 1.00
Hispanic/Latino Normal 0.81(0.69, 0.95)
background
Qu et al. (37) China 20-75  Both 9,108  Cross- Age, sex, BMI, physical FFQ Copper IDF 8
sectional activity, drinking, and Quartiles 1 1.00
smoking Quartiles 2 0.95 (0.82, 1.11)
Quartiles 3 0.85(0.74, 0.99)
Quartiles 4 0.81 (0.70, 0.94)
Zhu et al. (39) China >18 Both 3,099 Cross- Age, sex, income, 24hand 3 days Iron NCEP ATP Il 8
sectional physical activity level, recall
intentional physical Quartiles 1 1.00
exercise, smoking Quartiles 2 1.37 (1.06, 1.78)
status, aloohol use and Quartiles 3 1.47 (1.11,1.94)
dietary total energy
intake Quartiles 4 1.59 (1.15, 2.20)
Vieiraet al.  Brazil >18 Both 591 Cross-  Physical activity, 24 h recall Iron NCEP ATP Il 7
(38) sectional gender, alcohol Quintiles 1 1.00
consumption, Quintiles 2 0.83(0.36, 2.70)
household per capita Quintiles 3 1.34 (0.63, 2.84)
income, BMI, Quintiles 4 0.52 (0.26, 1.04)
high-sensitivity Quintiles 5 1.14 (0.54, 2.40)
C-reactive protein, age,
smoking status, race,
total energy intake,
misreporting, saturated
fat and vitamin C
intakes
Esfandiar Iran >18 Both 4,654  Cohort Age, sex, baseline BMI, FFQ Iron NCEP ATP Il 7
et al. (40) educational level, Quartiles 1 1.00
smoking status, total Quartiles 2 0.97 (0.79, 1.19)
energy intake, fiber, Quartiles 3 1.10(0.81, 1.49)
saturated fat, sodium, Quartiles 4 2.04 (0.97, 4.28)
vitamin C and
magnesium intakes
(Continued)

Frontiers in Nutrition | www.frontiersin.org

35

February 2022 | Volume 8 | Article 810494


https://www.frontiersin.org/journals/nutrition
https://www.frontiersin.org
https://www.frontiersin.org/journals/nutrition#articles

Ding et al.

Iron, Copper, Selenium, and MetS

TABLE 1 | Continued

References Location Age Gender Sample Study Adjustments Exposure Category of Effect estimates Diagnostic NOS
years size design exposure criteria of MetS
Zhu et al. (41) China >18 Both 5,323  Cross- Age, sex, region, years 24h and 3 days Iron NCEP ATP Il 8
sectional of education, physical recall Quartiles 1 1.00
activity level, intended Quartiles 2 1.35(1.10, 1.65)
physical exercises, Quartiles 3 1.47(1.15, 1.88)
smoking status, alcohol Quartiles 4 1.60 (1.21,2.11)
use and daily energy
intake, zinc and
magnesium
Batista et al. Brazil 14-19 Both 327 Cross-  Sex, age, maternal 24 h recall Copper Cooks 7
(42) sectional education, family Tertiles 1 1.00
income, physical Tertiles 2 1.49 (0.56, 4.09)
activity, and alcohol Tertiles 3 0.87 (0.28, 2.70)
consumption )
Selenium
Tertiles 1 1.00
Tertiles 2 2.17 (0.66, 7.36)
Tertiles 3 0.81(0.30, 2.19)

The Relative Risk of MetS for the Highest

vs. Lowest Dietary Iron Level

The overall multivariable adjusted RR showed that the dietary
iron level was positively associated with MetS (RR = 1.27, 95%
CIL: 1.12-1.44; p < 0.001) (Figure2). No substantial level of
heterogeneity was obtained among various studies (p = 0.097, I?
= 44.1%). No evidence of publication bias existed according to
the Begg’s rank correlation test (p = 1.000). Table 2 presents the
results of subgroup analysis. The above findings were confirmed
in cross-sectional (RR = 1.31, 95% CI: 1.13-1.52; p < 0.001),
Asians (RR = 1.44, 95% CI: 1.13-1.83; p = 0.003), the NCEP ATP
III (RR = 1.59, 95% CI: 1.30-1.93; p < 0.001), >1,000 sample
sized (RR = 1.34, 95% CI: 1.09-1.65; p = 0.006), 24h or 3-
day recall method (RR = 1.25, 95% CI: 1.10-1.42; p < 0.001),
and non-heme iron (RR = 1.25, 95% CI: 1.08-1.46; p = 0.004)
studies, respectively.

The Relative Risk of MetS for the Highest

vs. Lowest Dietary Copper Level

The overall multivariable adjusted RR showed that the dietary
copper level was negatively associated with MetS (RR = 0.85,
95% CI: 0.78-0.93; p < 0.001) (Figure 3). No substantial level
of heterogeneity was obtained among various studies (p = 0.391,
I? = 5.3%). No evidence of publication bias existed according to
the Begg’s rank correlation test (p = 0.754). Table 3 presents the
results of subgroup analysis. The above findings were confirmed
in > 1,000 sample sized (RR = 0.86, 95% CI: 0.78-0.94; p =
0.001) and adults (RR = 0.85, 95% CI: 0.78-0.93; p < 0.001)
studies, respectively.

The Relative Risk of MetS for the Highest

vs. Lowest Dietary Selenium Level

The overall multivariable adjusted RR showed that the dietary
selenium level was negatively associated with MetS (RR = 0.77,
95% CI: 0.63-0.95; p = 0.01) (Figure 4). No substantial level of

heterogeneity was obtained among various studies (p = 0.985,
I? = 0.0%). No evidence of publication bias existed according to
the Begg’s rank correlation test (p = 1.000). Table 4 presents the
results of subgroup analysis. The above findings were confirmed
in Asians (RR = 0.77, 95% CI: 0.63-0.95; p = 0.02), the NCEP
ATP II/IDF (RR = 0.79, 95% CI: 0.62-1.00; p = 0.05), >1,000
sample sized (RR = 0.76, 95% CI: 0.61-0.96; p = 0.02), 24h or
3-day recall (RR = 0.79, 95% CI: 0.62-0.99; p = 0.04), and adults
(RR =0.77, 95% CI: 0.63-0.95; p = 0.02) studies, respectively.

DISCUSSION

A total of 14 observational studies were identified in the present
meta-analysis. The pooled results showed that the dietary iron
level was positively associated with MetS, whereas a negative
association between the dietary copper and selenium level and
MetS was obtained.

The pathophysiology of MetS is involved in oxidative stress
and inflammation. As a strong pro-oxidant, iron causes oxidative
stress and damage to pancreatic beta cells, which decreases the
synthesis and secretion of insulin, impairs insulin signaling,
and then alters the glucose metabolism (45, 46). Recently, iron-
mediated cell death (ferroptosis) has also been reported to
induce cardiomyocyte damage and plays an important role in
cardiovascular disorders-related pathology (47). On the contrary,
copper and selenium are important antioxidants that act against
oxidative stress (25, 27). Copper is served as a cofactor of the
copper/zinc superoxide dismutase, a protein located in both
the cytosol and the mitochondrial inner membrane space to
relieve the electron transport chain-generated reactive oxygen
species (26). Differently from other metals, selenium works by
incorporation into proteins by a cotranslational mechanism (as
part of the amino acid selenocysteine) (48). Most selenium
proteins participate in antioxidant defense and redox state
regulation, particularly the families of glutathione peroxidases
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Study %
ID RR (95% Cl) Weight
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Bruscato 2010 + , 0.72(0.30,1.73) 210
1
I
Esfandiar 2019 ' * } 204(097,429) 292
1
I
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Motamed 2013 T 1.12(0.90,1.39) 3372
1
I
Otto 2012 —— 1.06(0.81,1.39) 2231
1
I
Vieira 2018 ! 1.14(0.54,241) 289
:
I
Zhu 2018 -— 159 (1.15,220) 1537
1
I
Zhu 2020 —— 160(1.21,2.12) 2068
1
Overall (l-squared = 44.1%, p = 0.097) <> 1.27 (1.12, 1.44)  100.00
1
I
I
1
:
1
T T
233 1 423
FIGURE 2 | Forest plot of meta-analysis: Overall multi-variable adjusted RR of MetS for the highest vs. lowest dietary iron level.
TABLE 2 | Subgroup analysis of metabolic syndrome (MetS) for the highest vs. lowest dietary iron level category.
Stratification Number of studies Pooled RR 95% CI P-value Heterogeneity
All studies 7 1.27 1.12,1.44 P < 0.001 P=0.01;*=44%
Study design
Cross-sectional 5 1.31 1.13,1.52 P < 0.001 P=0.12; = 45%
Cohort 2 1.34 0.72,2.47 P =0.35 P =0.10; > = 62%
Race
Asian 1.44 1.13,1.83 P =0.003 P =0.10; I* = 53%
American 1.04 0.81,1.32 P=0.77 P =0.69; > =0%
Diagnostic criteria of MetS
NCEP ATP Il 1.59 1.30, 1.93 P < 0.001 P =0.75 I =0%
Other 1.08 0.91,1.27 P =0.37 P =0.62; > =0%
Sample size
<1,000 2 0.94 0.53, 1.66 P =0.83 P=043;=0%
>1,000 5 1.34 1.09, 1.65 P =0.006 P =0.06; * = 56%
Exposure assessment
FFQ 1 2.04 0.97,4.29 / /
24 h or 3 days recall 6 1.25 1.10, 1.42 P < 0.001 P =0.10; I* = 45%
Type of iron
Heme iron 0.98 0.79, 1.22 P =0.88 P=0.04;"=61%
Non-heme iron 1.25 1.08, 1.46 P = 0.004 P =0.18; * = 36%
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Study %
ID RR (95% CI) Weight
Batista 2021 £ 0.87 (0.28,2.70) 064

Bulka 2018 0.81(0.69,095) 3194

Choi 2013 Female 0.86(0.58,1.28) 529

Choi 2013 Male 0.90 (0.60, 1.35) 4.99

Li 2013 - 0.61(0.36,1.01) 3.18
Motamed 2013 —— 1.15(0.90, 1.47) 1365
Qu 2018 0.81(0.70,0.94) 38.50

Suarez 2013 Female 0.77 (0.30,1.98) 092

Suarez 2013 Male 0.84(0.32,2.20) 0388

Overall (l-squared = 5.3%, p = 0.391) 0.85 (0.78,0.93) 100.00

FIGURE 3 | Forest plot of meta-analysis: Overall multi-variable adjusted RR of MetS for the highest vs. lowest dietary copper level.

TABLE 3 | Subgroup analysis of MetS for the highest vs. lowest dietary copper level category.

Stratification Number of studies Pooled RR 95% Cl P-value Heterogeneity
All studies 7 0.85 0.78,0.93 P < 0.001 P=0.39;"=5%
Study design

Cross-sectional 7 0.85 0.78,0.93 P < 0.001 P=0.39; " =5%
Cohort / / / / /

Race

Asian 4 0.87 0.78, 0.97 P =0.01 P =0.10; *=49%
American 3 0.81 0.69, 0.95 P = 0.008 P =1.00; = 0%
Diagnostic criteria of MetS

NCEP ATP IIl/IDF 4 0.87 0.78,0.97 P =0.01 P =0.10; I* = 49%
Other 3 0.81 0.69, 0.95 P =0.008 P =1.00; > = 0%
Sample size

<1,000 2 0.64 0.40, 1.02 P =0.06 P=0.57;=0%
>1,000 5 0.86 0.78,0.94 P =0.001 P =0.35; " =10%
Exposure assessment

FFQ 1 0.81 0.70, 0.94 / /

24h or 3 days recall 6 0.87 0.78,0.98 P =0.02 P =0.35; 1= 10%
Population

Adults 5 0.85 0.78, 0.93 P < 0.001 P=0.14; > =41%
Adolescents 2 0.82 0.46, 1.46 P =0.50 P =0.99; /*=0%
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FIGURE 4 | Forest plot of meta-analysis: Overall multi-variable adjusted RR of MetS for the highest vs. lowest dietary selenium level.

TABLE 4 | Subgroup analysis of MetS for the highest vs. lowest dietary selenium level category.

Stratification Number of studies Pooled RR 95% CI P-value Heterogeneity
All studies 4 0.77 0.63, 0.95 P =0.01 P=0.99; *=0%
Study design

Cross-sectional 4 0.77 0.63, 0.95 P =0.01 P=0.99; ”=0%
Cohort / / / / /

Race

Asian 3 0.77 0.63, 0.95 P =0.02 P =0.93; = 0%
American 1 0.81 0.30, 2.19 / /
Diagnostic criteria of MetS

NCEP ATP IIl/IDF 2 0.79 0.62, 1.00 P =0.05 P=0.88;/>=0%
Other 2 0.73 0.49,1.10 P=0.14 P =0.83;*=0%
Sample size

<1,000 2 0.82 0.50, 1.34 P =042 P =0.98; > =0%
>1,000 2 0.76 0.61, 0.96 P =0.02 P =0.76; I = 0%
Exposure assessment

FFQ 1 0.72 0.46, 1.13 / /

24 h or 3 days recall 3 0.79 0.62, 0.99 P =0.04 P =0.99; = 0%
Population

Adults 3 0.77 0.63, 0.95 P =0.02 P =0.93; > =0%
Adolescents 1 0.81 0.30, 2.19 / /

and thioredoxin reductases (48). Copper deficiency is associated  Similarly, selenium is also considered to prevent high-fat diet-
with the increased high-density lipoprotein (HDL) cholesterol  induced hyperglycemia and liver damage in rats (51) and type
level in rats (49) and blood cholesterol levels in humans (50). 2 diabetes mellitus and cardiovascular disease in humans (52).
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The above may significantly account for the major findings of
this study.

Ferritin, a ubiquitous intracellular protein, is important in the
regulation of iron homeostasis (53). Similarly, a meta-analysis
of the observational study suggested that the increased ferritin
level is positively associated with MetS (54). Moreover, iron
chelation therapy (reduce serum ferritin level) was associated
with improved serum glucose and HDL levels (55). The
phlebotomy with a reduction of body iron could significantly
improve cardiovascular risk and glycemic control in patients with
MetS (56). The above findings are decent supplements to ours.

Heme iron exists in most animal foods, whereas the rest in
animal or plant food is non-heme iron (57). Non-heme iron
is absorbed less efficiently than heme iron (~5% non-heme
iron and 25% heme iron are absorbed from diet) (41). The
epidemiological data indicate that the effect of heme and non-
heme iron on MetS may vary from the regional variety (39, 40)
and heme iron alone cannot reflect the iron status (58, 59).
Indeed, our results with regard to heme and non-heme iron are
quite different. The specification of the iron subtype should be
considered in further study.

Interestingly, our findings are only confirmed in the NCEP
ATP III/IDF diagnostic criteria and > 1,000 sample-sized studies.
It is speculated that MetS diagnostic criteria or sample size
may influence the results of this study. Moreover, the negative
relationship between the dietary iron and selenium and MetS
is only specified in the 24h or 3-day recall method and adult
population. Although the number of studies for FFQ and
adolescents is limited, the recall method might be precise to
reflect the issues and some age-related differences with the dietary
pathology of MetS cannot be fully excluded. In addition, the issue
of race should also be noted. The corresponding findings only
exist in Asians, but not in Americans (with regard to the dietary
iron and selenium). Our results suggest that the potential effect
of racial variation should not be ignored either.

Our findings can be incorporated into the daily lives of
subjects suffering from MetS. The programs to build awareness
with collaboration between physicians and nutritionists should
be encouraged in the future. For example, reinforce the dietary
education in MetS subjects: avoid the dietary iron overdose
or copper/selenium deficiency. Nevertheless, the toxicity of
excess copper intake should also be emphasized. Excess copper
intake is reported to induce oxidative stress, damage to the
mitochondrial, contributes to apoptosis, DNA damage, and
inflammatory responses (60, 61). Therefore, careful validation
by randomized controlled trial/prospective cohort study is still
needed before its clinical application.

This study has several strengthens. To begin with, this is the
first meta-analysis of observational studies on the associations
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Background: Previous studies have shown that vitamin D3 (VD3) may be a protective
factor for diabetes mellitus (DM), while triglycerides/high-density lipoprotein (TG/HDL) may
be a risk factor for diabetes. However, no existing study has elucidated the interaction
between TG/HDL and VD3. Therefore, this work aimed to investigate the relationships of
TG/HDL with insulin resistance (IR), impaired glucose tolerance (IGT), and DM at different
VD3 levels.

Methods: With the use of the data from five National Health and Nutrition Examination
Survey (NHANES) cycles, a total of 2,929 males and 3,031 females were divided into 4
groups according to their VD3 levels. Logistic regression was performed to observe the
associations of TG/HDL ratio with IR, IGT, and DM in different groups.

Results: The relationships of TG/HDL with IR, IGT, and DM showed a threshold effect,
with the cutoff values of 1.094, 1.51, and 1.11, respectively. On both sides of the cutoff
values, the correlation was first weakened and then enhanced with the increase in VD3
levels.

Conclusion: TG/HDL is arisk factor for IR, IGT, and DM. Both too low and too high levels
of VD3 can strengthen this association, whereas keeping VD3 at a reasonable level helps
to reduce the associations of TG/HDL with IR, IGT, and DM.

Keywords: TG/HDL ratio, diabetes mellitus, insulin resistance, impaired glucose tolerance (IGT), cross-
sectional study

Abbreviations: IR, insulin resistance; IGT, impaired glucose tolerance; DM, diabetes mellitus; EDU, education; SMOK,
smoking; BMI, body mass index; ALT, alanine aminotransferase; ALB, albumin; AST, aspartate aminotransferase; ALP,
alkaline phosphatase; BUN, blood urea nitrogen; GGT, y-glutamyl transpeptidase; UA, uric acid; FPG, fasting plasma glucose;
TG, total cholesterol.
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Cross-Sectional Study

1 BACKGROUND

Vitamin D3 (VD3), also called cholecalciferol, is a type of
vitamin D (1). VD3 is the precursor of hormones, which have
been recently found to participate in numerous regulatory
responses in the body (2-4). Studies have shown that VD3
plays a role not only in bone metabolism but also in insulin
resistance (IR), impaired glucose tolerance (IGT), and diabetes
mellitus (DM) (3-6).

IR is identified as an impaired response to insulin of target
tissues and the resulting reduced efficiency of glucose uptake and
utilization (7). If left uncontrolled, IR will develop into IGT and
even DM. After feeding rats with a high-fat diet (HFD) for 12
weeks, Zhang et al. found that IR appeared in 93.3% of the rats
(8). With the dramatic changes in people’s living conditions, the
morbidity of DM shows an increasing trend in various countries
worldwide (9-11). According to the Diabetes Atlas 2019
published by the International Diabetes Federation (IDF), there
are 425 million patients with type 2 DM (T2DM) around the
world (12). According to the current development trend, it is
estimated that there will be 629 million DM patients aged 20-79
by the year 2045, accounting for 10% of the overall population
(13). Besides, there will be more patients with IGT and IR.

At present, VD3 and triglycerides/high-density lipoprotein
(TG/HDL) are identified as the factors related to IR, IGT, and
DM (14-17). However, few existing studies have investigated
whether the relationship between TG/HDL ratio and abnormal
glucose metabolism is affected by different VD3 levels. Herein, a
retrospective analysis was conducted based on the American
National Health and Nutrition Examination Survey (NHANES)
database, aiming to discover the difference (or evidence) in the
associations of TG/HDL ratio with IR, IGT, and DM at different
VD3 levels. The findings in this study will make a significant
contribution to exploring the clinical prevention and treatment
of DM.

2 METHODS

2.1 Research Population and

Test Methods

Altogether, 49,696 participants from five periods were selected
from the NHANES database from 2009 to 2018. The NHANES
project is a subject study strictly formulated by the National
Center for Health Statistics (NCHS) to meet the different
population representations. NHANES is a persistent project
that makes 2 years as a period, and it ensures that the sample
is representative of the American population through multilevel
and complex sampling design. There are about 5,000 people who
receive the sampling survey, which covers diverse aspects like
population, social, economy, diet, and health. The laboratory
examination section includes medical and physiological tests. All
data are collected by professional and trained personnel.
NHANES follows a strict standard and protocol to ensure the
privacy of each participant, and the information is not used for
identification under the U.S. federal law as well.

In this study, strict inclusion and exclusion criteria were
applied to select eligible participants. To be specific,
participants meeting one or more of the following criteria were
excluded: 1) those aged under 18 years; 2) those with no key
indicators of insulin, fasting glucose, TG, or HDL; and 3) others
(including patients taking drugs that affected blood lipid
metabolism, glucose metabolism, and parathyroid metabolism;
patients suffering from immunodeficiency, infectious diseases, or
malignant tumors; and patients with a recent history of surgery,
trauma, severe infection or other stress).

NHANES 2009-2018 covered five periods (2009-2010, 2011~
2012, 2013-2014, 2015-2016, and 2017-2018), involving 49,696
participants in total. Among them, 19,342 participants were
excluded due to the age of <18 years, 17,313 because of the
unavailability of insulin data, 3,374 due to unavailable TG data,
and 3,707 because of the lack of HDL data. Finally, 5,960
participants were included in this trial (Figure 1).

Ultrahigh-performance liquid chromatography-tandem mass
spectrometry (UHPLC-ms/MS) was performed to quantify VD3
levels in human serum samples. After fasting for 9 h, the fasting
plasma glucose (FPG) and insulin levels in the enrolled
participants were measured via venipuncture in the morning.
Blood lipid data were provided by the laboratory at the
University of Minnesota.

In this study, TG/HDL ratio was used as the independent
variable, whereas IR, IGT, and DM were used as the dependent
variables. According to the definition of VD3, participants were
divided into four groups, including VD3 deficiency group (N1,
VD3 < 30 ng/ml), VD3 insufficient group (N2, 30 ng/ml < VD3 <
50 ng/ml), VD3 moderate group (N3, 50 ng/ml < VD3 < 80 ng/
ml), and overdose group (N4, VD3 > 80 ng/ml) (Figure 2).

2.2 Disease Determination
In this study, the disease determination criterion was strictly
formulated based on the international standard.

2.2.1 Insulin Resistance

The clinical definition of IR remains elusive, as no generally
accepted test is available for IR (18). In some studies, IR is
defined by the steady-state model evaluation formula: fasting
glucose insulin (WU/ml) x fasting glucose (mmol/L)/22.5 (19). In
other research, IR > 2.6 is regarded as IR in a normal American
population, which was taken as the determination criterion in
our study (Figure 2).

2.2.2 Impaired Glucose Tolerance

In this study, according to relevant questionnaires and laboratory
tests, IGT was defined as self-reported DM or FPG > 6.0 mmol/L
(type 1 DM, gestational DM, and specific types of DM were
excluded) (20) (Figure 2).

2.2.3 Diabetes Mellitus

DM is defined based on the American Diabetes Association
Standards 2015. In this study, according to relevant
questionnaires and laboratory tests, DM was defined as self-
reported DM or glycosylated hemoglobin >6.5% and FPG 2 6.0
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FIGURE 1 | Flowchart of participant selection.

mmol/L (type 1 DM, gestational DM, and specific types of DM
were excluded) (21) (Figure 2).

2.2.4 Hypertension

In the present work, blood pressure (BP) was measured thrice
while the participants were at rest, and the three measurements
were averaged to assess whether the participants had
hypertension or not. Typically, hypertension was defined as
systolic BP (SBP) 2140 mmHg and/or diastolic BP (DBP) =90
mmHg or self-reported hypertension and use of antihypertensive
drugs. The definition conformed to the American Heart
Association Blood Pressure Guidelines 2017 (22).

2.2.5 Smoking
Participants were classified into three groups according to their
different smoking conditions, namely, 1) current smokers (who

smoked at least one cigarette a day in the past 30 days), 2) current
non-smokers (who smoked an average of less than 1 cigarette per
day in the past 30 days or more than 100 cigarettes in their
lifetime), and 3) non-smokers (who reported that they smoked
less than 100 cigarettes in their lifetime or never smoked). In this
study, due to the small number of non-smokers, the current non-
smokers and non-smokers were finally combined as non-
smokers (23).

2.2.6 Alcohol Use

After the classification of alcohol consumption in previous
studies was checked, the participants were finally divided into
two groups, including drinkers (who drank more than 12 drinks
a year) and non-drinkers (who drank no more than 12 drinks a
year) (24).
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2.2.7 Income and Education

In this study, participants earning more than $100,000 were
defined as high income, while those with a junior college
education or higher were defined as high education.

3 STATISTICAL ANALYSIS

The NHANES database selects an annual of 5,000 people from a
framework of 15 different locations in all counties of the United
States to ensure that the data are universal and widespread. The
unique multistage probability sampling technique employed by
the NHANES database enables the data to better represent the
incidence of IR in the U.S. population over the past few years. In
this study, samples were collected from the NHANES database at
five consecutive periods to make this study more convincing.
Besides, data were selected through rigorous comprehensive
screening to obtain a more representative sample.

Statistical analysis was performed using R language version
4.0.2, and a two-sided p-value <0.05 indicated statistical
significance. Multivariate logistic regression was adopted to
analyze the associations of TG/HDL ratio with IR, IGT, and
DM, under different VD3 levels in the American adult
population. Continuous variables were represented by detailed
sample descriptions. Classification variables were expressed as
counts and weighted percentages. In addition, the skewed
distribution was based on the median and Q1-Q3, whereas the
normal distribution was described by the median and SD. Four
multivariate logistic regression models and smooth fitting curves
were established to analyze the relationships of TG/HDL ratio
with IR, IGT, and DM at different VD3 levels. Moreover, two-stage
logistic regression and a log-likelihood ratio test were performed to
analyze whether there was a non-linear relationship. Multiple
imputations were utilized to compensate for the missing variables
in this study. To increase the statistical power and avoid bias, the
missing data of covariates were removed from this analysis.
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A sensitivity analysis was also performed to evaluate whether the
generated data differed considerably from the raw data. According
to sensitivity analysis, the generated complete data were similar to
the raw data. As a result, our following multivariable analyses were
carried out using the raw data based on Rubin’s guidelines.

3.1 Selection of Covariates
In this study, covariates were screened according to the following
criteria, 1) baseline characteristics of the population; 2) variables
affecting TG/HDL, IR, IGT, and DM identified in previous
studies; 3) the basic model changed by more than 10% after
introducing covariates; and 4) experience gained in clinical work.
In line with the abovementioned criteria, gender, age, race,
alanine aminotransferase (ALT), aspartate aminotransferase
(AST), TG, total cholesterol (TC), y-glutamyl transpeptidase
(GGT), albumin (ALB), HDL, smoking, alcohol use, income,
and education were selected as the covariates.

4 RESULTS

4.1 Characteristics of the Participants

A total of 5,960 participants were finally included according to the
strict inclusion and exclusion criteria, including 2,929 males (49.1%)
and 3,031 females (50.9%). Among these samples, there were
significant differences in variables of gender, age, race, smoking,
education, hyperuricemia, hypertension, hypercholesterolemia,
body mass index (BMI), waist, IR, DM, IGT, ALT, AST, alkaline
phosphatase (ALP), total bilirubin (TBIL), blood urea nitrogen
(BUN), and GGT (p < 0.001) among VD3 groups (N1-N4).
Notably, the highest proportions of smoking (79.1%), alcohol use
(34.3%), IR (55.6%), IGT (31.7%), and DM (26.9%), together with
the highest values of BMI (30.6 + 8.8) and waist (101.2 + 20.8) were
observed in the N1 group. By contrast, the highest proportions of
education (61.3%), income (45.3%), hyperuricemia (23.1%),
hypertension (77.0%), and hypercholesterolemia (54.8%), as well
as the highest values of AST (23.0, (20.0, 27.0)) and BUN (4.6, (3.9,
6.1)), were seen in the N4 group. The average age of the total
samples was 43.0 + 20.6 years, and the oldest age (52.8 + 19.9) was
observed in the N4 group (Table 1).

4.2 Univariate Logistic Analysis

Table 2 presents the results of a univariate analysis to elucidate
factors related to IR, IGT, and DM. As a result, the positive
factors were age, drinking, hypertension, hyperuricemia,
hypercholesterolemia, BMI, waist, TG, ALT, BUN, GGT, and
TG/HDL ratio, whereas education, income, smoking, and HDL
and VD3 levels were negatively correlated with IR, IGT, and DM
(Table 2). Among the above variables, TG/HDL ratio showed the
most significant relationship with IR among the diverse
continuous variables, but its relations with IGT and DM were
weaker (Table 2).

4.3 Multiple Logistic Regression Models

Four models were constructed to analyze the independent effect of
the TG/HDL ratio on IR, IGT, and DM at difterent VD3 levels. The
odds ratios (ORs) and 95% ClIs are shown in Table 3. The sizes of

ORs and 95% ClIs were interpreted as the corresponding changes in
the incidence rates of IR, IGT, and DM with the increase in TG/
HDL ratio by one SD. In the fully adjusted model (Model 4), the
ORs of the association between TG/HDL ratio and IR were 2.11
(1.57~2.83), 1.52 (1.29~1.78), 1.28 (1.16~1.41), and 2.16
(1.75~2.67) in the N1-N4 groups, respectively. Meanwhile, the
ORs regarding the association between TG/HDL ratio and IGT
were 1.41 (1.17~1.70), 1.18 (1.07~1.29), 1.09 (1.02~1.16), and 1.22
(1.05~1.42) in the N1-N4 groups, respectively. The ORs of the
association between TG/HDL ratio and DM were 1.31 (1.1~1.55),
1.19 (1.08~1.31), 1.13 (1.06~1.20), and 1.22 (1.05~1.42) in the N1—
N4 groups, respectively. In addition, TG/HDL ratio was also related
to VD3 levels in IR, IGT, and DM (p for interaction <0.001)
(Table 3 and Figure 3). The relatively strongest relationships of
TG/HDL with IR, IGT, and DM were observed at the lowest and
highest levels of VD3 groups (N1 and N4, Table 3).

4.4 Non-Linear Relationships

Here, we analyzed the non-linear relationships of TG/HDL ratio
with IR, IGT, and DM at different VD3 levels. Using the fully
adjusted Model 4, we discovered different relationships among
VD3 groups. The correlation was fitted by logistic regression
(Figure 4), and the non-linear relationship was approved by
double segmentation (Table 4). In addition, p < 0.05 was
obtained upon the log-likelihood ratio test. Thus, two-stage
logistic regression was conducted to accurately describe the
relationships of TG/HDL ratio with IR, IGT, and DM at
different VD3 levels (Figure 4 and Table 4).

4.4.1 Insulin Resistance Group

Based on the two-stage logistic regression models and recursive
algorithm, the cutoff value was determined to be 1.094. On the
left side of the cutoft value, the ORs and 95% CIs were 5.68 (2.64—
12.21), 5.55 (3.27-9.42), 3.50 (2.53-4.84), and 9.55 (3.79-24.06)
in the N1-N4 groups, respectively. On the right side of the cutoff
value, the ORs and 95% CIs were 1.49 (0.89, 2.48), 1.41 (1.03,
1.93), 1.54 (1.12, 2.11), and 1.84 (1.33, 2.54) in the N1-N4
groups, separately.

4.4.2 Impaired Glucose Tolerance Group

According to the two-stage logistic regression models and
recursive algorithm, the cutoff value was set to 1.54. On the left
side of the cutoff value, the ORs and 95% CIs were 5.29 (2.94-
9.49), 2.68 (1.61-4.45), 2.14 (1.32-3.68), and 1.91 (1.40-2.61) in
the N1-N4 groups, respectively. On the right side of the cutoff
value, the ORs and 95% CIs were 1.13 (0.63, 2.01), 1.2 (0.85,
1.68), 1.40 (1.1, 1.71), and 0.06 (0.01, 0.46) in the N1-N4
groups, separately.

4.4.3 Diabetes Mellitus Group

In line with the two-stage logistic regression models and recursive
algorithm, the cutoff value was 1.11. On the left side of the cutoft
value, the ORs and 95% CIs were 7.33 (2.43-22.05), 3.83 (1.04-
14.18), 7.13 (2.30-22.08), and 1.33 (0.99-1.77) in the N1-N4
groups, respectively. On the right side of the cutoff value, the ORs
and 95% Cls were 1.20 (0.77, 1.85), 1.53 (1.19, 1.97), 1.57 (1.29,
1.94), and 0.54 (0.11, 2.65) in the N1-N4 groups, respectively.
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TABLE 1 | Basic characteristics of the participants.

Variables Total (n = 5,960) N1 (n = 694)
Gender, n (%)

Male 2,929 (49.1) 305 (43.9)
Female 3,031 (50.9) 389 (56.1)
Age (mean + SD) 43.0 £ 20.6 41.2 £ 18.9
Race (n (%))

Mexican American 804 (13.5) 89 (12.8)
Other Hispanics 576 (9.7) 36 (5.2
Non-Hispanic white 2,331 (39.1) 116 (16.7)
Non-Hispanic black 1,311 (22.0) 342 (49.3)
Other race 938 (15.7) 111 (16)
Alcohol use (n (%))

No 4,113 (69.0) 456 (65.7)
Yes 1,842 (30.9) 238 (34.3)
SMOK (n (%))

No 1,786 (30.0) 145 (20.9)
Yes 4,174 (70.0) 549 (79.1)
EDU (n (%))

No higher education 2,668 (44.8) 339 (48.8)
Higher education 3,292 (55.2) 355 (51.2)
INCOME (n (%))

No more than $100,000 3,657 (61.4) 495 (71.3)
More than $100,000 2,303 (38.6) 199 (28.7)
HUA (n (%))

No 4,849 (81.4) 536 (77.2)
Yes 1,111 (18.6) 158 (22.8)
Hbp (n (%))

No 1,889 (31.7) 181 (26.1)
Yes 4,071 (68.3) 513 (73.9)
HTC (n (%))

No 3,405 (57.1) 408 (58.8)
Yes 2,555 (42.9) 286 (41.2)
BMI, (mean + SD) 28.0+ 7.1 30.6 + 8.8
Waist (mean + SD) 95.8 £ 17.7 101.2 £ 20.8
Insulin resistance (n (%))

No 3,253 (54.6) 308 (44.4)
Yes 2,707 (45.4) 386 (55.6)
Diabetes (n (%))

No 4,699 (78.8) 507 (73.1)
Yes 1,261 (21.2) 187 (26.9)
Prediabetes (n (%))

No 4,476 (75.1) 474 (68.3)
Yes 1,484 (24.9) 220 (31.7)
ALT (median (IQR)) 19.0 (15.0, 26.0) 19.0 (14.0, 25.0)
AST (median (IQR)) 22.0 (19.0, 27.0) 21.0 (18.0, 26.0)
ALP (median (IQR)) 66.0 (54.0, 84.0) 68.0 (55.0, 85.0)
TBIL (median (IQR)) 12.0 (8.6, 13.7) 10.3 (8.6, 13.7)
BUN (median (IQR)) 4.3 (3.2, 5.4) 3.6 (2.9, 4.6)
TC (median (IQRY)) 4.7 (4.0, 5.4) 4.6 (4.0, 5.4)
UA (median (IQR)) 315.2 (261.7, 374.7) 324.2 (255.8, 386.6)

GGT (median (IQRY))
FPG (median (IQR))
TG/HDL (median (IQR))

17.0 (13.0, 26.0)
5.2 (4.8, 5.7)
0.8 (0.5, 1.3)

18.0 (13.2, 31.0)
5.2 (4.8, 5.8)
0.8 (0.5, 1.3)

N2 (n = 1,606) N3 (n = 2,502) N4 (n = 1,158) p-Value
< 0.001
786 (48.9) 1,376 (55) 462 (39.9)
820 (51.1) 1,126 (45) 696 (60.1)
38.5+19.3 41.9 +20.7 52.8 +19.9 <0.001
<0.001
299 (18.6) 350 (14) 66 (5.7)
156 (9.7) 297 (11.9) 87 (7.5)
357 (22.2) 1,096 (43.8) 762 (65.8)
497 (30.9) 370 (14.8) 102 (8.8)
297 (18.5) 389 (15.5) 141 (12.2)
0.095
1,082 (67.4) 1,762 (70.4) 813 (70.2)
522 (32.5) 738 (29.5) 344 (29.7)
<0.001
448 (27.9) 761 (30.4) 432 (37.3)
1,188 (72.1) 1,741 (69.6) 726 (62.7)
<0.001
749 (46.6) 1,132 (45.2) 448 (38.7)
857 (53.4) 1,370 (54.8) 710 (61.9)
<0.001
1,037 (64.6) 1,492 (59.6) 633 (54.7)
569 (35.4) 1,010 (40.4) 525 (45.3)
<0.001
1,307 (81.4) 2,116 (84.6) 890 (76.9)
299 (18.6) 386 (15.4) 268 (23.1)
<0.001
581 (36.2) 861 (34.4) 266 (23)
1,025 (63.8) 1,641 (65.6) 892 (77)
<0.001
1,024 (63.8) 1,450 (58) 523 (45.2)
582 (36.2) 1,052 (42) 635 (54.8)
285+ 7.4 274 +6.5 271 +6.3 <0.001
96.1 +18.2 945 +16.9 94.8 + 156.8 <0.001
<0.001
780 (48.6) 1,407 (56.2) 758 (65.5)
826 (51.4) 1,095 (43.8) 400 (34.5)
<0.001
1,257 (78.3) 2,036 (81.4) 899 (77.6)
349 (21.7) 466 (18.6) 259 (22.4)
<0.001
1,211 (75.4) 1,945 (77.7) 846 (73.1)
395 (24.6) 557 (22.3) 312 (26.9)
19.0 (15.0, 27.0) 20.0 (15.0, 27.0) 20.0 (16.0, 25.0) 0.017
22.0 (19.0, 26.0) 22.0 (19.0, 27.0) 23.0 (20.0, 27.0) <0.001
68.0 (55.0, 87.0) 66.0 (54.0, 85.0) 63.0 (51.0, 77.0) <0.001
10.3 (8.6, 13.7) 12.0 (8.6, 13.7) 12.0 (8.6, 13.7) <0.001
3.9 (3.2, 4.6) 4.3 (3.6, 5.4) 4.6 (3.9, 6.1) <0.001
46(4.0,5.4) 46 (4.0,5.4) 4.9 (4.2, 5.6) <0.001
315.2 (255.8, 374.7) 315.2 (261.7, 368.8) 309.3 (261.7, 374.7) 0.426
18.0 (13.0, 27.0) 17.0 (12.0, 25.0) 17.0 (13.0, 26.0) <0.001
5.2 (4.8,5.7) 5.2 (4.8, 5.6) 5.2 (4.8,5.7) 0.092
0.7 (0.5, 1.3) 0.8 (0.5, 1.4) 0.8 (0.5, 1.9 0.071

EDU, education; SMOK, smoking; BMI, body mass index; ALT, alanine aminotransferase; ALB, albumin; AST, aspartate aminotransferase; ALP, alkaline phosphatase; BUN, blood urea
nitrogen; GGT, yglutamyl transpeptidase; UA, uric acid; FPG, fasting plasma glucose; TC, total cholesterol; TG/HDL, triglycerides/high-density lipoprotein.

5 DISCUSSION

In this study, 5,960 participants were recruited to analyze the
independent associations of TG/HDL ratio with IR, IGT, and
DM at different VD3 levels. After the influencing factors were
adjusted, TG/HDL ratio was related to IR, IGT, and DM at
varying degrees at different VD3 levels (p for interaction <0.05).
Specifically, stronger relationships were observed in the N1 and

N4 groups (Table 3). It suggests that the too low or too high VD3
levels possibly strengthen the associations of TG/HDL ratio with
IR, IGT, and DM.

In a study carried out on Hispanic and African Americans,
the associations of TG/HDL ratio with IR, B-cell function, and
DM were investigated. After the influencing factors were
adjusted, TG/HDL ratio was associated with IR in the non-
Caucasian populations, and a higher TG/HDL ratio was related
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TABLE 2 | Univariate analysis of IR, IGT, and DM.

Variables IR
OR (95% CI) p-Value

Age 1.01 (1~1.01) <0.001
Gender

Male 1

Female 0.99 (0.9~1.1) 0.89
Education

No higher education 1

Higher education 0.8 (0.72~0.89) <0.001
Income

No more than $100,000 1

More than $100,000 0.75 (0.68~0.84) <0.001
Alcohol use

No 1

Yes 1.25(1.12~1.4) <0.001
Smoking

No 1

Yes 0.93 (0.83~1.04) 0.195
Hyperuricemia

No 1

Yes 2.6 (2.27~2.98) <0.001
Hypertension

No 1

Yes 1.71 (1.53~1.91) <0.001
Hypercholesterolemia

No 1

Yes 1.73 (1.56~1.92) <0.001
BMI 118 (1.17~1.2) <0.001
Waist 1.07 (1.06~1.07) <0.001
TC 1.04 (0.99~1.09) 0.097
TG 2.06 (1.91~2.21) <0.001
HDL 0.15 (0.13~0.18) <0.001
TG/HDL 2.09 (1.94~2.25) <0.001
ALT 1.02 (1.02~1.02) <0.001
AST 1(1~1.01) 0.174
GGT 1.01 (1.01~1.01) <0.001
ALP 1(1~1) <0.001
BUN 1.03 (1.01~1.06) 0.009
UA 1.01 (1~1.01) <0.001

IGT DM
OR (95% Cl) p-Value OR (95% CI) p-Value
1.06 (1.05~1.06) <0.001 1.06 (1.06~1.06) <0.001
1 1
0.79 (0.7~0.89) <0.001 0.85 (0.75~0.96) 0.011
1 1
0.65 (0.58~0.74) <0.001 0.62 (0.55~0.7) <0.001
1 1
0.74 (0.66~0.84) <0.001 0.72 (0.63~0.82) <0.001
1 1
1.15 (1.02~1.31) 0.028 1.22 (1.07~1.39) 0.003
1 1
0.74 (0.65~0.84) <0.001 0.76 (0.67~0.87) <0.001
1 1
243 (2.11~2.79) <0.001 2.32 (2.01~2.67) <0.001
1 1
6.56 (5.43~7.91) <0.001 7.58 (6.1~9.42) <0.001
1 1
4.14 (3.65~4.7) <0.001 4.48 (8.91~5.13) <0.001
1.1 (1.09~1.11) <0.001 1.09 (1.08~1.1) <0.001
1.05 (1.05~1.06) <0.001 1.05 (1.05~1.05) <0.001
113 (1.07~1.19) <0.001 1.11 (1.05~1.17) <0.001
1.48 (1.39~1.57) <0.001 1.44 (1.36~1.593) <0.001
0.41 (0.35~0.49) <0.001 0.41 (0.34~0.49) <0.001
1.3 (1.24~1.36) <0.001 1.28 (1.22~1.34) <0.001
1.01 (1.01~1.01) <0.001 1.01 (1.01~1.01) <0.001
1 (1~1.01) 0.005 1 (1~1.01) 0.032
1.01 (1.01~1.01) <0.001 1.01 (1.01~1.01) <0.001
1(1~1) <0.001 1(1~1) <0.001
1.32 (1.27~1.36) <0.001 1.32 (1.27~1.36) <0.001
1.01 (1~1.01) <0.001 1.01 (1~1.01) <0.001

IR, insulin resistance; BMI, body mass index; ALT, alanine aminotransferase; AST, aspartate aminotransferase; ALP, alkaline phosphatase; BUN, blood urea nitrogen; GGT, yglutamy!
transpeptidase; UA, uric acid; TC, total cholesterol; TG, triglycerides; HDL, high-density lipoprotein.

to lower insulin sensitivity in the Hispanic and African American
populations (25). Wang et al. also confirmed that TG/HDL ratio
was an independent risk factor for DM in the Singapore Chinese
(26). In addition, Gong et al. studied more than 100,000 Chinese
cohorts and discovered that a higher TG/HDL ratio was
positively correlated with the occurrence of IGT and DM after
the influencing factors were adjusted (27). These investigations
are consistent with our results.

This study further evaluated the effect of VD3 levels on the
relationships of TG/HDL ratio with IR, IGT, and DM. As a result,
too high or too low VD3 levels promoted the abovementioned
relationships. The N3 group (ordinary VD3 levels) showed the
weakest correlations of TG/HDL with IR, IGT, and DM. This
indicates that, compared with VD3 abundance and deficiency,
maintaining the reasonable VD3 levels is more effective in
reducing the associations of TG/HDL ratio with IR, IGT, and DM.
In addition, we found that such associations were strengthened, not
weakened as expected, in the N4 group. This demonstrates that

excessive (high level of) VD3 strengthens the associations of TG/
HDL with IR, IGT, and DM. The main reason is that excessive VD3
can lead to abnormalities in calcium and phosphorus metabolism as
well as VD3 toxicity in the body, thus lowering the protective effect
of VD3 on the body. Therefore, this should be further validated by
more clinical studies and randomized controlled trials (RCTs).

As reported in previous studies, high TG/HDL ratios lead to
reduced retention of fatty acids; therefore, more fatty acids are
transported to the liver for TG synthesis, and more free fatty
acids will be formed accordingly (28), while higher free fatty acid
levels have been identified as a risk factor for T2DM. By
combining with insulin, the excess free fatty acids prevent the
secretion of a normal amount of insulin from achieving the
desired glucose-lowering effect. As a result, pancreatic 3-cells are
stimulated to secrete more insulin, which thus leads to IR and
ultimately the development of DM (29). In addition, TG-rich
lipoproteins accelerate the production of leptin, angiotensinogen,
tumor necrosis factor-alpha (TNF-a), interleukin 6 (IL-6),
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TABLE 3 | Multiple regression analysis of different VD3 levels.

Outcomes Model 1 Model 2 Model 3 Model 4 p for interaction
OR (95% CI) p-Value OR (95% CI) p-Value OR (95% Cl) p-Value OR (95% CI) p-Value

IR group <0.001

N1 (<30) 2.33 (1.83~2.96) <0.001 2.63 (2.02~3.43) <0.001 2.02 (1.565~2.64) <0.001 2.11 (1.57~2.83) <0.001

N2 (30-50) 2.01 (1.73~2.34) <0.001 2.23 (1.89~2.63) <0.001 1.52 (1.31~1.78) <0.001 1.52 (1.29~1.78) <0.001

N3 (50-80) 1.87 (1.68~2.07) <0.001 1.88 (1.69~2.09) <0.001 1.31 (1.18~1.44) <0.001 1.28 (1.16~1.41) <0.001

N4 (>80) 3.27 (2.69~3.98) <0.001 3.22 (2.63~3.94) <0.001 2.23 (1.81~2.74) <0.001 2.16 (1.75~2.67) <0.001

IGT group <0.001

N1 (<30) 1.54 (1.33~1.8) <0.001 1.63 (1.36~1.94) <0.001 1.46 (1.21~1.75) <0.001 1.41 (1.17~1.70) <0.001

N2 (30-50) 1.31 (1.19~1.43) <0.001 1.29 (1.17~1.43) <0.001 1.18 (1.08~1.3) <0.001 1.18 (1.07~1.29) 0.001

N3 (50-80) 1.18 (1.11~1.26) <0.001 1.19 (1.1~1.27) <0.001 1.08 (1.01~1.15) 0.016 1.09 (1.02~1.16) 0.007

N4 (>80) 1.6 (1.39~1.84) <0.001 1.59 (1.37~1.85) <0.001 1.28 (1.1~1.48) 0.001 1.22 (1.05~1.42) 0.009

DM group <0.001

N1 (<30) 1.43 (1.24~1.65) <0.001 1.51 (1.27~1.78) <0.001 1.37 (1.15~1.62) <0.001 1.31 (1.1~1.55) 0.002

N2 (30-50) 1.29 (1.18~1.41) <0.001 1.31 (1.19~1.44) <0.001 1.2 (1.09~1.32) <0.001 1.19 (1.08~1.31) <0.001

N3 (50-80) 1.18 (1.1~1.26) <0.001 1.22 (1.13~1.32) <0.001 1.11 (1.04~1.2) 0.002 1.13 (1.06~1.20) <0.001

N4 (>80) 1.51 (1.32~1.73) <0.001 1.53 (1.31~1.78) <0.001 1.27 (1.09~1.47) 0.002 1.22 (1.05~1.42) 0.01

Model 1: non-adjusted. Model 2: adjusted for gender, age, and race. Model 3: Model 2 + adjusted for ALT, AST, TG, TC, GGT, ALB, and HDL. Model 4: Model 3 + adjusted for smoking,

alcohol use, income, and education.

VD3, vitamin D3; IR, insulin resistance; IGT, impaired glucose tolerance; DM, diabetes mellitus; ALT, alanine aminotransferase; AST, aspartate aminotransferase; TG, triglycerides; TC, total

cholesterol; GGT, y-glutamyl transpeptidase; ALB, albumin; HDL, high-density lipoprotein.

fibrinogen activator inhibitor 1, transforming growth factor B
(TGE-b), lipocalin, and resistin (29). These factors are the risk
factors for the development of IR or DM, at least at the
experimental level. VD3 can bind to some free fatty acids (30)
to alleviate certain unfavorable effects of fatty acids. This was also
represented in results from the N1-N3 groups, where the
associations of TG/HDL ratio with IR, IGT, and DM were
weakened as VD3 levels increased (Tables 3 and 4). As a kind
of fat-soluble vitamin, VD3 is mainly obtained by irradiating the
skin with sunlight (31). Studies have reported that phototherapy
and VD3 supplementation can ameliorate IR and inflammation
in a rat model of non-alcoholic fatty liver disease (NAFLD)
induced by a special diet (32). Based on these results and our
observation, we suppose that VD3 is beneficial to normal

metabolism, and safe sunlight exposure can be an appropriate
way to increase VD3 levels for human health (33).

Certainly, some of the results in this study were different from
those of previous studies. Such discrepancies may be explained
from the following aspects. 1) The study populations were different.
2) The adjusted variables were different, and a more adequate
adjustment strategy was adopted in this study. 3) The associations
of TG/HDL ratio with IR, IGT, and DM were analyzed at different
VD3 levels in this study. Notably, the clinical strength of this study
is as follows. We found that within a reasonable range of VD3 (0-
80 ng/ml), increasing VD3 levels attenuated the associations of TG/
HDL ratio with IR, IGT, and DM. This provides new evidence for
clinical guidance on the appropriate range of VD3 levels in
patients. Meanwhile, we discovered that when VD3 levels were

Subgroup n2(%) Odds Ratio(95%Cl)

P-value P for interacion

IR group

<30 694  366(556) 2.11(157-2.83)

30-50 1606 826(514)  1.52(1.20178)

50-80 2502 1095(438) 128 (1.16~141)

>80 1158 400(345)  2.16 (1.75~267)

1GT group

<30 694 220(317) 141(147-1.7)

30-50 1606 395(246)  1.18(1.07~1.29)

50-80 2502 557(223) 109 (102+1.16)

>80 1158 312(269) 122(1.05~142)

DM group

<30 694 187(269) 1.31(1.1~1.55)

30-50 1606 349(217)  1.19(1.08~1.31)

50-80 2502 466 (186)  1.13(1.06~1.2)

1158 250(224)  1.22(1.05+1.42)

<0.001

2
Effect(95%Cl)

FIGURE 3 | Subgroup analysis based on the multivariate logistic regression analysis of the association between TG/HDL ratio and IR, IGT, and DM. TG/HDL,
triglycerides/high-density lipoprotein; IR, insulin resistance; IGT, impaired glucose tolerance; DM, diabetes mellitus.
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FIGURE 4 | Multivariate logistic regression analysis of the associations of TG/HDL ratio with IR, IGT, and DM in different VD3 groups. TG/HDL, triglycerides/high-
density lipoprotein; IR, insulin resistance; IGT, impaired glucose tolerance; DM, diabetes mellitus; VD3, vitamin D3. (A) The association between TG/HDL and IR at
different VD3 levels (Total). (B) The association between TG/HDL and IR at different vD3 levels (Separate). (C) The association between TG/HDL and IGT at different
VD3 levels (Total). (D) The association between TG/HDL and IGT at different vD3 levels (Separate). (E) The association between TG/HDL and DM at different VD3
levels (Total). (F) The association between TG/HDL and DM at different VD3 levels (Separate). TG/HDL, triglycerides/high-density lipoprotein; IR, insulin resistance;
VD3, vitamin D3; IGT, impaired glucose tolerance; DM, diabetes mellitus.

TABLE 4 | Threshold analysis of TG/HDL on the incident of IR, IGT, and DM in the NHANES study, 2009-2018.

Outcomes N1 (VD3 < 30) N2 (30 < VD3 < 50) N3 (50 < VD3 < 80) N4 (80 < VD3)

OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value OR (95% CI) p-Value
IR group
Cutoff value 1.16 (1.14,1.18) 1.10(1.08, 1.12) 1.34 (1.31, 1.37) 0.91 (0.88, 0.93)
TG/HDL < 1.094 5.68 (2.64, 12.21) <0.001 5.55 (3.27,9.42) <0.001 3.50 (2.58, 4.84) <0.001 9.55 (3.79, 24.06) <0.001
TG/HDL > 1.094 1.49 (0.89, 2.48) 0.123 1.41 (1.03~1.99) 0.033 1.54 (1.12, 2.11) 0.007 1.84 (1.33, 2.54) <0.001
Likelihood ratio test - <0.001 - <0.001 - <0.001 - <0.001
Non-linear test - <0.001 - <0.001 - <0.001 - <0.001
Prediabetes group
Cutoff value 1.46 (1.43, 1.49) 1.22 (1.19, 1.24) 1.11(1.09, 1.13) 1.97 (1.93, 2.01)
TG/HDL < 1.51 5.29 (2.94, 9.49) <0.001 2.68 (1.61, 4.45) <0.001 2.14(1.32, 3.48) <0.001 1.91 (1.40, 2.61) <0.001
TG/HDL > 1.51 1.13 (0.63, 2.01) 0.685 1.20 (0.85, 1.68) 0.296 1.40 (1.10, 1.78) 0.007 0.06 (0.01, 0.46) <0.001
Likelihood Ratio test - <0.001 - <0.001 - <0.001 - <0.001
Non-linear test - <0.001 - <0.001 - <0.001 - <0.001
Diabetes group
Cutoff value 118 (1.10, 1.14) 0.82 (0.75, 0.89) 0.82 (0.75, 0.89) 1.94 (1.91,1.97)
TG/HDL < 1.11 7.33 (2.43, 22.05) <0.001 3.83 (1.04, 14.18) <0.001 7.13 (2.30, 22.08) <0.001 1.33(0.99, 1.77) 0.057
TG/HDL > 1.11 1.20 (0.77, 1.85) 0.421 1.53 (1.19, 1.97) <0.001 1.57 (1.29, 1.94) <0.001 0.54 (0.11, 2.65) 0.444
Likelihood ratio test - <0.001 - <0.001 - <0.001 - <0.001
Non-linear test - <0.001 - <0.001 - <0.001 - <0.001

Adjusted for age, gender, race, education, BMI, WC (waist circumference), income, smoking, alcohol use, hypertension, UA, ALT, AST, GGT, LDH, and BUN.
TG/HDL, triglycerides/high-density lipoprotein; IR, insulin resistance; IGT, impaired glucose tolerance; DM, diabetes mellitus; VD3, vitamin D3; BMI, body mass index; UA, uric acid; ALT,
alanine aminotransferase; AST, aspartate aminotransferase; GGT, yglutamyl transpeptidase; LDH, low-density lipoprotein; BUN, blood urea nitrogen.
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too high (280 ng/ml) in DM patients, it might strengthen the
relations of TG/HDL ratio with IR, IGT, and DM. This indicates
that the incidence of abnormal glucose metabolism may increase in
people with high TG/HDL ratios when VD3 levels are too high.
Nevertheless, certain limitations should also be noted in this
study. 1) This was a cross-sectional study, and the causal
relationships of TG/HDL ratio with IR, IGT, and DM were not
determined. Therefore, a cohort study is warranted to analyze the
accurate relationship. 2) Special populations (like pregnant
women and children) were excluded from this study, and
whether the results were applicable to these populations remains
unknown. Also, there are some noteworthy highlights of this
study. First, this study was conducted using the official
NHANES database, which is more representative of the entire
US population after a complex weighting design. Second, in the
design of this study, smoothed fitting curve and two-stage logistic
regression were used to accurately analyze the relationships.

6 CONCLUSION

Collectively, our results suggest that in the American population,
maintaining too high or too low levels of VD3 can promote the
associations of TG/HDL with IR, IGT, and DM, which shed new
light on DM research. However, other conditions such as age and
sunlight exposure level should be taken into consideration when
formulating the appropriate VD3 levels.
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Background: Some studies have shown that, the circulating vitamin D (Vit D)
concentration in the body exerts a crucial role in regulating the pancreatic -cell function.
Meanwhile, the role of magnesium is important in the synthesis of Vit D, since it is an
essential element for activating Vit D. Nevertheless, there remains insufficient studies
concerning whether dietary Magnesium intake influences the association between Vit
D and risk of pancreatic p-cell dysfunction. Hence, this cross-sectional study aimed to
assess the effect of Magnesium intake alterations on the association between serum Vit
D levels and the risk of pancreatic -cell dysfunction.

Methods: This large-scale cross-sectional study involves four cycles of National Health
and Nutrition Examination Survey (NHANES) (2007-2014), with totally 4,878 participants.
Groups were divided depending on the median daily intake of Magnesium, namely, the
low intake group (Magnesium intake < 267 Magnesium/d) and the high intake group
(Magnesium intake > 267 Magnesium/d). By constructing multiple multivariate linear and
logistics regression models, the associations between serum Vit D levels and HOMA-8,
as well as between serum Vit D levels and the risk of pancreatic B-cell dysfunction were
explored at different Magnesium intakes.

Results: In this cross-sectional study, the serum Vit D level is independently correlated
with the HOMA-B index [B: 0.65 (0.40-0.90)] and the risk of pancreatic g-cell dysfunction
[OR: 0.95 (0.92-0.98)]. Moreover, such correlations are affected by different dietary
Magnesium intakes (P for interaction < 0.001).

Conclusion: According to the results of this study, the dietary Magnesium intake
influences the associations of serum Vit D levels with HOMA-B index and pancreatic p-cell
dysfunction. Besides, the finding requires validation through more RCT or cohort studies.

Keywords: Magnesium intake, vitamin D, HOMA-g index, pancreatic 8-cell, cross-sectional study
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BACKGROUND

Pancreatic p-cells refer to a kind of insulin-secreting cells of the
pancreas. Both impaired pancreatic $-cell functions and relatively
insufficient insulin secretion can increase the blood sugars (1).
Based on surveys, the impairment of pancreatic B-cells has
become a ubiquitous phenomenon worldwide, and most patients
with pancreatic B-cell impairment are highly likely to progress
to diabetes without intervention or control (2-4). In addition,
it has been reported that one of the main pathogeneses of type
2 diabetes is impairment of pancreatic -cells. The International
Diabetes Federation (IDF) claimed that 629 million people aged
20-79 will be estimated to have diabetes by 2045, occupying
~10% of the total global population (5, 6). This implies that, there
may be more patients with impaired pancreatic B-cells hiding
under this population. This is a huge challenge to the world
health and medical resources. If the pancreatic B-cell impairment
can be detected in advance, it will have a profound significance
for the occurrence and prevention of diabetes. At the same
time, for medical researchers, preventing the pancreatic B-cell
damage and reducing the diabetes incidence are an incumbent
responsibility. This highly necessitates the identification of the
effects of nutrients on B-cell functionality and the prevention of
pancreatic B-cell impairment.

Vitamin D (Vit D), as a kind of lipid-soluble vitamins, has
vitamins D3 and D2 as major components (7). According to
some research findings, Vit D can increase the blood calcium
and phosphorus while regulating the bone metabolism in
coordination with parathyroid hormones, exhibiting preferable
performance in enhancing immunity, as well as in preventing
cancer, cardiovascular and metabolic diseases (8-12). However,
its association with pancreatic p-cell functionality remains
controversial. Most studies have claimed that Vit D can improve
the functionality of pancreatic B-cells and insulin sensitivity,
while lowering the risk of type 2 diabetes(T2DM) (12-17).
Contrastively, other studies have shown that Vit D does not
affect B-cell functionality, nor is it a risk factor of cardiovascular
diseases, which is even unrelated to diabetes (18-21). Based on
an RCT study conducted by Nielsen et al. among Greenland
Inuit in 2015, Vit D may be uncorrelated with the risk of
T2DM, albeit the presence of a negative correlation between
Vit D levels and pancreatic B-cell functions (22). The reason
for these disparities in the foregoing results may be that the
pancreatic p-cell functionality is affected concurrently by factors
such as race, region, age and gender, one of which is the dietary
Magnesium intake.

Magnesium is the fourth most abundant mineral in the
human body after calcium, potassium and sodium. Magnesium
can activate ~600 enzymes, which are essential for maintaining
cellular stability, synthesizing RNAs and DNAs, repairing cells,
and sustaining the cellular antioxidant status (23, 24). There
exists a close association between Magnesium and synthesis of

Abbreviations: Magnesium, Magnesium; Vit D, Vitamin D; IDE, International
Diabetes Federation; T2MD, Type 2 Diabetes; US, United States; FPG, Fasting
Plasma Glucose; BMI, Body Mass Index; CDC, Centers for Disease Control; MEC,
Mobile Examination Center.

Vit D, and previous research has demonstrated that Magnesium
is an essential element for activating Vit D (24). Neither vitamin
D2 or D3 has bioactivity, which needs to be hydroxylated twice
in the liver and kidney, in order to produce active 1,25(OH)2D.
The enzymatic activities of hepatic 25-hydroxylase and renal 1a-
hydroxylase are both Magnesium-dependent processes (25, 26).
Some other studies have revealed that Vit D is transported in
the human body in conjunction with carrier proteins, where
the transport carrier is Vit D-binding protein and that the
activity of such Vit D-binding protein is also a Magnesium-
dependent process (27, 28). According to a review by Kostov
et al. Magnesium plays a crucial role in regulating the electrical
activity of pancreatic B-cells and insulin concentration. This
may be attributed to the associations of intracellular Magnesium
concentration with the phosphorylation of target cell insulin
receptors and downstream signal kinases (29). By summarizing
previous studies, Toi et al. (30) concluded that the substantial
Magnesium intake is negatively correlated with the risk of
pancreatic B-cell impairment.

Can Magnesium, as an activator of Vit D and a regulator
of pancreatic B-cell functionality, affect the association between
serums Vit D levels and pancreatic B-cells? There have been
few similar reports in the existing literature (8, 31, 32). Hence,
clinical research concerning the effect of Magnesium intake on
the association of serums Vit D levels with the risk of pancreatic
B-cell impairment is necessary. In this study, we hypothesize that
Magnesium intake can affect such association. The objective is
to explore the effect of Magnesium intake on the association
between Vit D and risk of pancreatic B-cell impairment by
adopting a nationally representative public database of the USA.

METHODOLOGY

Data Source

This large cross-sectional study utilizes four cycles (2007-2014)
of data from the National Health & Nutrition Examination
Survey (NHANES) database (https://www.cdc.gov/nchs/
nhanes/). As a research project related to the diet and health
of the US citizens, a multistage stratified probability design
is adopted during data collection. Therefore, the samples
are representative of the entire US citizens who are not in
shelter institutions. These data include demographic, dietary,
somatometric, laboratory and questionnaire data. All the
NHANES-based study protocols have been approved by
the Research Ethics Review Board of National Center for
Health Statistics (NCHS). Ethical approval and more detailed
information can be found on the Review Board’s website (https://
www.cdc.gov/nchs/nhanes/irba98.htm) (33).

Study Design and Participants

This study was designed as a cross-sectional study, where the
target independent variable was the serum Vit D level at the
time of participant testing, and the dependent variable was
whether the participants were diagnosed with pancreatic B-
cell dysfunction. Depending on the median daily intake of
Magnesium, the participants were divided into the low intake
group (Magnesium intake < 267 Magnesium/d) (n = 2,436) and
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the high intake group (Magnesium intake > 267 Magnesium+-/d)
(n = 2,442) (8).

In the current work, participants aged above 20 who
completed interviews and exams at the Mobile Examination
Center (MEC) between 2007 and 2014 were recruited. Those who
satisfied the following criteria were excluded: (1) Participants
lacking information about serum Vit D concentration, fasting
plasma glucose (FPG) and insulin measurements. (2) Patients
taking drugs that affect glucose or interfere with pB-cell
functionality. (3) Those with combined hepatobiliary and renal
diseases or diseases that affect glucose metabolism. (4) Any
history of osteoporosis or other bone metabolism abnormalities.
(5) Patients with any recent history of surgery, trauma or serious
illness, e.g., a history of stress. (6) Serious diseases, such as
malignant tumors (34).

Data Collection

All data were collected by well-trained professionals. The
data used in this study included demographics (age, gender,
race, education, etc.), anthropometric measurements (height,
waist circumference, weight, BMI, etc.), health-related behaviors
(smoking and exercise) and biochemical tests (FPG, OGTT,
etc.). All information and blood samples were collected in the
MEC. The basic information was collated immediately, while the
serum samples were scientifically stored and subsequently sent
to the NCHS laboratory of The Centers for Disease Control and
Prevention (CDC) and designated agencies for analysis (35).

Magnesium Intake Measurement

The Magnesium intake protocol adopted in this study is based on
the consensus reached at the expert evaluation program seminars
that are regularly held by NHANES. During the large cross-
sectional study, the dietary intake was determined by 24 h dietary
recall. In this study, data on dietary Magnesium intake in the
first 24 h were acquired through MEC’s diet recall interviews. In
accordance with the median value (267 Magnesium+/day), the
daily Magnesium intake was classified as either high or low.

Vit D Measurement

Following the MEC serum sampling, the samples were
immediately frozen and stored at—30°C. Then, the samples for
Vit D measurement were uniformly transported to the CDC’s
Environmental Health Laboratory in Atlanta, Georgia. The Vit D
level was defined as the sum of Vit D3 and D2. In addition, the
ultra-high performance liquid chromatography-tandem mass
spectrometry (UHPLC-MS/MS) was employed as the laboratory
analysis method (36).

Diagnosis of Pancreatic g-Cell Dysfunction and
HOMA-B

HOMA-B index is considered a good indicator for evaluating
the B-cell functionality (37, 38). The computational formula for
HOMA- is: 20 x fasting insulin (FINS) level (nU/mL)/FPG level
(mmol/L)-3.5(%) (%). In this study, the p-cell dysfunction was
identified by whether the HOMA-B index was lower than 75%
of participants. Through the calculation, this value was found
to be 61.76. Accordingly, the pancreatic B-cells were regarded as

dysfunctional when HOMA-P < 61.76, and intact when HOMA-
B > 61.76.

Definition of Some Other Variables

Diabetes

By multiplying FPG by 0.056 (rounded to three decimal places),
the unit was converted from Magnesium/dl to mmol/l (35).
The diagnostic criteria for diabetes included: FPG 7.0 mmol/l,
OGTT 11.1 mmol/l, doctor diagnoses, self-reports or diabetes
medication intakes.

Races
Mexican Americans, other Hispanics, non-Hispanic whites, non-
Hispanic blacks, and other races.

Educational Levels
Middle school, senior high school, university or above.

Smoking

Currently smoking, quit smoking, and never smoked.
Participants who smoked >100 cigarettes in total in the
past and reported that they had smoked for several days or every
day during the interviews were considered current smokers.
Participants who have smoked <100 cigarettes in the past but
do not currently smoke were considered smoking quitters.
Participants who smoked <100 cigarettes in the past were
considered non-smokers.

Sports Activities
Walking, moderate- and high-intensity activities.

BMI

Calculated based on height and weight. Heights were measured
by research staff with an electronic stadiometer (Seca Ltd.,
Medical Scales and Measurement Systems, Birmingham, UK) to
the nearest ml. Weights were measured by research staff on a
digital scale (Mettler-Toledo, LLC, Columbus, OH, USA). After
the completion of the measurements, pounds were converted into
kg. The formula for BMI is: BMI = weight (kg)/height (M2)
(39). The dietary data came from diet recall interviews in the first
24 h, including total dietary energy, Vit D, calcium, magnesium,
protein and fiber.

Statistical Methods

Every year, NHANES selects 5,000 people from its sampling
frames over 15 different locations in all the US counties. Thus,
its data is representative of a broad American population. To
prevent the deviation and inaccuracy of estimation results caused
by oversampling of minority groups, we adopted a weight
recommended by NHANES, indicating that all our research
analyses below are based on weighted model.

All data were analyzed using R version 4.1.2. Continuous
variables were represented through detailed sample descriptions,
with an average confidence interval of 95%. Categorical variables
were represented by counts and weighted percentages. Skew
distributions were based on the medians and Q1-Q3, while
normal distributions were described by the mid-values and
standard deviations. Inter-group comparisons of continuous
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FIGURE 1 | Flowchart of participant selection.

variables were made by normality-based Student ¢ test or Mann-
Whitney U test, while intra-group comparisons were performed
by Fisher’s exact probability method. Covariate selection was
based on potential confounders that might be associated with
the functionalities of Vit D and pancreatic $-cells. Based on
previous literature, international standards and relevant clinical
experiences, we chose gender, age, race, smoking, BMI, obesity,
dietary intake, physical activity and educational level as covariates
after comprehensive consideration. The purpose of filling in
missing covariates by multiple imputation is to maximize
statistical power and minimize bias. Besides, sensitivity analysis
was performed to observe whether the generated complete
data differed significantly from the original data. The results
demonstrate that the multiple imputed data differ statistically
insignificantly from the original data (P > 0.05). Thus, according
to the Rubin criterion, all the results of our multivariate analysis
are based on the multiple imputed datasets.

P-values < 0.05 (two-sid Three multivariate linear regression
models were built to analyze the association between Vit D
and HOMA-B in samples at different Magnesium intakes.
Meanwhile, smooth fitting curves were constructed.) were
considered statistically significant. In addition, we also developed

three multivariate logistic regression models to analyze the
association of Vit D with pancreatic p-cell dysfunction under
different Magnesium intakes. To ensure the analytical robustness,
sensitivity analysis was carried out. Vit D was converted into a
categorical variable, and the P-value for the trend was calculated.
The purpose was to observe whether there was a possibility of
non-linearity between Vit D and p-cell functionality when the Vit
D level was regarded as a categorical variable.

RESULTS

Description of Basic Demographic

Information
In this study, there were 4,878 participants (Figure 1) in the
four cycles of NHANES (2007-2014). Table 1 details the basic
information of the enrolled participants. Groups were divided
depending on the Magnesium intake, namely, the low intake
group (<267 Magnesium+/d) and the high intake group (>267
Magnesium+/d) (Figure 2).

For all participants, their mean age was 49.2 £+ 17.7
years. The low intake group exhibited a mean age of 50.3
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TABLE 1 | Basic information description of participants.

Variables Total (n = 4,878) Dietary Magnesium intake (mg/d) P-value
<267 mg/d (n = 2,436) >267 mg/d (n = 2,442)
Age, mean + SD 492 +17.7 50.3 +18.4 48.0 +16.9 <0.001
BMI, mean + SD 28.9+6.8 292+7.0 28.6 + 6.6 0.004
FPG, mean + SD 6.0+ 1.9 6.0+ 1.9 59+1.9 0.406
OGTT, mean + SD 7.7+£43 79+43 74+£42 <0.001
HOMA-B 97.4 (61.8, 150.4) 100.6 (63.2, 153.4) 94.2 (59.8, 147.4) 0.016
Serum-Vd, median (IQR) 61.4 (44.2,79.3) 58.6 (41.1,77.0) 63.8 (48.0, 81.5) <0.001
Gender, n (%) <0.001
Male 2,353 (48.2) 947 (38.9) 1,406 (57.6)
Female 2,525 (51.8) 1,489 (61.1) 1,036 (42.4)
Race, n (%) <0.001
Mexican American 716 (14.7) 294 (12.1) 422 (17.3)
Other Hispanic 477 (9.8) 243 (10 234 (9.6)
Non-Hispanic white 2,307 (47.9) 1,139 (46.8) 1,168 (47.8)
Non-Hispanic black 913 (18.7) 544 (22.3) 369 (15.1)
Other races 465 (9.5) 216 (8.9) 249 (10.2)
Obesity, n (%) 0.001
No 3,134 (64.2) 1,510 (62) 1,624 (66.5)
Yes 1,744 (35.8) 926 (38) 818 (33.5)
Education, n (%) <0.001
Did not graduate from high school 1,228 (25.2) 688 (28.2) 540 (22.1)
Graduated from high school 1,068 (21.9) 600 (24.6) 468 (19.2)
College education or above 2,582 (52.9) 1,148 (47.1) 1,434 (58.7)
Activity, n (%) 0.772
Vigorous work activity 899 (18.4) 464 (19) 435 (17.8)
Moderate work activity 1,082 (21.2) 505 (20.7) 527 (21.6)
Walk or bicycle 682 (14.0) 343 (14.1) 339 (13.9)
Vigorous recreational activities 330 (6.8) 168 (6.9) 162 (6.6)
Moderate recreational activities 1,935 (39.7) 956 (39.2) 979 (40.1)
Diabetes, n (%) <0.001
No 3,905 (80.1) 1,892 (77.7) 2,013 (82.4)
Yes 973 (19.9) 544 (22.3) 429 (17.6)
Season of examination, n (%) 0.327
Winter 2,304 (47.2) 1,133 (46.5) 1,171 (48)
Summer 2,574 (52.8) 1,303 (53.5) 1,271 (62)
Dietary factors
Energy (kcal) 2106.1 £10.3 1682.5 £ 6.7 2628.4 +156.1 <0.001
Protein (gm) 81.9+429 59.1£24.8 104.6 £ 45.0 <0.001
Fiber (gm) 16.7 £ 10.3 10.7 £ 5.1 22.7 £10.7 <0.001
Calcium (mg) 920.7 £+ 603.4 639.1 £ 342.2 1201.6 £ 672.7 <0.001
Beta cell function is impaired <0.001
No 3,658 (75.0) 1,856 (76.2) 1,802 (73.8)
Yes 1,220 (25.0) 580 (23.8) 640 (26.2)

BMI, Body Mass Index; FPG, Fasting plasma glucose; OGGT, Oral Glucose Tolerance Test.

=+ 18.4 years, while the high intake group showed a mean
age of 48.0 + 16.9 years, presenting a significant inter-
group difference (P < 0.001). Among obese population, the
proportion of participants increased in the low intake group
(35.8%—38%), while decreased in the high intake group

(35.8%—33.5%). The BMI, FPG and OGTT levels were all
higher in the low intake group than those in the high intake
group. Contrastively, the Vit D level in the high intake group
was significantly higher than that in the low intake group
(Table 1).
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FIGURE 2 | Box plot of the differences between different vitamin D levels in the high and low dietary Magnesium intake groups. (a) 1, high dietary Magnesium intake
group; (b) O, low dietary Magnesium intake group; p < 0.001.

Distribution of Serum Vitamin D in
Pancreatic g-Cell Dysfunction Grouped by

Magnesium Intake

Figure 2 displays the difference in Vit D level between high and
low Magnesium intake groups (61.6 vs. 66.3 nmol/L, P < 0.001).
Meanwhile, we observed that the Vit D level differed among the
p-cell dysfunction-positive and -negative groups (P < 0.001),
as shown in Figure 3. The dysfunction-positive group exhibited
significantly lower Vit D levels than the negative group (high
Magnesium intake group: 59.7 vs. 68.4 nmol/L, P < 0001; low
Magnesium intake group: 55.1 vs. 62.0 nmol/L, P < 0.001).

Univariate Regression Analysis

Univariate logistic regression was adopted for analyzing which
factors might be correlated with the risk of pancreatic B-cell
dysfunction. As illustrated in Table 2, age, gender, race, obesity,
educational level, serum Vit D level and Magnesium intake were
all correlated with the risk of pancreatic B-cell dysfunction.
Considering the potential influences of the above variables on
main results, we controlled these factors as covariates in our
main analysis.

Multivariate Regression Analysis

In the present study, three linear regression models were built
to analyze the independent correlation between Vit D level
and HOMA-B index, and to clarify whether such correlation

was influenced by different levels of Magnesium intake. Table 3
details the effect sizes p and 95% ClIs. The model-based effect
sizes indicate that for every additional unit of Vit D, the HOMA-p
index increases correspondingly. For example, the total effect size
in the unadjusted model is 1.38. Every additional unit of Vit D
implies a corresponding increase in the HOMA-B index by 0.38.
In the high intake group, the effect size p and 95% CI were 0.40
(1.23-1.57), while in the low intake group, the odds ratio (OR)
and 95% CI were 0.32 (1.17-1.47). In terms of Model 2, only the
sociodemographic data was adjusted, which yielded total effect
size B and 95% CI of 0.42 (0.20-0.63). In the high intake group,
the OR and 95% CI were 0.44 (0.20-0.63), while in the low intake
group, the effect size § and 95% CI were 0.38 (0.20-0.56). For the
fully adjusted Model 3, the total effect size f and 95% CI were 0.65
(0.40-0.90). In the high intake group, the OR and 95% CI were
0.64 (0.39-0.89), while in the low intake group, the effect size
and 95% CI were 0.67 (0.40-0.94). Based on the above results, Vit
D level and HOMA-B index are independently correlated, and
such correlation is affected by the level of Magnesium intake.

In addition, we also built three logistic regression models
to analyze the independent correlation between Vit D level
and pancreatic p-cell dysfunction, and to clarify whether such
correlation was affected by the level of Magnesium intake. Table 4
details the effect size ORs and 95% Cls. The model-based effect
sizes demonstrate that after adjusting the covariates based on the
complete model (Model 3), the Vit D level was independently
correlated with the pancreatic $-cell dysfunction and was affected
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by the level of Magnesium intake. The overall effect size OR
and 95% CI were 0.95 (0.92-0.98). In the high intake group, the
OR and 95% CI were—0.05 (-0.06-0.03), while in the low intake
group, the OR and 95% CI were—0.04 (-0.06-0.02).

Curve Fitting Analysis

In this study, we analyzed whether there was a linear correlation
between Vit D and HOMA-f index at different levels of
Magnesium intake. 1A and 1B display the association between Vit
D and HOMA-B index based on multiple linear regression using
unadjusted latent variables. 2A and 2B present the association
between Vit D and HOMA-P index based on multiple linear
regression after adjustment with Model 2. Meanwhile, 3A and 3B
display the association between Vit D and HOMA-f index based
on multiple linear regression after adjustment with complete
model. To sum up, at different levels of Magnesium intake, all the
correlations between Vit D level and HOMA-f index were linear
(Figure 4).

DISCUSSION

In recent decades, the incidence of diabetes has increased
tremendously (40, 41). The onset risk has presented an
evident upward trend. Most countries and regions have
invested substantially in the diagnosis and treatment of this
disease (42). The primary factor leading to diabetes is p-
cell impairment. Under the trend of growing incidence of

diabetes, there are far more people with impaired pancreatic
B-cell functionality (43). Therefore, how to effectively
prevent f-cell impairment has also become a focus of
our concern.

In this study, we built multiple linear regression models
to explore the independent correlation between serum Vit
D levels and HOMA-B index, and to clarify whether such
correlation is affected by the dietary Magnesium intake. Apart
from that, multiple logistic regression models were built to
analyze the independent correlation between serum Vit D levels
and pancreatic B-cell dysfunction, and to clarify whether such
independent correlation is affected by the dietary Magnesium
intake. After excluding potential confounding factors, it was
found in the multivariate regression analysis that the serum
Vit D levels was independently correlated with the HOMA-
B index and pancreatic B-cell dysfunction, and that such
correlations were affected by the level of Magnesium intake.
The smooth fitting curves also showed that at different levels
of Magnesium intake, a linear correlation was present between
the serum Vit D levels and the HOMA-B index. With the
increasing level of Vit D, the incidence of pancreatic p-cell
dysfunction decreased.

In 2021, Lu et al. (44) conducted a prospective controlled
study, finding that after adjusting laboratory indicators,
anthropometric data and other factors, the active Vit D
supplementation could improve the HOMA- index in 6 months
among diabetic patients. Mattla et al. (45) carried out an RCT
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based on the Finnish population. After adjusting for covariates
such as gender, age and BMI, the pancreatic p-cells were more

TABLE 2 | Association of covariates and impaired pancreatic B-cell function.

Variable OR (95%Cl) P-value
Age 1.02 (1.02-1.02) <0.001
Gender, n (%)

Male 1

Female 0.69 (0.61-0.79) <0.001
Race/ethnicity, n (%)

Mexican American 1

Other Hispanic 1.18 (0.89-1.58) 0.254

Non-Hispanic white 1.65 (1.34-2.04) <0.001

Non-Hispanic black 1.46 (1.15-1.86) 0.002

Other races 1.94 (1.48-2.56) <0.001
Obesity, n (%)

No 1

Yes 6.73 (5.9-7.67) <0.001
Education level, n (%)

Did not graduate from high school 1

Graduated from high school 0.98 (0.81-1.18) 0.839

College education or above 0.95 (0.81-1.11) 0.48
Smoking status, n (%)

Current smoker 1

Former smoker 0.93 (0.77-1.13) 0.468

Never smoker 1.06 (0.9-1.25) 0.468
Physical activity, n (%)

Vigorous work activity 1

Moderate work activity 1.28 (1.04-1.58) 0.02

Walk or bicycle 1.46 (1.16-1.83) 0.001

Vigorous recreational activities 1.283 (0.92-1.65) 0.161

Moderate recreational activities 1.08 (0.89-1.3) 0.439
Season of examination, n (%)

Winter 1

Summer 0.91 (0.81-1.02) 0.099
Serum-Vd 0.99 (0.99-0.99) <0.001
Ma-intake 0.99 (0.99-0.99) <0.001

Data presented are ORs and 95% Cls.

severely dysfunctional among those with lower Vit D levels. This
may also suggest the presence of a positive correlation between
pancreatic B-cell dysfunction and Vit D (45).

Research has shown that Magnesium is necessary for proper
glucose utilization and insulin signaling. Pancreatic B-cells
secrete insulin, and such secretion is associated with the ATP-
sensitive K+ channel. However, the lack of Magnesium leads to
the dysfunction of this channel, which may impair the insulin
secretion (29). Takaya et al. review of previous studies found
that Magnesium is vitally important for the phosphorylation
of insulin receptors and the tyrosine kinase activity in insulin
signaling pathways. Inhibiting the intracellular Magnesium
concentration might lead to defective activity of enzymes, which
also altered the insulin sensitivity by influencing the binding
receptor activity or intracellular signal transduction, ultimately
resulting in abnormal glucose metabolism (46). A cross-sectional
study by Huang et al. among the American population in
2021 demonstrated that Magnesium is an important cofactor
for the double hydroxylation of Vit D, and that the activity
of Vit D binding receptors is a Magnesium-dependent process.
Accordingly, high Magnesium intake can promote the activation
of Vit D and increase the transfer of Vit D to target tissues
(8). To sum up, Magnesium supplementation may enhance the
activity of Vit D, thereby increasing its protective function on
pancreatic B-cells.

However, this study still has several limitations. Firstly, due
to the sample restrictions, we did not consider some special
populations, such as pregnant women and children. It remains
unknown whether the results of this study are applicable to these
special populations. Certainly, this limitation will be resolved
in the future since we will investigate these populations in
future studies. Secondly, given the cross-sectional nature of
this study, it is impossible to draw the causal association of
Vit D level with HOMA-B and pancreatic B-cell function. To
analyze this causal association, a cohort study is required in the
future. Finally, our dietary data is derived from self-reported
24-h diet recalls, which inevitably has some recall and self-
reporting biases. However, the impact is too small to affect our
results, since NHANES suppresses these biases by collecting
data with professionals and selecting subjects through a multi-
stage stratified probability design. Certainly, this study also has
certain advantages over others, such as the large sample size

TABLE 3 | Interactive effect of vitamin D and dietary magnesium intake on HOMA-B.

Variable Model 1 Model 2 Model 3
B (95%Cl) P-value P for B (95%Cl) P-value P for B (95%Cl) P-value P for
interaction interaction interaction
VD 0.38 (0.20-0.55) <0.001 0.42 (0.20-0.63) <0.001 0.65 (0.40-0.90) <0.001
Magnesium intake group
<267 mg/day VD 0.32 (0.07-0.47) <0.001 <0.001 0.38 (0.20-0.56) <0.001 <0.001 0.64 (0.39-0.89) <0.001 <0.001
>267 mg/day VD 0.40 (0.23-0.57) <0.001 0.44 (0.20-0.63) <0.001 0.67 (0.40-0.94) <0.001

Model 1, Non-adjusted; Model 2, adjusted age, gender, race; Model 3, Adjusted age, gender, race, obesity, education level, physical activity, smoking status, the season of examination,

and dietary calcium intake.
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TABLE 4 | Interactive effect of vitamin D and dietary magnesium intake on Beta cell function is impaired.

Variable Model 1 Model 2 Model 3
OR (95%Cl) P-value P for OR (95%Cl) P-value P for OR (95%Cl) P-value P for
interaction interaction interaction
VD 0.99 (0.99-0.99) <0.001 0.99 (0.99-0.99) <0.001 0.95(0.92-0.98) <0.001
Magnesium intake group
<267 mg/day VD 0.99 (0.99-0.99) <0.001 <0.001 0.99 (0.99-0.99) <0.001 <0.001 0.96(0.93-0.99) <0.001 <0.001
>267 mg/day VD 0.98 (0.97-0.99) <0.001 0.96 (0.93-0.99) <0.001 0.94 (0.92-0.96) <0.001

Model 1, Non-adjusted; Model 2, Adjusted age, gender and race; Model 3, Adjusted age, gender, race, obesity, education level, physical activity, smoking status, the season of

examination, and dietary calcium intake.
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FIGURE 4 | Curve fitting of Vitamin D levels and the risk of HOMA-g index. (A1) The association between VD and HOMA-B with no adjustment for covariates (Model 1).
(A2) The association between VD and HOMA-B with no adjustment for covariates (Model 1). (B1) The association between VD and HOMA-B with the adjustment of
age, gender and race (Model 2). (B2) The association between VD and HOMA-B with the adjustment of age, gender and race (Model 2). (C1) The association between
VD and HOMA-B with the adjustment other covariates (Model 3). (C2) The association between VD and HOMA-B with the adjustment other covariates (Model 3).

of participants. Moreover, we adopted an advanced statistical
method (multiple imputation) for processing the missing data, in
order to maximize the statistical power of results and minimize
the errors.

CONCLUSION

After adjusting for potential confounding factors, this study
finds that among the US adult population, Vit D level
is independently associated with the HOMA-B index and

pancreatic B-cell dysfunction, and that the Magnesium intake
enhances such association. Meanwhile, we also know that
Vit D influences normal glucose metabolism. Besides, safe
sun exposure also provides a good way for increasing the
concentration of circulating Vit D and benefiting the health.
As a result, among the numerous ways to enhance the
concentration of circulating Vit D, increasing the intake of
dietary magnesium or safe sun exposure would prove an
effective way. This finding offers a new insight for the clinical
research. However, we cannot determine their causality given
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the cross-sectional nature of this study. Hence, more RCTs
or cohort studies are required in the future to confirmed the
obtained finding.
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The coronavirus disease (COVID-19) caught the world by surprise, claiming millions of lives due to its
deadly effects. Ongoing research studies evaluate the measures that can reduce the severity of symptoms
in patients infected by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). Magnesium
is an essential nutrient that has many studied benefits in humans. This brief commentary aims to
describe the potential benefits of magnesium on COVID-19 patients and the reported effects of low
versus high magnesium levels in SARS-CoV-2 infected individuals. Also, the potential benefits of
vitamin D and how magnesium acts as a cofactor to activate vitamin D functions are elaborated. The
results of the existing studies point towards evidence that magnesium may have significant benefits in
reducing the severity of COVID-19 symptoms. There is also evidence that magnesium-dependent
vitamin D activities may have antiviral effects, thus potentially being able to reduce rates of COVID-19
infection, which is a hypothesis that should be further tested.

The COVID-19 primarily causes respiratory distress but has a broad range of other clinical
manifestations and affects various organs and systems in the body. COVID-19 is especially lethal to
elderly populations at higher risk (1, 2). As of September 3rd, 2021, the current worldwide death rate
of individuals infected by COVID-19 is 4,539,723 (World Health Organization). Many public health
measures have already been taken to try to prevent the spread of COVID-19, such as face mask
mandates, vaccine inoculation, quarantine, social distancing, limited capacities at public venues, and
a shift to online work. However, COVID-19 is still proving to be a health concern as cases of
infection continue to rise. The continued infection of individuals by COVID-19 may be due to the
high transmissibility of the virus (3-6). It is also proposed that some of the new variants of the virus
are even more rapidly transmissible and lethal. Thus, certain preventative measures are essential to
find to reduce the severity of symptoms and improve patient outcomes in individuals that have been
infected, since the prevention of infection is not always possible.

Basic nutrients that optimize physiologic functions in the body, such as magnesium, may be used as
a prophylactic measure that can improve patient outcomes in individuals infected by SARS—CoV-2,
and potentially even reduce the intensity of the infection by the virus by potentiating vitamin D
functions. In the U.S., more than 50% of people are magnesium deficient (7, 8), and magnesium
deficiency is also prevalent in many other countries. The low level of magnesium in the general
population may make individuals more vulnerable to viral insults. The high prevalence of magnesium
deficiency makes it important to determine how optimal and suboptimal magnesium levels affect
COVID-19 patient outcomes, which this paper aims to elaborate on.
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ROLE OF MAGNESIUM IN HEALTH
AND DISEASE

Magnesium is an essential nutrient required for many different
physiologic functions in the body (9, 10). Magnesium
homeostasis is mostly maintained by the cross-talks among
intestine, bone, kidneys (Figure 1). The recommended daily
amount of magnesium intake for 14-18 years is 360 mg
(females)/410 mg (males), for 19-30 years is 310 mg (females)/
400 mg (males), for people 31 years of age and older is 320 mg
(females)/420 mg (males). Magnesium is a cofactor for over 600
enzymes in the body with diverse functions that play roles in
many different systems (9, 11). One such system is the
inflammatory system. Magnesium has been shown to have
potent anti-inflammatory effects: low magnesium (0.14 + 0.02
mmol) levels in rats have been associated with augmented
inflammation (12), and higher magnesium levels have been
associated with a reduction of C-reactive protein (CRP) levels
(13, 14), which is one of the widely used biomarkers to measure
inflammation, suggesting that magnesium has the potential to
reduce inflammation. This has proven to be true with asthma
patients (a disease with lung inflammation); the use of
intravenous magnesium sulfate (MgSO,) and high-dose
continuous MgSO, infusion were both shown to reduce the
odds of hospitalization in pediatric asthma patients (15, 16).
Additionally, the use of nebulized MgSO, in pediatric asthma
patients (17) resulted in a significant reduction in the Yung
Asthma Severity Score in pediatric asthma patients compared to
pediatric asthma patients treated with a placebo (18). Separate
studies showed improved outcomes of asthma patients of all ages
when treated with nebulized MgSO, (15-17). Thus, a wide
record of evidence shows the efficacy of different forms of
magnesium in reducing the intensity of asthma symptoms in
patients of all age groups. This may implicate the clinical benefits
of using magnesium in treating lung inflammation of patients

with COVID-19. Different forms of magnesium have different
levels of bioavailability. Studies show that organic magnesium,
such as magnesium citrate, has higher bioavailability than
inorganic magnesium, such as magnesium oxide (7, 19).

Another essential role that magnesium plays in the body is its
effect on activating vitamin D (11, 20, 21). The enzymes are
required to convert the inactive form of vitamin D to the active
form of vitamin D where magnesium acts as a cofactor (7, 11)
(Figure 2). Studies have found the association of vitamin D in
improving immune functions (22, 23), cell proliferation and
organ regeneration (24), and reducing cardiovascular disease
burden (25), as well as the widely accepted role of vitamin D in
vascular, oral and bone health along with calcium metabolism
(26-30). These health benefits of vitamin D will not be achieved
even with adequate vitamin D levels if magnesium is deficient,
thus emphasizing the essential role of maintaining optimal
magnesium levels to attain desirable benefits of vitamin D.
Magnesium deficiency is associated with cardiovascular
diseases (31), hypertension (32), osteoporosis (33, 34), and
diabetes (35).

VITAMIN D-DEPENDENT EFFECTS OF
MAGNESIUM ON COVID-19 OUTCOMES

In searching for the crucial need to reduce the deadly effects of
COVID-19, maintaining optimal magnesium levels is an option
that should be considered, as it has numerous protective roles in
the body that may mitigate the deadly effects of COVID-19 (36).
One such role that has been discussed is the activation of vitamin
D via magnesium, and vitamin D’s essential role in improving
immune functions (22, 23). Research on vitamin D and the
immune system shows that there is a correlation between low
vitamin D levels and autoimmune diseases, such as multiple
sclerosis, rheumatoid arthritis, diabetes mellitus, and
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FIGURE 2 | Simplified diagram of the different stages of vitamin D synthesis
and role of magnesium in the activation of vitamin D; modified from earlier
publications. For simplicity, only the essential steps of vitamin synthesis are
included. VDR, vitamin D receptor; DBP, vitamin D binding protein.

inflammatory bowel diseases (37-39). Additionally, several
studies have shown that vitamin D has effects in reducing
inflammatory cytokines and increasing anti-inflammatory
cytokines (40, 41), indicating a potential clinical use of vitamin
D in treating diseases that cause excessive inflammation, such as
COVID-19. A key mechanism by which vitamin D reduces
inflammatory cytokine is by upregulating T regulatory
lymphocytes. Magnesium’s role in activating vitamin D leads
to improved immune function, which can reduce the severity of
the cytokine storm in COVID-19 infection (42). The cytokine
storm requires a considerable amount of energy and leads to a
loss of ATP. Magnesium and phosphate are required for the
regeneration of ATP, thus magnesium can help replenish energy
stores in the body to restore and boost immune system
functions (43).

Recently published articles discussed several possible
mechanisms in which vitamin D can help reduce SARS-CoV-2
infections and lessen the mortality of those affected patients (44).
One mechanism discussed in which vitamin D can reduce viral
infections is by maintaining tight junctions (45, 46), which may
reduce viral infections because there is evidence that viral entry
into cells may be due to viruses compromising the integrity of tight
junctions (47). Another study showed that vitamin D receptor-
deficient mice significantly reduced the expression of tight
junction proteins specifically in the lungs compared to wild-type
mice (48), making the role of vitamin D in reducing SARS-CoV -2
infection relevant since COVID-19 also affects the lungs. The
studies show evidence of vitamin D preventing certain viral
infections, which is consistent with the hypothesis that vitamin

D plays a role in controlling viral infection by maintaining the
integrity of tight junctions. One study showed that individuals
who were supplemented with 4000 IU/day vitamin D for 10 days
were less vulnerable to dengue virus infection than individuals
who were supplemented with 1000 IU/day of vitamin D for 10
days (49). Additionally, data shows that vitamin D deficiency is
associated with patients who have acquired certain viral infections,
including some respiratory tract infections (50, 51).

In a retrospective cohort study conducted in Singapore
General Hospital from January 15 to April 15, 2020, patients
treated with a combination of vitamin D, magnesium, and
vitamin B12 (DMB) showed improved clinical outcomes
compared to patients that were not treated with DMB (52).
This study highlights the indirect benefit magnesium may have
on COVID-19 patients by activating vitamin D. A total of 43
patients all over 50 years of age were analyzed in this study, 17 of
which received the DMB treatment, and 26 patients did not
receive the treatment. The investigators analyzed patient data to
determine if DMB treatment would reduce the need for oxygen
therapy and/or intensive care support. The results showed that
significantly fewer patients in the DMB group needed oxygen
therapy during their treatment compared to the control group (3
of 17 vs 16 of 26, P= 0.006). The data also showed that 1 out of
the 17 patients in the DMB group required ICU support
compared to 8 out of the 26 patients in the control group (52).
This study highlights the importance of magnesium, as in the
absence of magnesium, vitamin D will not be activated to play a
protective and preventive role against the SARS-CoV-2 virus.

LOW MAGNESIUM AND COVID-19

The role of magnesium in reducing asthma (lung inflammation)
symptoms that was previously mentioned is key evidence that
shows how magnesium may reduce COVID-19 symptoms. Since
previous studies show that magnesium can reduce symptoms of
asthma (15-18) and diminish inflammation (12-14), it is
plausible that magnesium may help reduce the severity of
COVID-19 symptoms by reducing lung inflammation.
Additionally, magnesium deficiency has been associated with
increased IL-6, a proinflammatory cytokine and a likely target for
COVID-19 therapies (53).

Recent research suggests that magnesium does have
protective effects against COVID-19 symptoms (Table 1). One
retrospective cohort study analyzed essential and toxic metals
levels in blood samples of 306 COVID-19 patients admitted to
Tongji hospital in Wuhan, China (54). The patients were
hospitalized for a mean of 30 days and were categorized by
severity of disease according to Guidelines of the Diagnosis and
Treatment of New Coronavirus Pneumonia published by the
National Health Commission of China. The results of the study
showed lower magnesium levels in patients with more severe
COVID-19 symptoms. The median magnesium level in patients
with severe COVID-19 symptoms was 38.33 mg/L, while the
median magnesium level in the non-severe symptoms group was
39.46 mg/L, yielding a P value of 0.002 between the two groups.
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TABLE 1 | Published studies with magnesium status in patients with COVID-19.

Investigators Number of patients studied

Results

COVID-19 patients with lower magnesium levels had more severe symptoms.

COVID-19 patients with higher magnesium levels had lower mortality rates.

COVID-19 patients with lower magnesium levels had a higher degree of myocardial damage.
Hypomagnesemia was more prevalent in COVID-19 patients who did not survive.

Lower magnesium levels in COVID-19 patients correlated to higher disease severity and risk of mortality.
Lower magnesium levels were associated with increased mortality.

Hypomagnesemia was associated with 61% of all patients in study. Moderate cases were associated

with hypomagnesemia; critical cases were associated with higher magnesium levels.

Zeng et al. (54) 306
Alamdari et al. (55) 396
Gunay et al. (56) 629
Zhu et al. (57) 83
Beigmohammadi et al. (58) 60
Pulido-Perez et al. (59) 118
Quiliiot et al. (60) 300
Sharma et al. (61) 193

Severity of the disease was greater in patients with hypermagnesemia.

This study indicates that higher levels of magnesium may be
protective against severe COVID-19 symptoms. Another
retrospective study analyzed 396 COVID-19 patients who
survived and 63 patients who did not survive in order to
determine prognostic factors associated with death (55). The
study was performed from January 30th to April 5th, 2020, and
studied patients admitted to Shahid Modarres Hospital in
Tehran, Iran. Among many other factors, blood magnesium
levels of each patient upon admission to the hospital were
studied. In the group of patients that survived, the average
magnesium level was 1.83 + 0.24 me/L compared to 1.61 *
0.19 me/L in the group of patients that did not survive, yielding a
P-value of < 0.0001 (normal magnesium range is 1.5-2.5 me/L).
Thus, this study also indicates that magnesium might have a
protective role against COVID-19.

A retrospective cohort study done on 629 COVID-19 patients
admitted to the hospital aimed to find a relationship between
serum magnesium levels and myocardial damage and prognosis
of disease (56). Serum troponin levels above the 99th percentile
upper reference limit (24 - 30 pg/mL) was defined as myocardial
damage. Prognosis of disease was determined by survival, thus
the two groups in this study were the survival group and non-
survival group. The median blood magnesium levels of the non-
survival group were 1.94 mg/dl and in the survival group it was
2.03 mg/dl (P = 0.027) (normal range of serum magnesium =
1.7 - 2.5 mg/dL). The median troponin levels in the non-survival
group were 25.2 pg/ml and in the survival group it was 4.5 pg/ml
(P <0.001). The non-survival group’s median troponin levels
were above the 99th percentile upper reference limit range, thus
they were defined as having myocardial damage, while the
survival group did not. Therefore, this study uncovered a
significant correlation between lower magnesium levels and
higher degree of myocardial damage in COVID-19 patients (56).

Another retrospective cohort study aimed to determine the
significance of low magnesium levels in COVID-19 patients (57).
83 patients who were hospitalized in the Guanggu Hospital
District, Wuhan Third Hospital, China were studied. The
serum magnesium levels of the patients were studied, and the
patients were separated into different groups based on disease
severity (moderate, severe, critical), which was classified
according to the fifth edition of China’s guidelines. The
incidence of hypomagnesemia in each group of severity were
as follows: 12.50% in the moderate group, 3.85% in the severe
group, and 43.75% in the critical group. The results showed
statistical significance for hypomagnesemia being more prevalent

in the critical group than in the moderate and severe groups (P <
0.05). The results also showed that hypomagnesemia was more
prevalent in non-survivors (40%) than in survivors (17.65%)
(P < 0.05).

One cross-sectional study analyzing 60 COVID-19 patients
admitted to the Intensive Care Unit (ICU) of Imam Khomeini
Hospital in Iran between March and June 2020 focused on the
association of serum level of micronutrients with the severity of
COVID-19 disease (58). The severity of disease was measured with
the Acute Physiology and Chronic Health Evaluation (APACHE)
scoring system, where a score of >25 was consistent with high risk of
mortality. Of the 60 patients studied, there were 20 patients with an
APACHE score >25 and 40 patients with an APACHE score <25. It
was found that levels of serum vitamin D, zinc, and magnesium
were each significantly lower in the group with an APACHE score
>25 (P < 0.001).

A retrospective study on 118 patients studied the relationship
of renal function and serum magnesium levels on COVID-19
patients with type 2 diabetes (59). The patients were split into
two groups: one group included patients with type 2 diabetes and
the other included patients without type 2 diabetes. Renal
function was measured by the patient’s estimated glomerular
filtration rate (eGFR). Patients with type 2 diabetes had a lower
eGFR than patients without type 2 diabetes, indicating a reduced
renal function in the COVID-19 patients with type 2 diabetes
(59.7 + 32.8 vs. 78.4 + 33.8 mL/min per 1.73 m?) (P = 0.008).
Additionally, Patients with type 2 diabetes had lower serum
magnesium levels than patients without type 2 diabetes (1.9 + 0.3
vs. 2.1 £ 0.3 mEq/L) (P = 0.012). Statistical analysis of the patient
outcomes showed that the type 2 diabetes group was associated
with significantly increased risk of death, meaning that lower
eGFR and magnesium levels were associated with increased
mortality (59).

HIGH MAGNESIUM AND COVID-19

A prospective cohort study analyzed the serum magnesium levels
of 300 patients in Nancy Brabois University Hospital between
March 1, 2020, and April 29, 2020, and each patient was graded
for COVID-19 severity according to WHO guidelines (60). The
study showed a high prevalence of low magnesium levels in
hospitalized COVID-19 patients; about 61% of the 300 patients
in the study presented with hypomagnesemia (<0.75 mmol/L).
However, this study revealed that most of the patients with
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critical cases had high magnesium levels, and most of the patients
with moderate cases had low magnesium levels. The results of
this study showed that the prevalence of hypomagnesemia (<0.75
mmol/L) was significantly higher in the group of patients who
had a moderate case of COVID-19 (average Mg: 0.73 mmol/L)
compared to the group of patients who had a critical case of
COVID-19 (average Mg: 0.79 mmol/L) (P<0.001). The group of
patients with critical cases of COVID-19 had the highest
magnesium levels compared to the moderate and severe groups.

Although this study found that magnesium levels tend to be
lower in patients with COVID-19 infection, one study that focused
on pregnant women infected with COVID-19 found that pregnant
women infected with COVID-19 had higher serum magnesium
levels (62). This study was a systematic review of 385 pregnant
women from 33 studies with COVID-19. 95.6% of the infected
women in this study had a mild case of COVID-19, while 3.6% had
a severe case, and 0.8% had a critical case. The study compared
certain element levels, including magnesium, in pregnant women
with COVID-19 infection and without infection as a control group.
The results showed that pregnant women with COVID-19 infection
in their first and third trimester had significantly higher magnesium
levels than in the control group (first trimester: 1,557 0,211 vs
1,848 £ 0,335, P <0,0001) (third trimester: 1,947 + 0,657 vs
2,767 £0,394, P <0,0001). However, there was no correlation
between magnesium levels and the severity of disease found in
this study. The investigators could not find a definitive reason for
this rise in magnesium levels seen in pregnant women infected by
COVID-19.

In addition to previous studies mentioned, critical COVID-19
cases were also found to be associated with hypermagnesemia in a
retrospective cohort study of 193 COVID-19 patients in a medical
center in California conducted from March 13, 2020, to February 2,
2021 (61). The authors of the study hypothesized that
hypermagnesemia would be a predictor of mortality and
morbidity in COVID-19 patients because hypermagnesemia is
associated with mortality in other critical illnesses. Patients were
separated according to their magnesium levels upon admission to
the hospital: 104 patients were in the hypermagnesemia group (Mg
level 2.5 mg/dL) and 89 patients were in the normomagnesemia
group (Mg level 1.7 - 2.5mg/dL). The outcomes and biomarkers of
each group were compared. The severity of disease was greater in
the hypermagnesemia group, indicated by 48% of patients with
hypermagnesemia being admitted into the ICU versus only 15% of
patients in the normomagnesemia group (P<0.001), the average
duration of hospital stay was 15.42 days in the hypermagnesemia
group compared to 6.7 days in normomagnesemia group
(P=0.0001), and of the 35 patients in the study who required a
ventilator, 34 of them were in the hypermagnesemia group
(P<0.0001). Cough (P=0.005) and dyspnea (P=0.001) were also
significantly more prevalent in the hypermagnesemia group
compared to the normomagnesemia group. The electrolyte
imbalance and mineral ion dysregulation are usually encountered
in patients with ventilator (critical stages of the disease process),
which is likely to be the consequence of multi-organ dysfunctions.

These results may be due to the adverse effects of
hypermagnesemia. Of clinical relevance, hypermagnesemia has

been shown to cause adverse cardiovascular, neurological, and
respiratory effects (63). Since there are various units for
measuring magnesium that are commonly used, errors in
administering proper doses of magnesium are a common cause
of its overdoses. Two case reports regarding the treatment of two
different alcoholic withdrawal patients highlight this issue along
with the symptoms associated with magnesium overdose (64). In
the course of these patients’ treatment, they were ordered to be
administered 2 g of magnesium sulfate intravenously. However,
patients were given 20 g of magnesium sulfate by mistake leading
to magnesium overdose, leading to cardiac arrest in both the
patients, followed by successful resuscitation (64). Adverse
cardiac effects of magnesium overdose include delays in
conduction of electrical impulses in the heart, asystole (cardiac
arrest). Other adverse effects of magnesium overdose include
apnea, coma, neurologic deterioration, and muscle weakness.

CONCLUSIONS

There is strong evidence of magnesium playing a role in reducing
the severity of asthma symptoms (15-18), COVID-19 symptoms
(54-59), and inflammation (12-14). Magnesium has been shown
to exert anti-inflammatory effects both independently and as a
result of activating vitamin D (11-14, 20, 21, 53). The anti-
inflammatory effects of magnesium are potentially responsible
for reducing symptoms of asthma patients treated with
magnesium. Adequate magnesium levels have been associated
with lower mortality rates in COVID-19 patients and less severe
symptoms (52, 54-59). Natural sources of magnesium (avocado,
spinach, almonds, pumpkin seeds, whole grains, black beans,
wheat, and oatmeal) and magnesium supplementation are easily
accessible and affordable that can be consumed to reduce the
disease burden of COVID-19 patients. Magnesium’s role in
activating vitamin D is essential in that vitamin D has been
shown to reduce the rate of viral infection in patients with several
respiratory tract infections. Thus, more research should be
conducted to determine the magnesium-dependent effects of
vitamin D in reducing the risk of infection in patients with
COVID-19.
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Background: Previous clinical studies and randomized controlled trials have revealed
that low serum vitamin D levels are associated with the risk of developing insulin
resistance. Magnesium has been reported to be a protective factor for insulin
resistance, and magnesium has been considered an important co-factor for vitamin D
activation. However, the effect of dietary magnesium intake on the relationship between
vitamin D and the risk of developing insulin resistance has not been comprehensively
investigated. Therefore, we designed this cross-sectional analysis to assess whether
dietary magnesium intake modifies the association of vitamin D and insulin resistance.

Methods: A total of 4,878 participants (male: 48.2%) from 4 consecutive cycles of the
National Health and Nutrition Examination Survey (2007-2014) were included in this
study after a rigorous screening process. Participants were stratified by their dietary
magnesium intake into low-intake (<267 mg/day) and high-intake (>267 mg/day)
groups. We assessed differences between serum vitamin D levels and the risk
of developing insulin resistance (interaction test), using a weighted multivariate
logistic regression to analyze differences between participants with low and high
magnesium intake levels.

Results: There was a negative association between vitamin D and insulin resistance in
the US adult population [OR: 0.93 (0.88-0.98)], P < 0.001. Dietary magnesium intake
strengthened the association (P for interaction < 0.001). In the low dietary magnesium
intake group, vitamin D was negatively associated with the insulin resistance [OR: 0.94
(0.90-0.98)]; in the high dietary magnesium intake group, vitamin D was negatively
associated with insulin resistance [OR: 0.92 (0.88-0.96)].

Conclusion: Among adults in the United States, we found an independent association
between vitamin D level and insulin resistance, and this association was modified
according to different levels of magnesium intake.

Keywords: vitamin D, cross-sectional studies, dietary magnesium intake, insulin resistance, American adults
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INTRODUCTION

Insulin resistance (IR) refers to an efficiency decline in the
performance of insulin to promote glucose uptake and utilization
in tissues or cells (1, 2). It can be caused by a variety of reasons and
pushes the body to compensate by producing too much insulin
to keep the blood sugar within a normal range. IR is a core
component of metabolic syndrome and type 2 diabetes (3-5). It
may precede other cardiometabolic risk factors, as mentioned in
the study of Gong et al. (6). Yin et al. also conducted a meta-
analysis considering IR and the risk of thyroid cancer in 2018
and found that people with IR had a significantly greater chance
of developing thyroid cancer (7). IR is also associated with the
incidence of colorectal cancer (8, 9) and lung cancer (10, 11). In
2021, the International Diabetes Federation published guidelines
stating that 629 million people aged 20-79 years are expected to
develop type 2 diabetes by 2045 all over the world, for which one
of the main causes is IR (7). In summary, to understand the risk
factors underlying the development of health care is significant
for the health of the World’s people.

Vitamin D (Vit D) is a lipid-soluble vitamin whose main
function is to maintain the balance between calcium metabolism
and bone formation in the human body. Vit D is activated in the
body to acquire the biological activity of a hormone, with 1, 25-
bishydroxyvitamin D3 acting as its main active form. According
to related studies, Vit D level may be a protective factor against
the development of IR (12-15). However, this conclusion is
considered controversial at present. A cross-sectional analysis by
Schleu et al. found that lower Vit D levels were strongly associated
with increased IR in obese women (16). Szymczak-Pajor and
Sliwinska (17) suggested that Vit D deficiency is one of the factors
that accelerates the development of IR. In contrast, a randomized
controlled trial by Gulseth et al. found that Vit D levels and IR
were not correlated with one another (18) and similar findings
were also reported by Margaret and Lansang (19). The reason
for these variations may be that the adjustment strategies were
not consistent across studies. Among them, we are particularly
concerned about the absence of a certain factor in most of these
studies: dietary magnesium intake.

Magnesium is the second most abundant divalent ion in
cells following potassium ions, and it has been recognized as
a cofactor in > 300 enzymatic reactions. It is essential for the
modulation of blood pressure (20), insulin metabolism (21), and
other physiological functions. Meanwhile, magnesium is closely
related to Vit D synthesis, and previous studies have shown that
magnesium is necessary for the movement and activation of Vit
D in the blood (22). A randomized clinical trial published in 2018
by Dai et al. showed that magnesium optimizes Vit D status in
the body with a bidirectional regulatory effect; in other words,
magnesium can be optimized according to the body’s original
Vit D level so that Vit D levels are maintained in the normal
range (23). Further, all enzymes used for the metabolism of Vit
D seem to require magnesium, which acts as a co-factor in the
enzymatic reactions of the liver and kidneys (24). Magnesium
intake alone or its interaction with Vit D intake may contribute to
Vit D status (25, 26). The enzymatic activation of 25-hydroxylase
in the liver and la-hydroxylase in the kidneys is a process that

A total of 40,617 participants
were enrolled in four NHANES
cycles (2007-2014)

17,944 participants were
| excluded because they were
l younger than 20

22,673participants were enrolled

I 2,017 participants were excluded
! due to lack of serum vitamin D
data

20,656 participants were

enrolled
15,778 participants were
| excluded because of missing
! insulin data or fasting glucose

data

A total of 4,878 participants
were enrolled

FIGURE 1 | Flowchart of patient selection.

requires magnesium. Magnesium is also needed to deactivate Vit
D when levels are too high (22). Previous studies presented that
concentrations of cytochrome P450 (CYP) enzymes are modified
by magnesium level (27). Cytochrome P450 enzymes include
not only the Vit D-activating enzymes [i.e., 25-hydroxylase (e.g.,
CYP2R1) and la-hydroxylase (i.e., CYP27B1)] but also Vit D-
deactivating enzymes [i.e., 24-hydroxylase (i.e., CYP24A1l and
CYP3A4)]. 25-Hydroxylase synthesizes 25 (OH)D from Vit D3
or Vit D2 in the liver, and then la-hydroxylase synthesizes active
1, 25 (OH) 2D from 25 (OH)D in the kidney. 24-Hydroxylase
metabolizes both 25 (OH)D and 1, 25 (OH) 2D to inactive
forms: 24, 25-dihydroxyVit D and 1, 24, 25-trihydroxyVit D,
respectively. Finally, CYP3A4 degrades 24, 25-dihydroxyVit D
and 1, 24, 25-trihydroxyVit D (23). Other studies have shown
that Vit D is transported through the body in combination with a
carrier protein, i.e., Vit D-binding protein, and the activity of this
protein is also dependent on magnesium (22). Thus, magnesium
is a co-factor for Vit D biosynthesis, transport, and activation.

As we know magnesium is an activator of Vit D and also
modulates IR, the question of whether magnesium can influence
the link between Vit D and IR deserves consideration. To date,
however, there has been little research on this issue. Therefore,
we conducted a clinical study of the effect of magnesium intake
on the relationship between Vit D and IR. In the present study,
we hypothesized that magnesium ingestion could affect the
association between Vit D and IR. The aim of this investigation
was to explore the effect of magnesium intake on the relationship
between Vit D and IR using a nationally representative public
database in the United States in an effort to provide some
reference for subsequent revelation of its mechanism of action.

MATERIALS AND METHODS

Data Sources
This study was a large cross-sectional analysis using data
from four cycles (2007-2014) of the National Health and
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TABLE 1 | Basic information description of participants.

Dietary magnesium intake (mg/d)

Variables Total (n = 4,878) <267 mg/d (n = 2,436) >267 mg/d (n = 2,442) P-value
Age (year), mean + SD 492 +£17.7 50.3 +18.4 48.0 £ 16.9 <0.001
BMI (kg/m?), mean + SD 289 +6.8 292+7.0 28.6 £ 6.6 0.004
FPG (mmol/L), mean + SD 6.0+1.9 6.0+1.9 59+19 0.406
OGTT (mmol/L), mean + SD 7.7+43 79+43 74+42 <0.001
Serum-Vit D (hmol/L), median (IQR) 61.4 (44.2,79.3) 58.6 (41.1, 77.0) 63.8 (48.0, 81.5) <0.001
Sex, n (%) <0.001
Male 2,353 (48.2) 947 (38.9) 1,406 (57.6)

Female 2,525 (51.8) 1,489 (61.1) 1,036 (42.4)

Race, n (%) <0.001
Mexican—-American 716 (14.7) 294 (12.1) 422 (17.3)

Other Hispanic 477 (9.8) 243 (10) 234 (9.6)

Non-Hispanic white 2,307 (47.9) 1,139 (46.8) 1,168 (47.8)

Non-Hispanic black 913 (18.7) 544 (22.3) 369 (15.1)

Other races 465 (9.5) 216 (8.9) 249 (10.2)

Obesity, n (%) 0.001
No 3,134 (64.2) 1,510 (62) 1,624 (66.5)

Yes 1,744 (35.8) 926 (38) 818 (33.5)

Education, n (%) <0.001
Did not graduate from high school 1,228 (25.2) 688 (28.2) 540 (22.1)

Graduated from high school 1,068 (21.9) 600 (24.6) 468 (19.2)

College education or above 2,582 (52.9) 1,148 (47.1) 1,434 (58.7)

Activity, n (%) 0.772
Vigorous work activity 899 (18.4) 464 (19) 435 (17.8)

Moderate work activity 1,032 (21.2) 505 (20.7) 527 (21.6)

Walk or bicycle 682 (14.0) 343 (14.1) 339 (13.9)

Vigorous recreational activities 330 (6.8) 168 (6.9) 162 (6.6)

Moderate recreational activities 1,935 (39.7) 956 (39.2) 979 (40.1)

Diabetes, n (%) <0.001
No 3,905 (80.1) 1,892 (77.7) 2,013 (82.4)

Yes 973 (19.9) 544 (22.3) 429 (17.6)

Season of examination, n (%) 0.327
Winter 2,304 (47.2) 1,133 (46.5) 1,171 (48)

Summer 2,574 (52.8) 1,303 (53.5) 1,271 (52)

Dietary factors

Energy (kcal) 2106.1 +£10.3 15682.5 + 6.7 2628.4 £ 15.1 <0.001
Protein (gm) 81.9+429 59.1 +£24.8 104.6 £45.0 <0.001
Fiber (gm) 16.7 £ 10.3 10.7 £5.1 22.7 +£10.7 <0.001
Calcium (mg) 920.7 + 603.4 639.1 + 342.2 1201.6 £ 672.7 <0.001

BMI, Body Mass Index; FPG, Fasting plasma glucose; OGGT, Oral Glucose Tolerance Test.

Nutrition Examination Survey (NHANES)."! The NHANES
project is a research project of U.S. citizens that uses a multi-
stage stratified probability design with a collection sample
representative of the overall sample of non-institutionalized
US. citizens. These data include demographic data,
food data, physical measurements, laboratory data, and
questionnaire data. All NHANES-based studies are approved
by the National Health Statistics Research Ethics Review
Board. Ethical approval and more detailed information

Uhttps://www.cdc.gov/nchs/nhanes/

can be found on the NHANES Ethics Review Committee
website? (28).

Study Design and Participant Population

This study was designed as a cross-sectional analysis. The target
independent variable was the serum Vit D level recorded at the
time that participants were tested. The dependent variable was
whether the participant was diagnosed with IR. Grouping was
done by median magnesium intake, with participants added to

Zhttps://www.cdc.gov/nchs/nhanes/irba98.htm
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FIGURE 2 | Bar figure of the differences between different vitamin D levels in
the high and low dietary magnesium intake groups. Median vitamin D levels

were significantly higher in the high magnesium intake group than in the low

dietary magnesium intake group (O: low dietary magnesium intake group, 1:

high dietary magnesium intake group, 66.3 vs. 61.6 nmol/L, p < 0.001).

a low-intake (<267 mg/d) group (n = 2,436) or a high-intake
(>267 mg/d) group (n = 2,442).

A total of 40,617 participants completed interviews and
examinations at the Mobile Examination Center (MEC) from
2007 to 2014. Participants with any of the following conditions
were excluded from the current study: (1) age below 20 years
(n = 17,944); (2) no serum Vit D testing (n = 2,017); and (3)
missing insulin data or fasting glucose data (n = 15,778). Finally,
a total of 4,878 participants were enrolled.

Data Collection

All study data were collected by trained professionals and
included demographics (age, sex, race, education, etc.),
anthropometric measurements (height, waist circumference,
weight, body mass index [BMI], etc.), health-related behaviors
(smoking and exercise), and biochemical tests [fasting plasma
glucose, oral glucose tolerance test (OGTT), etc.]. All information
was collected and blood samples were drawn in an MEC; basic
information was collated immediately and serum samples were
managed in scientific storage, then sent to the Laboratory
Sciences Division of the National Center for Environmental
Health, the Centers for Disease Control and Prevention (CDC),
and designated authorized institutions for analysis.

Measurement of Magnesium Intake

The magnesium intake protocol used in this study was the
consensus reached during the regular NHANES workshops for
expert assessment of the protocol (29). The 24-h food-recall
method has previously been used to determine dietary intake in
large cross-sectional studies. In this study, data on the first 24 h of
magnesium dietary intake were collected through a dietary-recall
interview at the MEC. Daily magnesium intake was classified as
high or low intake based on the median value (267 mg/day).

Measurement of Vit D

Immediately after serum was collected at the MEC, it was stored
frozen at -30°C and subsequently shipped uniformly to the CDC
Environmental Health Laboratory in Atlanta, Georgia, for Vit D
measurement. Vit D levels were defined as the sum of Vit D3
and Vit D2 concentrations. Laboratory analysis was performed by
ultra-high performance liquid chromatography-tandem mass-
spectrometry (30).

Identification of Insulin Resistance

In previous research, the Homeostatic Model Assessment for
Insulin Resistance (HOMA-IR) index was recognized as a good
indicator of IR (31). The HOMA-IR index is calculated as fasting
glucose - insulin (WU/mL) x fasting glucose (mmol/L)/22.5. In
a study involving IR in American adults, a HOMA-IR value
of > 2.73 was considered indicative of IR. Therefore, in the
present study, IR was defined by a HOMA-IR value of > 2.73 (32).

Definitions of Other Variables

To confirm diabetes, the measured fasting glucose level was
multiplied by 0.056 (rounded to three decimal places) to convert
the unit from mg/dL to mmol/L. Diabetes was diagnosed
when the following conditions were met: fasting glucose
level of > 7.0 mmol/L, OGTT result of > 11.I mmol/L,
physician diagnosis, self-reported diagnosis, or taking diabetes
medication (33).

Participants who fit into any of the following race categories
were included: Mexican-American, other Hispanic, non-
Hispanic white, non-Hispanic black, or another race. Their
education was divided into three categories: high school
graduates, college graduates or higher. Smoking levels
included current, former and never smokers. Those who
had smoked > 100 cigarettes or more in the past and reported
smoking on a few days or every day at the time of the interview
were considered current smokers, those who had smoked < 100
cigarettes in the past but were not currently smoking were
considered ex-smokers, and those who had smoked < 100
cigarettes in the past were considered non-smokers. BMI was
calculated using height and weight values. Weight was measured
by the researchers using an electronic sports measurement
device (Seca GmbH, Hamburg, Germany), which is accurate in
millimeters. Body weight was measured by researchers using a
digital scale (Toledo Scale; Mettler-Toledo, LLC, Columbus, OH,
United States), and, after measurement, pounds were converted
to kilograms. The formula used for BMI was: BMI = weight
(kg)/height (m?). Finally, dietary data were obtained from
a dietary retrospective interview set up to collect dietary
information for the previous 24 h, including total dietary energy,
Vit D, calcium, magnesium, protein, and fiber intakes.

Statistical Methods

NHANES selects 5,000 people each year from a sampling frame
of 15 different locations in all U.S. counties. Thus, its data have
broad U.S. population band variability. To prevent bias and
inaccurate estimation of results due to over-sampling of minority
groups, we used one of the weight values officially reccommended
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FIGURE 3 | Violin chart of distribution of serum vitamin D in patients with IR group by magnesium intake. In the low-magnesium group, serum vitamin D levels in
those with insulin resistance were significantly lower than those without insulin resistance (55.1 vs. 62.0 nmol/L, P < 0.001). In the high-magnesium group, serum
vitamin D levels in those with insulin resistance were significantly lower than those without insulin resistance (59.7 vs. 68.4 nmol/L, p < 0.001).

by NHANES, which means that all our subsequent studies were
analyzed based on weighted models.

All data were analyzed using R version 4.1.2 (R Foundation
for Statistical Computing, Vienna, Austria), with continuous
variables represented by detailed sample descriptions with a
mean confidence interval (CI) of 95%. Categorical variables
were represented by counts and weighted percentages. Skewed
distributions were based on median and QI-Q3 values.
Normal distributions were described by median and standard
deviation values. Continuous variables were compared between
groups using Students t-test or the Mann-Whitney U-test
based on the normality of the distribution, and comparisons
were made using Fisher’s exact probability method. Covariates
were selected based on potential confounders that may be
associated with Vit D and IR. Gender, age, race, smoking,
BMI, obesity, dietary intake, physical activity, and education
were selected as covariates based on a combination of
previous literature, international standards, and relevant clinical
experience. Multiple interpolation was used to fill in the missing
covariates with the aim of maximizing statistical power and

minimizing bias. In addition, sensitivity analyses were conducted
to see if the resulting complete data differed significantly from
the original data. These evaluations showed that the data after
multiple interpolation did not differ significantly from the
original data and were not statistically significant (P > 0.05).
Therefore, all results of our multivariate analysis were based on
the dataset developed after multiple interpolation according to
Rubin’s criterion.

Three multivariate logistic regression models were developed
to analyze the relationship between Vit D and IR in the
sample at different magnesium intakes, and smooth fitted
curves were constructed. P < 0.05 (two-sided) was considered
to be statistically significant. We also developed three linear
regression models to analyze the relationship between Vit D
and the HOMA-IR index at different magnesium intake levels.
A sensitivity analysis was completed to ensure the robustness of
the analysis. We transformed Vit D into a categorical variable and
calculated P-values for trends. The aim was to test the possibility
of observing the presence of non-linearity between Vit D and IR
when Vit D level was used as a categorical variable (34).
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TABLE 2 | Association of covariates and IR.

Variable OR (95%Cl) P-value
Age 1.01 (1.01~1.01) <0.001
sex, n (%)

Male 1

Female 0.8 (0.71~0.89) <0.001
Race/ethnicity, n (%)

Mexican—American 1

Other Hispanic 0.71 (0.56~0.9) 0.004
Non-Hispanic white 0.59 (0.5~0.7) <0.001
Non-Hispanic black 0.72 (0.59~0.88) 0.001
Other races 0.43 (0.34~0.55) <0.001
Obesity, n (%)

No 1

Yes 6.73 (6.9~7.67) <0.001
Education level, n (%)

Did not graduate from high school 1

Graduated from high school 0.83 (0.7~0.98) 0.026
College education or above 0.61 (0.54~0.7) <0.001
Smoking status, n (%)

Current smoker 1

Former smoker 0.95 (0.81~1.13) 0.588
Never smoker 0.97 (0.84~1.12) 0.669
Physical activity, n (%)

Vigorous work activity 1

Moderate work activity 0.97 (0.81~1.16) 0.721
Walk or bicycle 1.13(0.92~1.38) 0.236
Vigorous recreational activities 0.93 (0.72~1.2) 0.585
Moderate recreational activities 0.98 (0.83~1.15) 0.774
Season of examination, n (%)

Winter 1

Summer 0.91 (0.81~1.02) 0.099
Serum-Vit D 0.99 (0.99~0.99) <0.001
Mg-intake 0.99 (0.99~0.99) <0.001

Data presented are ORs and 95% ClIs.

RESULTS

Basic Information of the Study

Population

In the present study, a total of 4,878 participants from four
NHANES cycles (2007-2014) were included (Figure 1). The
basic information of the study population is detailed in Table 1.
Grouping was performed based on magnesium intake, using a
cutoff of 267 mg/d.

The mean age of all participants was 49.2 & 17.7 years. In the
low-intake group, the mean age was 50.3 £ 18.4 years, while,
in the high-intake group, the mean age was 48.0 &+ 16.9 years,
and the difference in age between the two groups was statistically
significant (P < 0.001). The proportion of obese participants in
the low-intake group increased (35.8 — 38%) and the proportion
of the same in the high-intake group decreased (35.8 — 33.5%)
over time, respectively. In the low-intake group, BMI, fasting
plasma glucose, and OGTT levels were higher than those in the

high-intake group. In contrast, Vit D levels were significantly
higher in the high-intake group than the low-intake group.

Bar Figure Analysis

Figure 2 displays the difference in Vit D level between high
and low Mg intake groups (61.6 vs. 66.3 nmol/L, P < 0.001).
Meanwhile, we observed that the Vit D level differed among
the IR-positive and IR-negative groups (P < 0.001), as shown in
Figure 3. The IR-positive group exhibited significantly lower Vit
D levels than the IR-negative group (high Mg intake group: 59.7
vs. 68.4 nmol/L, P < 0.001; low Mg intake group: 55.1 vs. 62.0
nmol/L, P < 0.001).

Univariate Analysis of Which Variables
Might Be Associated With Insulin

Resistance

Univariate logistics regression was used to detect which factors
were associated with the occurrence of insulin resistance.
As shown in Table 2, women had a lower probability of
developing insulin resistance relative to men [OR: 0.8 (0.71-
0.89)]. Compared to Mexican—-Americans, other Hispanics [OR:
0.71 (0.56-0.9)], non-Hispanic whites [OR: 0.59 (0.5-0.7)] non-
Hispanic blacks [OR: 0.72 (0.59-0.88)] and other races [0.43
(0.34-0.55)] had a lower probability of insulin resistance. age.
factors such as obesity and IR were positively associated. In
contrast, factors such as educational level, physical activity, Vit
D and dietary magnesium intake were negatively associated with
insulin resistance.

Multivariable Logistics Regression

Analysis of Vit D and Insulin Resistance

In the present study, three logistic regression models were
constructed to analyze the independent association between Vit
D level and IR and determine whether this association was
influenced by different levels of magnesium intake. The model-
based effect ratios (odds ratio [OR]) and 95% ClIs shown in
Table 3 indicate that each single-unit increase in Vit D was
associated with a corresponding decrease in the probability
of IR occurring. For example, in the unadjusted model, the
total effect value was 0.99. Each single-unit increase in Vit D
meant a 1% reduction in IR (OR 0.99; 95% CI 0.99-0.99).
In the high-intake group, the effect ratio (OR) and 95% CI
were 0.98 (0.99-0.99), respectively, while in the low-intake
group, the effect-value ratio (OR) and 95% CI were 0.99 (0.99-
0.99). In model 2, which was adjusted for sociodemographic
data only, the overall effect-value ratio (OR) and 95% CI
were 0.98 (0.97-0.99); in the high-intake group, the effect-
value ratio (OR) and 95% CI were 0.96 (0.93-0.99); and in
the low-intake group, the effect-value ratio (OR) and 95%
CI were 0.98 (0.97-0.99), respectively. In the fully adjusted
model 3, the overall effect-value ratio (OR) and 95% CI
were 0.93 (0.88-0.98); in the high-intake group, the effect-
value ratio (OR) and 95% CI were 0.92 (0.88-0.96); and in
the low-intake group, the effect-value ratio (OR) and 95% CI
were 0.93 (0.88-0.98), respectively. The above results suggest
an independent association between Vit D level and IR and
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TABLE 3 | Interactive effect of vitamin D and dietary magnesium intake on IR (All participants).

Model 1 Model 2 Model 3
Variable OR (95%Cl) P-value P for interaction OR (95%Cl) P-value P for interaction OR (95%Cl) P-value P for interaction
Vit D 0.99 (0.99~0.99) <0.001 0.98 (0.97~0.99) <0.001 0.93(0.88~0.98) <0.001
Magnesium
intake group
<267 mg/day  0.99 (0.99~0.99) <0.001 <0.001 0.98 (0.97~0.99) <0.001 <0.001 0.94 (0.90~0.98) <0.001 <0.001
Vit D
>267 mg/day 0.98 (0.97~0.99) <0.001 0.96 (0.93~0.99) <0.001 0.92 (0.88~0.96) <0.001
Vit D

Model 1: non-adjusted. Model 2: adjusted age, sex, race. Model 3: adjusted age, sex, race, obesity, education level, physical activity, smoking status, the season of

examination, and dietary calcium intake.

TABLE 4 | Interactive effect of vitamin D and dietary magnesium intake on HOMA-IR (All participants).

Model 1 Model 2 Model 3
Variable B (95%Cl) P-value P for B (95%Cl) P-value P for B (95%Cl) P-value P for
interaction interaction interaction
Vit D —0.02 (-0.02 to —0.01)  <0.001 —0.03 (—0.04 to —0.02) <0.001 —0.04 (—0.06 to —0.02) <0.001
Magnesium
intake group
<267 mg/day  —0.02 (—0.02 to —0.01) <0.001 <0.001 —0.03 (-0.04 to —0.02)  <0.001 <0.001 —0.04 (-0.06 to —0.02)  <0.001 <0.001
Vit D
>267 mg/day  —0.03 (—0.04 to —0.02) <0.001 —0.04 (-0.05 to —0.03)  <0.001 —0.05 (—0.06 to —0.03)  <0.001
Vit D

Model 1: non-adjusted. Model 2: adjusted age, sex, race. Model 3: adjusted age, sex, race, obesity, education level, physical activity, smoking status, the season of

examination, and dietary calcium intake.

confirm that this association was influenced by different levels of
magnesium intake.

Three linear regression models were constructed to analyze
the independent association between the Vit D level and
HOMA-IR index and determine whether this association
was influenced by different levels of magnesium intake. The
model-based effect value f and 95% CI shown in Table 4
indicate that the Vit D level and HOMA-IR index were
independently correlated and influenced by different levels
of magnesium intake after adjusting for covariates according
to the full model (Model 3). The overall effect value f
and 95% CI were —0.04 (—0.06 to —0.02), respectively.
Additionally, in the high-intake group, the effect p and
95% CI were —0.05 (—0.06 to —0.03), while in the low-
intake group, the effect values p and 95% CI were —0.04
(—0.06 to —0.02).

Linear Association Between Vit D and

Insulin Resistance

We analyzed whether there was a linear relationship between Vit
D and IR at different levels of magnesium intake. Figures 4A1,A2
show the association between Vit D and IR after logistic
regression without adjusting for latent variables. Figures 4B1,B2
show the association between Vit D and IR after logistic
regression adjusted for model 2. Figures 4C1,C2 show the
association between Vit D and IR after logistic regression adjusted

for the full model (model 3). In summary, the associations
between Vit D level and the risk of IR occurrence were linear at
different levels of magnesium intake.

DISCUSSION

In recent decades, as the global economy has grown rapidly,
the number of patients with type 2 diabetes has shown a
significant increase in both developing and developed countries
(35). Not only does this place a great burden on the world’s
medical resources, its complications also greatly plague patients
physically and psychologically. IR is one of the main causes of
type 2 diabetes, and about 90% of cases are caused by IR. Aside
from the rising incidence of diabetes, there are far more people
suffering from IR. How to effectively prevent IR in advance before
the progression to diabetes has also become a matter of great
concern to researchers.

In this study, multiple linear regression models were
developed to investigate whether there was a significant
independent association between Vit D and the HOMA-IR index
and to analyze whether the independent association between
Vit D and the HOMA-IR index was affected by different
dietary magnesium intake levels. In addition, multiple logistic
regression models were developed to analyze the independent
association between Vit D and IR and to assess whether the
independent association between Vit D and IR was affected
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at different dietary magnesium intake levels. After excluding
the potential confounding effects, the results showed that Vit
D levels were independently correlated with the HOMA-IR
index and IR in the multivariate regression analysis, and this
association seemed to be influenced by different levels of
magnesium intake. Smoothed fitted curves also showed a linear
relationship between Vit D level and HOMA-IR index at different
levels of magnesium intake. The probability of the occurrence
of IR decreased alongside increasing Vit D levels. As shown
in Figure 4, the association between serum vitamin D levels
and insulin resistance was stronger in the high-magnesium
diet group. As vitamin D levels increased, the incidence of
insulin resistance decreased more significantly. This trend is
evident in all models.

It has been reported that reduced plasma Vit D levels
may produce excessive white adipose tissue, leading to IR
and dyslipidemia (36). In a cross-sectional analysis conducted
by Bilge et al. (37) in 2015 on a Turkish population of 39
individuals with normal weights and 66 individuals categorized
as obese, Vit D was found to be negatively associated with
the modified HOMA-IR index after adjusting for laboratory
indicators, physical measurements, and other factors Research

conducted by Wang et al. (38) also found that Vit D
deficiency may lead to increased activity of the nuclear factor
kappa-light-chain-enhancer of activated B-cells pathway, which
promotes inflammation and leads to IR. These studies also
support our results.

Magnesium is the second most abundant intracellular divalent
cation after potassium ion, and it has been recognized as
a cofactor in > 300 enzymatic reactions, with it being
particularly essential for adenosine triphosphate metabolism
(39). Low magnesium (2+) levels lead to defective tyrosine
kinase activity, and insulin acts on receptors that are later
damaged, altering cellular glucose transport and reducing cellular
glucose utilization, thereby promoting peripheral IR in type 2
diabetes (21, 40). In addition, our finding is also consistent with
another cross-sectional analysis conducted in the NHANES that
magnesium intakes interact with serum Vit D levels in relation
to type 2 diabetes (36). Thus, magnesium supplementation has
the potential to increase Vit D activity such that it increases Vit
D’s protection of pancreatic B-cells. A randomized clinical trial
published in 2018 by Dai et al. showed that magnesium optimizes
Vit D status in the body with a bidirectional regulatory effect;
in other words, magnesium can be optimized according to the
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body’s original Vit D level so that Vit D levels are maintained
in the normal range (23). Further, all enzymes used for the
metabolism of Vit D seem to require magnesium, which acts as
a co-factor in the enzymatic reactions of the liver and kidneys
(24). Magnesium intake alone or its interaction with Vit D intake
may contribute to Vit D status (25, 26). The enzymatic activation
of 25-hydroxylase in the liver and la-hydroxylase in the kidneys
is a process that requires magnesium.

A recent randomized trial found that magnesium treatment
greatly reduced imidazole propionate, a microbial metabolite of
histidine, compared to the placebo group. Imidazole propionate
induces IR, and levels of imidazole propionate were higher in
patients with prediabetes and type 2 diabetes. In addition to
imipramine propionate, the same randomized trial found that
magnesium treatment increased circulating levels of propionic
acid and reduced levels of glutamate, two microbial metabolites.
In fact, propionic acid and glutamate were associated with a
reduced and increased risk of type 2 diabetes, respectively, and
were inversely and positively associated with IR. In conclusion,
the possible mechanism is that high magnesium intake increases
Vit D synthesis on the one hand and improves microbial
production of the three amino acid metabolites on the other
hand, which in turn reduces IR and the risk of type 2 diabetes (41).

Although the current study is a cross-sectional analysis, our
finding is consistent with that in a 2013 prospective cohort
study in which the inverse associations between serum Vit D
concentrations and risk of mortality due to cardiovascular disease
only appeared in those with higher intakes of magnesium, but not
in those with lower intakes of magnesium (25).

The present study has some limitations. First, because the
NHANES database does not include some specific groups, such as
pregnant women and children, it is uncertain whether the results
of this study are applicable to these groups. We will analyze
these groups in forthcoming studies, therefore this limitation
will be addressed in the future. Second, the present study was
a cross-sectional investigation, and no causal relationship could
be drawn between Vit D levels and the HOMA-IR index as
well as IR; thus, further cohort studies are needed to analyze
this causal relationship. Finally, our dietary data were obtained
from self-reported 24-h dietary-recall interviews and is therefore
inevitably subject to some degrees of recall and self-report bias.
However, the level of this influence is low and not sufficient to
affect our results. This is because NHANES uses professional staff
for data collection and a multistage stratified probability design
approach for subject selection to decrease such bias. However,
the present study also has certain advantages over other studies.
In this study, a more comprehensive and more representative
sample of participants was selected, with a unique representation
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Osteocytes are dendritic cells in the mineralized bone matrix that descend
from osteoblasts. They play critical roles in controlling bone mass through the
production of sclerostin, an inhibitor of bone formation, and receptor activator
of nuclear factor k¥ B ligand, an inducer of osteoblastic bone resorption.
Osteocytes also govern phosphate homeostasis through the production of
fibroblast growth factor 23 (FGF23), which lowers serum phosphate levels by
increasing renal phosphate excretion and reducing the synthesis of 1,25-
dihydroxyvitamin D (1,25(OH),D), an active metabolite of vitamin D. The
production of FGF23 in osteocytes is regulated by various local and systemic
factors. Phosphate-regulating gene homologous to endopeptidase on X
chromosome (PHEX), dentin matrix protein 1 (DMP1), and family with
sequence similarity 20, member C function as local negative regulators of
FGF23 production in osteocytes, and their inactivation causes the
overproduction of FGF23 and hypophosphatemia. Sclerostin has been
suggested to regulate the production of FGF23, which may link the two
functions of osteocytes, namely, the control of bone mass and regulation of
phosphate homeostasis. Systemic regulators of FGF23 production include 1,25
(OH),D, phosphate, parathyroid hormone, insulin, iron, and inflammation.
Therefore, the regulation of FGF23 in osteocytes is complex and
multifactorial. Recent mouse studies have suggested that decreases in serum
phosphate levels from youth to adulthood are caused by growth-related
increases in FGF23 production by osteocytes, which are associated with the
down-regulation of Phex and Dmpl1.

KEYWORDS

phosphate, osteoblast, osteocyte, fibroblast growth factor 23, regulation

Introduction

Osteocytes, which are terminally differentiated cells of the osteoblast lineage, are
dendritic cells embedded within the mineralized bone matrix (1-3). Although osteocytes
are the most abundant among all cells in bone, their location and inaccessibility has
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delayed our understanding of their function at the molecular
level. In the past few decades, mounting evidence has indicated
that osteocytes play important roles in bone homeostasis. They
produce sclerostin, a secreted potent suppressor of bone
formation (4, 5). Furthermore, critical roles for osteocyte-
derived receptor activator of nuclear factor k¥ B ligand
(RANKL) in the control of postnatal bone resorption have
been demonstrated in mouse models in which its expression
was specifically deleted from osteocytes (6).

Phosphate is an essential nutrient that mediates the majority
of biological processes (7). Fibroblast growth factor 23 (FGF23),
which functions as a central regulator of phosphate metabolism
in mammals, is mainly produced by osteocytes (8). In addition to
FGF23, several other molecules responsible for phosphate
homeostasis are highly expressed in osteocytes, which include
phosphate-regulating gene homologous to endopeptidase on X
chromosome (PHEX), dentin matrix protein 1 (DMPI), and
family with sequence similarity 20, member C (FAM20C), the
genes responsible for hereditary hypophosphatemia (8-12).
Current concepts on the molecular mechanisms by which
osteocytes regulate phosphate metabolism are discussed herein.

Osteocyte differentiation
from osteoblasts

Osteocytes account for 90-95% of all bone cells in adult bone
and have the longest lifespan (1-3). In the process of
osteocytogenesis, a subpopulation of matrix-producing
osteoblasts on the bone surface become embedded within the
matrix proteins they produce and differentiate into osteocytes
with a decrease in the production of the bone matrix, marked
changes in morphology, and the expression of genes that
constitute the signature of osteocytes (1-3). Approximately 5
to 20% of osteoblasts mature into osteocytes, while the
remainder die by apoptosis or become bone lining cells (3).
During the maturation of osteoblasts into osteocytes, cell
morphology changes to a stellate shape with long processes.
Osteocytes reside in lacunae within the mineralized bone matrix,
and interconnect with each other and with osteoblasts on the
bone surface by their long cytoplasmic processes running
through canaliculi. As osteoblasts differentiate into osteocytes,
they acquire the expression of molecules that regulate bone
homeostasis and phosphate metabolism (1-3).

Control of bone mass by osteocytes

Osteocytes embedded in the bone matrix sense mechanical
signals and regulate bone formation and resorption. A previous
study reported that the genetic ablation of osteocytes in mice led
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to osteoporotic bone loss and the suppression of mechanically-
induced new bone formation (13). Sclerostin encoded by the
SOST gene is secreted by osteocytes and suppresses bone
formation (5). The inactivation and reduced expression of
SOST in humans have been shown to be responsible for rare
bone sclerosing diseases, such as sclerosteosis 1 and van Buchem
diseases (14). Sclerostin binds to low-density lipoprotein
receptor-related protein 5 (LRP5) and LRP6 to inhibit Wnt/3-
catenin signaling (15). Wnt/83-catenin signaling plays a critical
role in controlling bone mass by promoting the commitment of
mesenchymal progenitor cells into osteoblasts as well as the
proliferation and differentiation of osteoblasts. Furthermore,
Wnt/f3-catenin signaling has been shown to inhibit the
differentiation and activation of osteoclasts (16, 17).
Mechanical signaling was found to suppress the expression of
sclerostin in osteocytes, which promoted bone formation by
enhancing Wnt/B-catenin signaling (4). The mechanosensor
channel Piezol has recently been suggested to be involved in
the suppression of Sost expression by mechanical force (18). The
bone anabolic effects of parathyroid hormone (PTH) are also
mediated by the down-regulation of Sost (19).

Osteocytes also regulate osteoclastic bone resorption by
producing RANKL. Mice with the conditional deletion of
RANKL from osteocytes and some mature osteoblasts exhibited
markedly impaired osteoclastic bone resorption after birth,
leading to the osteopetrotic phenotype (6). Therefore, osteocytes
play critical roles in bone homeostasis by controlling the
formation and resorption of bone in postnatal life.

Production and effects of FGF23

As osteoblasts mature into osteocytes, they acquire the
expression of various molecules involved in phosphate
homeostasis, which include the genes responsible for
hereditary hypophosphatemic diseases (1-3, 8). The high
expression of these molecules indicates that osteocytes play
essential roles in the regulation of phosphate metabolism as
well as the control of bone mass.

FGF23, the key regulator in phosphate metabolism, consists
of 251 amino acids including an amino-terminal signal sequence
of 24 amino acids (20). It is mainly produced by osteocytes and
exerts its effects on distant target organs, such as the kidneys. Its
endocrine function is suggested to be conferred by its low
binding affinity to heparin/heparan sulfate (21). In the
kidneys, the main target for FGF23, it increases phosphate
excretion by reducing the expression of type Ila and Ilc
sodium/phosphate (Na*/Pi) co-transporters (designated as
NaPi-Ila and NaPi-Ilc, respectively) (20). In addition, FGF23
reduces the production of 1,25-dihydroxyvitamin D [1,25
(OH),D], an active metabolite of vitamin D, by suppressing
the expression of 25-hydroxyvitamin D la-hydroxylase and
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inducing that of 24-hydroxylase, which leads to the decreased
absorption of phosphate in the intestines (20). At physiological
concentrations, FGF23 requires a single-pass transmembrane
protein, oKlotho as a co-receptor for its signal transduction
through the FGF receptor (FGFR) (22, 23). FGF23 is inactivated

'7% and Ser'®’. This cleavage

by proteolytic cleavage between Arg
is prevented by the O-glycosylation of FGF23 at Thr'”%, a process
that is mediated by UDP-N-acetyl-a-D-galacosamine:
polypeptide N-acetylgalactosaminyltransferase 3 (GalNAc-
T3) (24).

Figure 1 summarizes the roles of osteocytes in the control of
bone mass and the regulation of phosphate metabolism.

Local regulators of FGF23
production in osteocytes

PHEX, DMPI, and FAM20C are highly expressed in
osteocytes (8). Since inactivating variants of these genes cause
the overproduction of FGF23 in osteocytes (25), these molecules
are considered to function as local negative regulators of FGF23
production in osteocytes.

The PHEX gene is responsible for X-linked hypophosphatemic
rickets (XLH), the most common form of hereditary
hypophosphatemia (9). Although the PHEX protein is
suggested to function as a cell surface-bound, Zinc-dependent
protease based on its structure (26), its physiological substrates
remain elusive, and FGF23 does not serve as its substrate (27).
DMP1I encodes an extracellular matrix protein belonging to the
small integrin-binding ligand, N-linked glycoproteins
(SIBLINGS) family, and its inactivating variants cause
autosomal recessive hypophosphatemic rickets type 1
(ARHR1) (10, 11).

| Bone Resorption |

Osteocyte

RANKL | +——

1,25(0OH),D, phosphate, PTH,

.

10.3389/fendo.2022.967774

Studies using Phex-deficient hypophosphatemic Hyp mice
and Dmpl-null mice have suggested that enhanced FGFR
signaling in osteocytes contributes to the increased production
of FGF23 in XLH and ARHRI1 (8, 28, 29). In Hyp mice, the
osteocytic expression of Fgfl, Fgf2, Fgfr1-3, and Egr-1, which is a
target gene of activated FGFR signaling, was found to be
markedly up-regulated (8), and the osteocyte-specific deletion
of Fgfrl partially restored the overproduction of FGF23 and
attenuated hypophosphatemia and mineralization defects (29).
In a culture of bone marrow stromal cells isolated from DmpI-
null mice, the inhibition of FGFR signaling using SU5402
prevented increases in FGF23 expression levels (28).
Furthermore, mice with the transgenic overexpression of high-
molecular-weight isoforms of FGF2 in osteoblast lineage cells
exhibited elevated FGF23 levels and hypophosphatemic rickets
(30). In humans, osteoglophonic dysplasia caused by activating
variants in FGFRI1 is often associated with hypophosphatemia
due to elevated FGF23 levels (31). These findings support
activated FGFR signaling in osteocytes increasing the
production of FGF23.

The FAM20C gene encodes a secreted kinase that
phosphorylates a broad range of substrates, including FGF23
and proteins of the SIBLINGs family, such as DMP1 (32, 33).
Inactivating variants of FAM20C cause Raine syndrome (RNS),
an autosomal recessive disease characterized by neonatal
osteosclerotic bone dysplasia of an aggressive onset and poor
prognosis. Patients with mild RNS may survive and manifest
hypophosphatemic rickets due to elevated FGF23 levels as well
as dental anomalies (12, 34). FAM20C has been shown to
directly phosphorylate FGF23 on Ser'®, which inhibits the O-
glycosylation of FGF23 by GalNAc-T3. Therefore, the
inactivation of FAM20C may increase the protein levels of
intact FGF23 by reducing its cleavage (33).

Whnt/B-catenin pathway

2
——> [Sclerotin]

FGFR activation, iron deficiency, é F—— PHEX, DMP1, FAM20C, Insulin etc.

inflammation, etc.

N

Renal Phosphate Excretion |

"[1,25(0H),D production

FIGURE 1

Roles of osteocytes in the control of bone mass and the regulation of phosphate metabolism. Osteocytes regulate bone formation and
resorption through the production of sclerostin and RANKL. Sclerostin suppresses bone formation by inhibiting Wnt/B-catenin signaling. FGF23
produced by osteocytes plays central roles in phosphate metabolism by increasing renal phosphate excretion and decreasing the production of
1,25(OH),D. The production of FGF23 in osteocytes is influenced by various positive and negative regulators.
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Sclerostin may also function as a local regulator of FGF23. A
recent study demonstrated that a treatment with an anti-
sclerostin antibody reduced serum levels of intact FGF23 and
increased serum phosphate levels in wild-type and Phex-
deficient Hyp mice (35). While the serum intact FGF23 levels
were reduced by anti-sclerostin antibody, the levels determined
by C-terminal assay was found to be unchanged. Since the C-
terminal FGF23 assay detects both the intact and cleaved C-
terminal fragments of FGF23, the circulating C-terminal
fragments of FGF23 were likely to be increased after the
treatment with anti-sclerostin antibody (35). Considering a
previous report demonstrating that the C-terminal fragments
of FGF23 may antagonize the action of biologically active intact
FGF23 (36), the elevation in serum phosphate levels following
the treatment with anti-sclerostin antibody might be mediated
by both the reduction in intact FGF23 levels and the increase in
the C-terminal fragments. Although the regulation of FGF23 by
sclerostin may be indirect and mediated by the control of bone
turnover, a cell study using the osteocytic cell line IDG-SW3
suggested the direct stimulating effects of sclerostin on the
synthesis of FGF23 (37). The regulation of FGF23 by
sclerostin is interesting because it suggests a connection
between the two important functions of osteocytes: the control
of bone mass and the regulation of phosphate metabolism.

A clinical study previously demonstrated that the
intravenous administration of pamidronate to patients with
osteogenesis imperfecta rapidly decreased serum intact FGF23
levels (38), which suggested that bone turnover influences serum
FGF23 levels. This concept was supported by a mouse study in
which interleukin-1 (IL-1)-induced local bone resorption caused
elevations in serum intact FGF23 levels without increasing its
mRNA levels, and this elevation in FGF23 was prevented by a
pre-treatment with a bisphosphonate pamidronate (39).
Similarly, in nephrectomized rats with a high bone turnover
renal osteodystrophy, a treatment with a bisphosphonate
risedronate suppressed the elevation of serum intact FGF23
levels (40). These findings indicate that the release of FGF23
produced by osteocytes into the circulation is accelerated in
association with bone resorption.

Systemic regulators of FGF23
production in osteocytes

In addition to the local regulators described above, FGF23
production by osteocytes is influenced by various systemic
factors, some of which are described herein. Among the
systemic regulators of FGF23 production, 1,25(OH),D appears
to be a principal regulator and increases the expression of FGF23
in osteoblast lineage cells through the vitamin D receptor
(VDR)-mediated transactivation of its gene (41, 42). The
importance of 1,25(0OH),D in the regulation of FGF23 is
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supported by clinical observations showing that patients with
vitamin D deficiency have low levels of serum intact FGF23 (43).

PTH also stimulates the production of FGF23, as suggested
by the elevated serum levels of FGF23 in patients and mouse
models of hyperparathyroidism (44, 45). Elevated serum levels of
intact FGF23 were also reported in patients with Jansen type
metaphyseal chondrodysplasia, a skeletal dysplasia caused by
activating variants in PTH receptor 1 (PTHIR) (46). The
importance of PTH signaling in osteocytes for the regulation
of FGF23 production has been shown in mouse studies
demonstrating that the constitutive activation of PTHIR in
osteocytes using a Dmpl promoter increased the production of
FGF23 (47).

Phosphate itself also regulates the production of FGF23 in
osteocytes. Previous studies reported that dietary phosphate
loading increased serum intact FGF23 levels in both humans
and mice (48, 49). We recently showed that a 72-hour treatment
of primary mouse osteocytes with high phosphate increased
FGF23 production in vitro, and this increase occurred at the
protein level rather than at the mRNA level (50). Furthermore, a
treatment of osteoblast lineage cells with high phosphate up-
regulated the expression of the Galnt3 gene, which prevented the
cleavage-mediated inactivation of FGF23 (51).

Recent studies demonstrated that insulin signaling
suppressed the osteocytic production of FGF23 through the
activation of the AKT pathway. In clinical settings, negative
correlations were reported between increases in plasma insulin
levels after oral glucose loading and plasma intact FGF23 levels
(52). A treatment of the cultured osteoblastic cell line UMR106
with insulin and insulin-like growth factor 1 (IGF-1) also
suppressed the production of FGF23 through the activation of
the AKT pathway and the inhibition of forkhead box protein 1
(FOXOL1) (52). We recently reported that the osteocyte-specific
deletion of phosphatase and tensin homolog deleted from
chromosome 10 (PTEN), the molecule that antagonizes the
insulin-induced activation of AKT, resulted in a decrease in
the production of FGF23 in osteocytes, a reduction in renal
phosphate excretion, and the attenuation of hyperphosphatemia
(53). The knockdown of PTEN expression in UMRI1-6 cells
decreased the expression of Fgf23, which was partially restored
by a treatment with rapamycin, suggesting the involvement of
AKT/mechanistic target of rapamycin complex 1 (mTORCI)
(53). These findings suggest that the insulin- and IGF1-induced
activation of AKT in osteocytes inhibit the production of FGF23
through the FOXO1 and mTORCI pathways.

Iron deficiency increases the production of FGF23 through
the hypoxia-inducible factor lo. (HIFlo)-mediated
transactivation of the gene (54, 55). The activation of the HIF
pathway promotes the production of the hematopoietic
hormone erythropoietin, which has been shown to increase
the production of FGF23 (56).

Increased serum levels of intact FGF23 may be observed in
patients with inflammatory diseases (57), and various
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proinflammatory cytokines, such as tumor necrosis factor o, IL-
1B, and IL-6, have been reported to increase the expression of
Fgf23 (58). Several mechanisms, including the activation of the
HIF pathway, the involvement of NF-kB and signal transducer
and activator of transcription 3, and lipocalin 2-mediated
induction, have been suggested to contribute to inflammation-
associated increases in the production of FGF23 (59-62).

Many other factors have also been suggested to regulate the
production of FGF23, and there are several excellent review
articles on this topic (57, 58). Therefore, the regulation of FGF23
is multifactorial and complex, and has not yet been elucidated
in detail.

Growth-related changes in
osteocytes and alterations in
phosphate metabolism

Serum levels of phosphate are higher in children than in
adults (63), which may be due to the high need for phosphate for
the growth of the skeleton and soft tissues. However, the
mechanisms underlying growth-related changes in phosphate
metabolism remain unclear. Since osteocytes play central roles in
phosphate homeostasis, we recently investigated the relationship
between growth-related skeletal changes and alterations in
phosphate metabolism from youth to adulthood using young
(4-week-old) and adult (12-week-old) mice (50). Although
serum phosphate levels were lower in young mice, serum
intact FGF23 levels and the osteocytic production of FGF23
increased from youth to adulthood and were associated with the

10.3389/fendo.2022.967774

enhancement of the FGF23-mediated-bone-kidney axis (50). An
analysis of osteocytes isolated from young and adult mice
revealed that the mRNA and protein levels of Dmpl and
mRNA levels of Phex declined from youth to adulthood. Since
they function in the negative regulation of FGF23 production,
the down-regulation of Dmpl and Phex may be one of the
mechanisms contributing to growth-related increases in the
production of FGF23 and decreases in serum phosphate levels
(50). In isolated osteoblasts and osteocytes, gene responses to
elevated extracellular phosphate levels were also markedly
altered from youth to adulthood (50). These findings provide
evidence for the critical roles of osteocytes in growth-related
alterations in phosphate metabolism (Figure 2).

Phosphate sensing in osteocytes

To maintain phosphate homeostasis, organisms need to
sense environmental and internal levels of phosphate and
adapt to changes. Although the molecular mechanisms for
phosphate sensing have been extensively investigated in
unicellular organisms, such as bacteria and yeast, as well as in
plants (64-66), the mechanisms by which mammals sense
phosphate levels in individual cells or the whole body
currently remain unknown. Previous studies, including ours,
demonstrated that an elevation in extracellular phosphate
directly exerted its effects on various cell types, including bone
cells, through the activation of signaling pathways, such as the
FGFR and Raf/MEK/ERK pathways (7, 67-70). The
responsiveness of cells to elevated extracellular phosphate

Youth

Osteocyte

Adulthood

FGF23[

Gene responses to Pi |

ol R

High serum Pi

FIGURE 2

Low serum Pi

Growth-related changes in osteocytes cause a decrease in serum phosphate levels from youth to adulthood. The osteocytic expression of
DMP1 and PHEX declines from youth to adulthood, which leads to an increase in the production of FGF23 and decrease in serum phosphate (Pi)
levels. Gene responses of osteocytes to extracellular Pi are distinct between youth and adulthood (depicted as a shaded bar), suggesting

growth-related differences in the sensitivity to the altered availability of Pi.
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levels indicates that phosphate availability is detectable at the
individual cell level. Since osteocytes play a central role in
phosphate homeostasis, they may sense phosphate availability
in the whole body. This concept appears to be supported by the
close relationship between growth-related changes in osteocytic
gene expression and their responses to phosphate and alterations
in phosphate metabolism from youth to adulthood (50). A
previous study reported that phosphate loading in mice up-
regulated the skeletal expression of Galnt3 by activating FGFR
and increased the production of FGF23, suggesting the
involvement of FGFR in phosphate sensing in mammals (51).

The parathyroid glands also respond to altered levels of
extracellular phosphate. The secretion of PTH is stimulated by
phosphate, and a recent study has suggested that this process is
mediated by a direct action of phosphate on the calcium-sensing
receptor (71). Thus, calcium-sensing receptor may function as a
phosphate sensor in the parathyroids.

Conclusion

Osteocytes embedded in the mineralized bone matrix play
central roles in the regulation of phosphate metabolism as well as
in the control of bone mass. They control bone formation and
resorption by producing sclerostin and RANKL, respectively.
FGF23 produced mainly by osteocytes functions as a key
regulator of phosphate homeostasis, and it increases renal
phosphate excretion and decreases the synthesis of 1,25(0OH)
,D. The production of FGF23 in osteocytes is influenced by
multiple local and systemic regulators, and some of the local
regulators, such as PHEX, DMP1, and FAM20C, were found to
be responsible for hereditary hypophosphatemic diseases
associated with the overproduction of FGF23. Serum
phosphate levels are higher in children to meet the high needs
for phosphate during growth. Mouse studies have suggested that
decreases in serum phosphate levels from youth to adulthood are
associated with growth-related increases in the production of
FGF23 in osteocytes, which may be attributed to the down-
regulation of PHEX and DMPI1. Since osteocytes govern
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Association of famine exposure
and the serum calcium level in
healthy Chinese adults
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Objective: Famine exposure and higher serum calcium levels are related with
increased risk of many disorders, including Alzheimer’s disease, atherosclerosis,
diabetes, and osteoporosis. Whether famine exposure has any effect on serum
calcium level is unclear. Besides, the normal reference range of serum calcium
is variable among different populations. Our aims are 1) determining the
reference interval of calcium in Chinese adults; 2) exploring its relationship
with famine exposure.

Methods: Data in this study was from a cross-sectional study of the
epidemiologic investigation carried out during March-August 2010 in Jiading
district, Shanghai, China. Nine thousand and two hundred eleven participants
with estimated glomerular filtration rate (eGFR) >60ml/min/1.73m? were
involved to calculate reference interval of total calcium from 10569
participants aged 40 years or older. The analysis of famine exposure was
conducted in 9315 participants with complete serum biochemical data and
birth year information.

Results: After rejecting outliers, the 95% reference interval of total serum
calcium was 2.122~2.518 mmol/L. The equation of albumin-adjusted calcium
was: Total calcium + 0.019* (49-Albumin), with a 95% reference interval of
2.151~2.500 mmol/L. Compared to the age-balanced control group, there was
an increased risk of being at the upper quartile of total serum calcium
(OR=1.350, 95%CI=1.199-1.521) and albumin-adjusted calcium (OR=1.381,
95%Cl=1.234-1.544) in subjects experienced famine exposure in childhood.
Females were more vulnerable to this impact (OR= 1.621, 95%Cl= 1.396-1.883
for total serum calcium; OR=1.722, 95%Cl= 1.497-1.980 for albumin-adjusted
calcium).

Conclusions: Famine exposure is an important environmental factor
associated with the changes in circulating calcium concentrations, the newly
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established serum calcium normal range and albumin-adjusted calcium
equation, together with the history of childhood famine exposure, might be
useful in identifying subjects with abnormal calcium homeostasis and related
diseases, especially in females.

KEYWORDS

famine, serum calcium, albumin-adjusted calcium, reference interval, hypercalcemia

Introduction

Famine experience, especially during early life, has gathered
increasing attention worldwide. Studies from the Dutch famine
as well as the Great China’s Famine showed that experiencing
food shortage during early life is associated with a higher risk of
osteoporosis, vertebral fracture, type 2 diabetes, obesity,
coronary artery disease, cognition decline, and schizophrenia
(1-10). However, the underlying mechanism, especially the
common causes or factors responsible for or related to these
varieties of diseases, is poorly understood.

During the past two decades, mounts of evidence have
revealed the interaction between skeleton metabolism and the
functionalities of organs and systems (11-14). It is reported that
bone resorption, with its consequence of motivating skeletal
calcium into circulation, is one of the major mediating factors
for such a connection (15-17). In fact, among those diseases
related to famine exposure, many of them are also associated
with higher serum calcium levels (18-23). For example,
individuals having higher serum calcium, although still in the
normal range, are at higher risk of intracranial atherosclerosis
(18) and presence of calcified coronary atherosclerotic plaque
(24), cognition decline, and clinical progression of Alzheimer’s
disease (20), prevalence of adult overweight or obesity (25),
incident type 2 diabetes (21), and lower bone mineral densities
(BMDs) (22, 23). These studies indicated that elevated serum
calcium level is not only an indicator but also the causal factor of
the pathological processes. Thus, it makes establishing an
adequate reference interval of serum calcium and finding its
influencing factors essential to distinguish these pathological
conditions at an early stage.

Serum calcium is closely regulated within an exquisitely
narrow range. However, variation exists among different
ethnics. A study regarding US civilian population showed that
Mexican-Americans have lower serum calcium levels than
Hispanics, while non-Hispanic blacks have higher serum
calcium concentrations than non-Hispanic whites (26). On the
other hand, in disease conditions like chronic kidney disease
(CKD), black patients had lower serum calcium concentrations
compared with white patients (27). Likely, the equation used to

Frontiers in Endocrinology

91

calculate albumin-adjusted calcium varies among different
countries and regions (28, 29), and the use of population-
specific equations improved the diagnostic accuracy of the
adjusted calcium than the commonly used equation described
by Payne et al. in 1973 (30, 31). These findings indicate that
serum calcium levels may be influenced by ethnicity and it is
necessary to determine adequate reference intervals as well as
albumin-adjusted calcium equation regarding specific races,
geographic regions and populations.

Serum calcium is regulated mainly by three systems: intestinal
resorption, kidney reabsorption, and bone resorption. Low serum
calcium or some pathological conditions can trigger a series of
pathophysiological processes to increase calcium absorption by the
intestines and reabsorption in the kidney (32, 33). More
importantly, the release of calcium from the skeleton through
bone resorption contributed significantly to an elevation of serum
calcium level (34). In addition, recent studies reported that nutrition
status may influence serum calcium level (35, 36) and famine
exposure is also associated with metabolic bone abnormalities (7,
37). Thus, it is of interest and necessary to investigate whether
serum calcium levels are affected by famine exposure.

In this study, we aimed to establish a reference interval of
serum calcium level and equation for albumin-adjusted calcium
in Chinese adults; and to explore the relationship between serum
calcium level and famine exposure.

Materials and methods
Participants

Data in this study were from a cross-sectional study of the
epidemiologic investigation carried out during March-August 2010
in Jiading district, Shanghai, China (38). The study population was
sampled using cluster sampling method. Ten thousand and five
hundred sixty-nine men and women aged 40 years or older were
invited by telephone or door-to-door visit to participate in this study.
Among them, 10375 (98.2%) agreed to participate. 9211 participants
with an estimated glomerular filtration rate (eGFR) >60ml/min/
1.73m” were involved to calculate reference intervals of total calcium.
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8172 participants with normal hepatic and renal function
(20<albumin<55g/L, alanine transaminase (ALT)< 41U/L, alkaline
phosphatase alkaline phosphatase (ALP) < 130U/L, blood urea
nitrogen (BUN) <15mmol/L, creatinine (Cr) < 200umol/L) were
included to calculate albumin-adjusted calcium equation according
to the previously described protocol (39). And 9315 participants with
complete serum biochemical parameters data and birth year
information were included for the analysis of the association
between famine exposure and serum calcium levels (Figure 1).

The study protocol was approved by the Institutional Review
Board of the Rui-jin Hospital, Shanghai Jiao Tong University
School of Medicine, and informed consent was obtained from
all participants.

Data collection

Anthropometric measurements were performed by the
trained staff according to the standardized protocol. Height
was measured to the nearest 0.1 cm, and weight was recorded
to the nearest 0.1 kg with light clothing and no shoes. Body mass
index (BMI) was calculated as body weight in kilograms divided
by height squared in meters.

Venous blood samples were collected after an overnight fast.
Serum Ca, P, ALT, AST, yGT, ALP, albumin, uric acid (UA),
BUN, and Cr were measured using the autoanalyzer (Modular
E170; Roche). CKD-EPI Creatinine Equation (2009) was used to
calculate eGFR.

Definition of famine exposure

The Great China’s Famine occurred from 1959 to 1962.
According to the birth year, participants were divided into

Total cohort (n=10569)

10.3389/fendo.2022.937380

four groups: non-exposed (born after 1 Jan 1963), fetal
exposure (born between 1 Jan 1959 to 31 Dec 1962),
childhood exposure (born between 1 Jan 1949 to 31 Dec
1958), adolescent exposure (born between 1 Jan 1941 to 31
Dec 1948), and adulthood exposure (born before 31
Dec 1940).

Because there are no overlaps in the birth years among the 5
famine exposed groups, to limit the effect of age difference on the
results, we combined the non-exposed (post-famine) group and
adolescent exposure (pre-famine) group as the age-balanced
control group of childhood exposure group (mean age: 55.94
vs 56.48 years) (40-42).

Statistical analysis

To establish the total calcium reference interval, first, we
excluded outliers that lay more than 3 quartiles above or below
the interquartile range. The 95% reference interval was defined
by mean * 1.96*SD with 95% confidence intervals (95% CI).

The albumin-adjusted calcium equation was derived from the
linear regression analysis using serum albumin as the dependent
variable and serum calcium as the independent variable.

All continuous variables were presented as medians
(interquartile ranges), and categorical variables were presented
as proportions. Odds ratio (ORs) and 95% CIs were calculated
using a multivariable-adjusted logistic regression model to
analyze the association of famine exposure with serum total
calcium and albumin-adjusted calcium. Mann-Whitney U-test
was performed to compare serum total calcium levels and
albumin-adjusted calcium between genders. A p-value less
than 0.05 was considered statistically significant. The statistical
analysis was performed using SPSS 23.0 (SPSS, Inc.)

Consent forms were not obtained (n=194)

[ Enrolled in the current study (n=10375) |

Missed at least one of the serum biochemical parameters
data and birth year information (n=1060)

Included for the analysis of the association between
famine exposure and serum calcium levels (n=9315)

4’[ Estimate glomerular filtration rate <60ml/min/1.73m? (n=104)

| Involved to calculate reference intervals of total calcium (n= 9211) |

Serum biochemical parameters doesn't meet the following criteria (n=1039):
1.20=<albumin<55g/L

2 Alanine transaminase < 41U/L

3.Alkaline phosphatase alkaline phosphatase < 130U/L

4.Blood urea nitrogen <15mmol/L

5.Creatinine < 200umol/L

| Included to calculate albumin-adjusted calcium equation (n= 8172)

FIGURE 1
Flow chart of the participants selection of this study.
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Results
Reference interval for total calcium

Clinical characteristics of participants with consent forms
and complete serum biochemical parameters were shown in
Table 1. A total of 9211 participants with eGFR=60ml/min/
1.73m* were involved to calculate reference intervals of total
calcium. After rejecting outliers (n=1), the calculated results
were shown in Table 2. The mean calcium level in the total
cohort was 2.320mmol/L and females had higher mean total
serum calcium levels than males (2.325 mmol/L vs 2.313 mmol/
L, P=0.000).

Albumin-adjusted calcium equation

To derive the albumin-adjusted calcium, first, we established
the albumin-adjusted calcium equation based on 8172
participants selected according to the previously protocol (39).
The y-intercept was 1.389 and the slope was 0.019 (Figure 2)
which made the equation:

Total calcium (mmol/L) = 0.019*albumin(g/L) + 1.389.

It is established that albumin-adjusted calcium=total
calcium-(slope*albumin) + (mean normal total calcium-
intercept calcium) (39), which is:

Albumin-adjusted calcium = Total calcium + 0.019 x
(albumin) (mean total calcium-1.389)

10.3389/fendo.2022.937380

Albumin-adjusted calcium = Total calcium + 0.019 x
(albumin) (2.320- 1.389)

Albumin-adjusted calcium = Total calcium + 0.019 x
(albumin) 0.931

Albumin-adjusted calcium = Total calcium + 0.019 x
(49-Albumin)

Reference interval for albumin-adjusted
calcium

We calculated the albumin-adjusted calcium according to
the above equation for 9211 participants with eGFR>60ml/min/
1.73m> After rejecting outliers (11 outliers, 0.12%) by the
method mentioned above, 9200 participants were included for
the calculation of the reference interval of albumin-adjusted
calcium, and the results were shown in Table 2. The mean
albumin-adjusted calcium level in the total cohort was
2.325mmol/L and females had higher mean albumin-adjusted
serum calcium levels than males (2.332 mmol/L vs 2.314 mmol/
L, P=0.000).

Clinical characteristics of participants
according to famine exposure

We further studied whether exposure to famine at different
stages of life had any effect on the serum calcium level in
adulthood. The characteristics of 9315 participants were listed

TABLE 1 Clinical characteristics of participants according to famine exposure.

Famine exposure

n
Age (year)

Male (%)

BMI (kg/m2)

Ca (mmol/L)
ALB-adjusted Ca (mmol/L)
P (mmol/L)

ALB (g/L)

ALT (IU/L)

AST (IU/L)

YGT (IU/L)

ALP (IU/L)

UA (umol/L)

BUN (mmol/L)

Cr (umol/L)

eGFR (ml/min/1.73m2)

Non-exposed

1455
44.05 (42-46)
563 (38.69%)
2453 (22.17-26.51)
2.30 (2.24-2.36)
2.30 (2.25-2.35)
1.23 (1.09-1.36)
48.90 (47.30-50.80
23.65 (12.10-26.10
21.98 (16.30-23.20
29.62 (13.00-31.00
68.99 (56.00-79.00)
279.82 (208.80-338.80)
4.84 (4.00-5.50)
59.28 (49.40-67.50)
110.29 (107.11-115.09)

)
)
)
)

Fetal

1097
49.72 (49-51)

408 (37.19%)
25.02 (22.64-27.22)
231 (2.25-2.38)
232 (2.26-2.37)
1.24 (1.09-1.39)
48.86 (47.30-50.50)
21.97 (13.20-25.80)
22.15 (17.30-23.95)
32.13 (14.00-35.00)
75.03 (60.00-86.00)
286.17 (225.45-337.80)
5.14 (4.20-5.90)
59.87 (50.60-66.90)
105.52 (102.79-109.86)

Childhood

3592
56.48 (54-59)
1253 (34.88%)

2520 (23.08-27.19)
2.33 (2.27-2.4)

2.33 (2.27-2.39)
1.26 (1.13-1.4)

49.02 (47.60-50.60)

22.55 (14.30-25.80)

23.36 (18.50-25.40)

31.24 (15.00-33.00)

82.54 (67.00-95.00)

298.60 (235.65-350.68)

5.34 (4.40-6.10)
60.39 (51.40-67.40)
99.64 (96.76-104.55)

Adolescent

1911
65.00 (63-67)
784 (41.03%)
25.39 (23.17-27.47)
2.32 (2.25-2.38)
2.33 (2.27-2.38)
1.26 (1.11-1.41)
48.53 (47.00-50.10)
21.76 (14.20-24.60)
24.11 (19.10-26.30)
32.43 (16.00-36.00)
83.71 (69.00-96.00)

311.23 (244.80-366.50)

5.56 (4.60-6.30)
64.22 (53.50-71.10)
91.71 (88.83-97.60)

Adult

1260
74.88 (72-77)
553 (43.89%)
24.93 (22.56-27.2)
231 (2.25-2.38)
2.34 (2.28-2.39)
1.24 (1.11-1.38)
47.52 (45.80-49.38)
19.59 (13.03-22.58)
24.82 (19.63-27.20)
34.81 (16.00-38.00)
85.28 (68.00-99.00)
322.89 (257.65-381.25)
5.78 (4.60-6.60)
68.30 (56.03-77.20)
82.70 (77.97-90.32)

Data were present as median (interquartile range) or proportions.

BMI, body mass index; ALB, albumin; ALT, alanine transaminase; AST, aspartate transaminase; YGT, Gamma Glutamyl Transpeptidase; ALP, alkaline phosphatase; UA, serum uric acid;

BUN, blood urea nitrogen; Cr, serum creatin; eGFR, estimated glomerular filtration rate.
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TABLE 2 Calculated reference intervals of serum total calcium and albumin-adjusted calcium.

The lower limit of 95% reference interval (mmol/L)

(95% confidence intervals)

Serum total calcium (mmol/L)
Total cohort 2.122 (2.120-2.124)
Male 2.113 (2.110-2.117)
Female 2.128 (2.125-2.130)

Albumin-adjusted calcium (mmol/L)
Total cohort 2.151 (2.149-2.153)

Male 2.141 (2.138-2.144)

Female 2.159 (2.157-2.161)

according to different life stages of exposure to famine. As shown
in Table 1, participants who experienced famine had higher total
calcium levels as well as albumin-adjusted calcium levels
compared to non-exposed participants. Those exposed in
childhood had the highest total calcium level and those
exposed in adulthood had the highest albumin-adjusted
calcium level.

The association between famine
exposure and serum calcium levels

To further evaluate the association between famine exposure
and calcium level. We assorted the participant according to the
quartiles of total calcium and analyzed the relationship between
famine exposure and being at the upper quartile of total calcium.
The ORs (95% CI) of being at the upper quartile of total calcium
levels were 1.28(1.06-1.55), 1.67(1.44-1.94), 1.25(1.05-1.48), and

The upper limit of 95% reference interval (mmol/L)
(95% confidence intervals)

2.518 (2.516-2.520)
2.512 (2.509-2.515)
2.521 (2.519-2.524)

2.500 (2.498-2.501)
2.488 (2.485-2.491)
2.505 (2.503-2.508)

1.27(1.05-1.52) for fetal, childhood, adolescent and adulthood
exposure to famine, respectively. After adjusting for age, sex,
eGFR, and albumin, only participants who experienced famine in
childhood had a significantly higher risk (OR=1.87, 95%CI=1.31-
2.67) of being at the upper quartile of serum calcium (Table 3).

It was reported that females are more vulnerable to famine-
associated metabolic dysregulation (43-46). We wondered whether
there was bias in the influence of famine exposure on serum calcium
levels between males and females. As demonstrated in Table 3, after
multivariable adjustment, female participants, not males, who
experienced famine in childhood were more likely to have higher
calcium levels. Similar results were derived in the analysis of famine
exposure and being upper quartile of albumin-adjusted calcium.
Female participants who experienced famine in both fetal and
childhood were more likely to have higher albumin-adjusted
calcium levels after multivariable adjustment (Table 4).

To control the effect of age on the outcomes of famine, we
compared the childhood exposure group with the age-balanced
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FIGURE 2
Scatter plot of total calcium (y-axis) and albumin (x-axis).
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TABLE 3 | ORs (95% CI) for being at the upper quartile of serum total calcium of exposure to famine at different life stages.

Famine exposure

Non-exposed Fetal Childhood Adolescent Adult
Whole cohort
Case/total 279/1455 256/1097 1021/3592 436/1911 291/1260
Model 1 1.00(ref) 1.28(1.06-1.55) 1.67(1.44-1.94) 1.25(1.05-1.48) 1.27(1.05-1.52)
Model 2 1.00(ref) 1.33(0.95-1.86) 1.99(1.44-2.76) 1.72(0.82-3.63) 4.295(1.72-10.75)
Model 3 1.00(ref) 1.21(0.84-1.74) 1.87(1.31-2.67) 1.30(0.59-2.88) 2.08(0.76-5.67)
Male
Case/total 151/563 87/408 274/1253 153/784 108/553
Model 1 1.00(ref) 0.739(0.55-1.00) 0.764(0.61-0.96) 0.662(0.51-0.86) 0.662(0.50-0.88)
Model 2 1.00(ref) 0.879(0.54-1.44) 1.046(0.61-1.80) 1.068(0.33-3.41) 3.744(0.91-15.49)
Model 3 1.00(ref) 0.86 (0.50-1.46) 0.855(0.50-1.46) 0.855(0.25-2.97) 2.305(0.49-10.84)
Female
Case/total 128/892 169/689 747/2339 283/1127 183/707
Model 1 1.00(ref) 1.94(1.50-2.50) 2.801(2.28-3.44) 2.001(1.59-2.52) 2.085(1.62-2.68)
Model 2 1.00(ref) 1.854(1.17-2.95) 3.238(2.13-4.92) 2.991(1.12-8.02) 5.348(1.58-18.06)
Model 3 1.00(ref) 1.623(0.99-2.67) 2.915(1.85-4.60) 1.974(0.69-5.62) 2.197(0.58-8.27)

Model 1: unadjusted.

Model 2: adjusted for age and sex.

Model 3: adjusted for age, sex, eGFR, and ALB.
Bold values are ORs reached statistical significance.

control group. The results showed that exposure to famine in Discussion
childhood was related to higher total serum calcium (OR=1.350,
95%CI=1.199-1.521) and albumin-adjusted calcium (OR=1.381,
95%CI=1.234-1.544) in their adulthood. Subgroup analysis
showed that this effect only existed in females (Tables 5, 6).

In this study, we provided the reference interval of serum
calcium and established a new albumin-adjusted calcium
equation for Chinese adults, and further found that

TABLE 4 ORs (95% CI) for being at the upper quartile of serum albumin-adjusted calcium of exposed to famine at different life stages.

Famine exposure

Non-exposed Fetal Childhood Adolescent Adult
Whole cohort
Case/total 234/1455 248/1097 984/3592 486/1911 376/1260
Model 1 1.00(ref) 1.52(1.25-1.86) 1.97(1.68-2.31) 1.78(1.50-2.12) 2.22(1.85-2.67)
Model 2 1.00(ref) 1.23(0.87-1.75) 2.13(1.52-2.99) 1.24(0.59-2.63) 1.99(0.84-4.73)
Model 3 1.00(ref) 1.24(0.87-1.76) 2.15(1.53-3.02) 1.28(0.60-2.72) 2.00(0.84-4.78)
Male
Case/total 119/563 69/408 237/1253 161/784 137/553
Model 1 1.00(ref) 0.76(0.55-1.06) 0.87(0.68-1.11) 0.96(0.74-1.26) 1.23(0.93-1.63)
Model 2 1.00(ref) 0.61(0.35-1.03) 0.94(0.53-1.69) 0.68(0.21-2.27) 1.28(0.33-4.88)
Model 3 1.00(ref) 0.64(0.37-1.10) 0.98(0.55-1.75) 0.73(0.22-2.44) 1.20(0.31-4.62)
Female
Case/total 115/892 179/689 747/2339 325/1127 239/707
Model 1 1.00(ref) 2.37(1.83-3.07) 3.17(2.56-3.93) 2.74(2.17-3.46) 3.45(2.69-4.43)
Model 2 1.00(ref) 2.06(1.28-3.32) 3.59(2.35-5.49) 2.17(0.82-5.75) 2.88(0.92-9.04)
Model 3 1.00(ref) 2.05(1.27-3.30) 3.59(2.34-5.50) 2.19(0.82-5.82) 3.11(0.98-9.89)

Model 1: unadjusted.

Model 2: adjusted for age and sex.

Model 3: adjusted for age, sex and eGFR.

Bold values are ORs reached statistical significance.
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participants who experienced famine in early life (fetal and
childhood) have higher total and albumin-adjusted serum
calcium levels, especially in females.

In a most recent study, more than 170 thousand European
residents were investigated to derive reference interval of serum
calcium (29). In our study, we also used a large population cohort
to derive the Chinses-specific reference intervals of both total and
albumin-adjusted serum calcium. The intervals were relatively
narrow in our cohort, indicating that the cohort we used had
relatively adequate homogeneity and representativeness. In
addition, due to the variation among populations and
methodology used for the measurement of total calcium and
albumin levels, the use of a locally derived albumin-adjusted
calcium equation is recommended by the Association for
Clinical Biochemistry and Laboratory Medicine (ACB) (28).
Our study provided a new equation for calculating albumin-
adjusted calcium, which derived a higher value than commonly
used equation (adjusted-calcium(mmol/L) = total calcium(mmol/
L) + 0.02(40-albumin)) and the equation reported by the
European study (adjusted-calcium(mmol/L) = total calcium
(mmol/L) + 0.0177(45.2-albumin)) (29). It is noteworthy that
compared to the European study, the average total and albumin-
adjusted calcium concentrations were lower in our cohort. It is
reported that the corrected serum calcium level of African-
Americans is higher than Caucasians and Hispanics (47). More
evidence is needed to confirm that the difference of circulating
calcium between Asians and Europeans is caused by race.

In subgroup analysis, we found that the mean total and
albumin-adjusted calcium concentrations were higher in females,
which is in line with the European study. The reason behind such a

10.3389/fendo.2022.937380

phenomenon is multi-faceted: females go through a rapid estrogen
decline during menopause, which augments the bone resorption
rate. Thus, postmenopausal women have higher serum calcium
than premenopausal women (48). In the meantime, males undergo
a relatively moderate transition and serum calcium falls with aging,
thus, in the aged population, females have higher serum calcium
level than males (48). In our study, almost 80% of the participants
were over 50 years old and this may be responsible for the higher
serum calcium level in females of the total cohort. When we
analyzed the participants under 50 years old, the results showed
that serum calcium level was higher in males (data not shown),
which is also in line with the previous reports (48, 49). All these
findings suggest that it might be necessary to use country-specific or
ethnic specific and even gender-specific reference intervals of serum
calcium as well as albumin-adjusted calcium equation.

Despite serum calcium concentration being strictly regulated
within an exquisitely narrow range, our study found that it is
influenced by famine exposure during early life. Malnutrition is a
predominant result caused by edible food deprivation during
famine exposure (50). A study reported that thin children (16%
of BMI lower than normal control) have a higher level of bone
resorption marker C-terminal telopeptide of collagen type I (CTX)
than normal-weight peers (51). Similar results are found in anorexia
nervosa (AN) patients. In AN, although serum calcium
concentration remains in the normal range, urinary calcium
excretion is elevated while intestinal calcium absorption is
unchanged (35, 36), indicating the loss of calcium from the
skeleton due to increased bone resorption. Thus, increased serum
calcium in individuals exposed to famine may be caused by
enhanced bone resorption triggered by a nutrition deficiency.

TABLE 5 The risk of being at the upper quartile of serum total calcium in later life following exposure to famine during childhood using age-

balanced control group.

Age-balanced control

Whole cohort
Case/total 715/3366
Model 1 1.00(ref)
Model 2 1.00(ref)
Model 3 1.00(ref)
Male
Case/total 304/1347
Model 1 1.00(ref)
Model 2 1.00(ref)
Model 3 1.00(ref)
Female
Case/total 411/2019
Model 1 1.00(ref)
Model 2 1.00(ref)
Model 3s 1.00(ref)

Model 1: unadjusted.

Model 2: adjusted for age and sex.

Model 3: adjusted for age, sex, eGFR, and ALB.
Bold values are ORs reached statistical significance.
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Childhood exposure

1021/3592
1.472(1.319-1.643)
1.454(1.302-1.623)
1.350(1.199-1.521)

274/1253
0.960(0.798-1.155)
0.976(0.811-1.176)
1.008(0.825-1.231)

747/2339
1.836(1.598-2.109)
1.842(1.601-2.118)
1.621(1.396-1.883)
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TABLE 6 The risk of being at the upper quartile of serum albumin-adjusted calcium in later life following exposure to famine during childhood

using age-balanced control group.

Age-balanced control

Whole cohort
Case/total 720/3366
Model 1 1.00(ref)
Model 2 1.00(ref)
Model 3 1.00(ref)
Male
Case/total 280/1347
Model 1 1.00(ref)
Model 2 1.00(ref)
Model 3 1.00(ref)
Female
Case/total 440/2019
Model 1 1.00(ref)
Model 2 1.00(ref)
Model 3 1.00(ref)

Childhood exposure

984/3592
1.387(1.242-1.548)
1.367(1.223-1.527)
1.381(1.234-1.544)

237/1253
0.889(0.733-1.078)
0.890(0.733-1.079)
0.912(0.751-1.108)

747/2339
1.684(1.469-1.931)
1.718(1.495-1.974)
1.722(1.497-1.980)

Model 1: unadjusted.

Model 2: adjusted for age and sex.

Model 3: adjusted for age, sex and eGFR.

Bold values are ORs reached statistical significance.

Measuring serum total as well as albumin-adjusted calcium
level and establishing their normal reference range is not only
indispensable for diagnosing diseases with overt disturbed calcium
metabolism such as hyperparathyroidism and hypoparathyroidism
but its variations, even within the normal range, are also associated
with other extra-skeleton disorders. It was reported that subjects in
the upper three quartiles of corrected serum calcium concentration
had a significantly increased risk for intracranial atherosclerosis
compared with the lowest quartile (18). The prevalence of
overweight/obesity almost doubled in the upper total serum
calcium level quartile compared to the lowest quartile (25). In
two longitudinal studies, participants who had higher serum
calcium were 1.6-2.3 times risky to develop diabetes and AD
during 2-8 years of follow-up (20, 21). More importantly, the
causal effect of high calcium level on lower BMDs at lumber-
spine and whole-body is confirmed by two recent Mendelian-
randomization (MR) studies, this effect is even independent of
the most three important calcium-modulating hormones:
parathyroid hormone (PTH), vitamin D, and phosphate
concentrations. Similarly, clinical trials demonstrated that high-
dose (10000IU daily) vitamin D supplementation (with 9% of study
participants experiencing hypercalcemia at the end of the trial) leads
to accelerated bone loss compared to low-dose(400IU daily and
none of hypercalcemia) (52, 53). The results derived from our study
that early-life famine exposure has an impact on serum calcium
concentrations in adulthood emphasized that for those with famine
exposure in early life, it is necessary to evaluate their serum calcium
level. This might be important to screen subjects at high risk of the
above-mentioned calcium-related and famine-related diseases. In
addition, whether there is a need to re-evaluate the reference
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interval of serum calcium and albumin-adjusted calcium equation
when the nutrition status is greatly changed (improved) in the
future is another interesting topic.

In subgroup analysis, we found that after multivariable
adjustment, the relationship between famine and serum
calcium only exists in female participants. One explanation is
that during evolution, mammalian females have been exposed to
more severe selection pressure than males during food shortages
(54). Besides, in Chinese traditional culture, parents were
intended to provide better nutrition to boys than girls when
facing food shortages (55), thus there might be a severity
difference in famine exposure between females and males.

The mechanism underlying elevated serum calcium and famine
in early life is unclear; it might be related to enhanced bone
resorption during famine exposure. In rodents, food restriction
reduces cortical bone mass and cortical thickness while trabecular
percent bone volume (BV/TV) was significantly lower in the food
restriction group (56-58). Moreover, there is an increase in
osteoclasts number and bone resorption in caloric restriction
mice (59, 60), which is in line with the previous hypothesis that
bone resorption activity was enhanced during famine exposure.
Further studies revealed that serum leptin, which inhibits osteoclast
generation (61), is decreased in food restriction mice (57, 59, 60),
which may lead to the activation of osteoclastogenesis. On the other
hand, dietary energy restriction elevates glucocorticoid hormone
levels (62), and methylprednisolone treatment will increase
osteoclast activity (63). However, more evidence is needed to
support the hypothesis that famine exposure may result in
increased bone resorptive activity and thus higher serum
calcium levels.
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There are some limitations in this study. Firstly, serum
concentrations of PTH and 250HD were not measured, which
have critical roles in maintaining calcium homeostasis. However,
vitamin D metabolism has been shown to behave normally in
malnourished children (64) and serum calcium doesn’t relate to
PTH levels in AN patients (35). It indicates that there are other
mechanisms to regulate serum calcium in undernutrition conditions.
Secondly, the serum concentrations of bone resorption and bone
formation markers were not evaluated in our study. Thirdly, the
severity and precise duration of famine exposure, confounding
including place of birth and residence, and familial socioeconomic
status (SES) at the time of the famine are unknown, thus the potential
dose-response relationship between famine and serum calcium has
not been studied in our research. A recent review addressed some
recommendations that might help improve future Chinese famine
studies (65). Besides, further studies regarding the mediation effect of
calcium in famine-related health outcomes are needed.

Conclusion

Our results suggest famine exposure is an important
environmental factor responsible for the changes in circulating
calcium concentrations, the newly established normal range of
serum calcium and albumin adjusted calcium equation, together
with the history of famine exposure in childhood, might be
helpful in early identifying subjects with abnormal calcium
homeostasis and related diseases, especially in females.
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While participating in an intensive training process, the athlete’s body requires
not only energy, but also specific macro- and microelements. The purpose of
this study was to show the meaning of monitoring the level of mineral trace
elements in athletes-wrestlers during physical activity. As an experimental
group, 66 male wrestlers aged 18-20 years with at least 3 years of intensive
wrestling experience were examined. The control group consisted of 92 young
cadets of military school aged 18-20 years, who had previous sports training,
but were not engaged in wrestling. To determine the quantitative content of
trace elements, the hair was cut from the back of the head for the entire length
in an amount of at least 0.1 g. an examined using the mass spectrometer ICP-
MS Agilent 7900. Strong positive correlations were found for sodium with
potassium and rubidium, magnesium with calcium, potassium with rubidium,
and rubidium with caesium among wrestlers. Wrestlers were found to have
higher levels of a number of macro- and microelements, including toxic ones.
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Introduction

When undergoing intensive physical training, an athlete’s
body requires not only energy, but also a specific balance of
macro- and microelements. Minerals that enter the human body
with water and food are used for metabolic needs and act as
cofactors of key vitamins and enzymes, among others. Due to
diverse functions of minerals, young athletes often track their
presence, with one such method using a hair sample (1). As well,
different sport specializations have demonstrated differences in
the balance of macro- and microelements. Thus, for male
athletes with repetitive aerobic movements, deficiencies of
calcium (Ca), cobalt (Co), copper (Cu), magnesium (Mg),
phosphorus (P), zinc (Zn), iodine (I), potassium (K), and
nitrogen (N) are described (2). In gymnasts, an increase in
selenium (Se), Zn, and Cu has been described (3). The
development of microelement imbalance reduces training
process efficiency and sports performance and increases the
recovery time after playing sports (4).

Differences in microelement imbalance between well-
trained athletes and those with low physical activity have
been established, such that the athletes had lower levels of
toxic microelements including cadmium (Cd) and lead (Pb)
(5). Physical training “until failure” also leads to specific
changes in the balance of microelements (6). Also
important is the duration of training in the development of
microelement imbalance in athletes (7, 8). The role of iron
(Fe) in the ability of athletes to adequately respond to the
training process is actively discussed. Iron deficiency is
accompanied by reduced adjustment to physical load, such
as lower aerobic power (9, 10). At iron deficiency the serum
ferritin level (i.e., total body iron stores) changes (11) and can
result in microcytosis (12).

The role of gender in the development of iron deficiency
among female athletes has been thoroughly studied in
relation to the menstrual cycle (13). Women in sports are
more likely to develop iron deficiency than those who do not
(14, 15). Different types of sporting activities have been
related to significant differences in iron levels which have
an impact on women’s chances of developing an iron
deficiency thought to be due to low dietary iron
consumption and iron loss through menstruation and
hormonal response to training (16, 17).

Since intensive exercise is accompanied by the formation of
active forms of oxygen, Se is of particular importance to athletes.
In particular, the activity of the enzyme glutathione peroxidase, a
highly effective antioxidant enzyme, depends largely on the
presence of Se. These Se properties can potentially be applied
to improve sporting performance and recovery after training
(18). The use of Se additives can increase athletic performance as
well as protect muscle tissue from oxidative processes (19, 20). It
is shown that correction of microelements deficiency in athletes
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increases their endurance and sportsmanship (21). Using an
variable microelement dosing mode (e.g., oral, intravenous,
transdermal) is essential in order to achieve an optimal result
(22). However, the first step is to determine key levels of
microelements among specific populations. To date, limited
research has examined this for young wrestlers.

A recent systematic review notes that micronutrient
deficiencies/imbalances can play a significant role in reducing
the body’s ability to adapt to physical activity (23). Based on the
described above, the purpose of this work was to study the
balance of minerals of young wrestlers’ bodies.

Methods

The study was approved by the decision of the
Interuniversity Ethics Committee of the A. I. Evdokimov
Moscow State University (protocol No. 01-19 of January 31,
2019). All individuals participating in the study provided written
informed consent. The study was conducted in winter.

In the course of our experiment, 66 male youth wrestlers
aged 18-20 years with at least 3 years of intensive experience
in wrestling were examined. Of these, 21 athletes (subgroup 1) were
engaged in Sambo, 25 athletes (subgroup 2) in freestyle
wrestling, and 20 athletes (subgroup 3) in Greco-Roman
wrestling. The main training process took place in the city of
Moscow. All athletes lived and trained at the same sports bases.
They received a standard diet developed in the Russian
Federation for wrestlers. Food was prepared centrally at the
athletes’ places of residence and/or training. The control group
consisted of 92 youth cadets of a Moscow military school aged
18-20 years, with previous sports training, but not involved in
wrestling. They were selected as the control group due to
receiving similar physical training including combat and they
also received a standard diet with food prepared at the
military school.

To determine the quantitative content of microelements
for study participants in the experimental and control groups
the hair was cut from the occipital part of the head for the
entire length in an amount of at least 0.1 g. To remove the
surface contamination and to degrease the hair, the IAEA-
recommended hair sample preparation method was used
(24). For this purpose the hair was treated with acetone for
10-15 minutes, and then washed three times with deionized
water. The hair was dried at room temperature for 10-
15 minutes.

A sample of hair, weighing 0.1 g was placed in a fluoroplastic
liner and 5 ml of nitric acid was added. An autoclave with the
sample in the insert, was placed in a microwave oven and the
sample was decomposed using the decomposition program
recommended by the manufacturer of the microwave. The
following heating mode was used: raising the temperature to
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200 °C for 5 minutes, keeping it for 5 minutes at 200 °C, and then
cooling it to 45 °C. The cooled autoclave was shaken to mix the
contents and the lid was opened to balance the pressure. A
qualitatively decomposed sample after distillation of nitrogen
oxides was a colorless or yellowish transparent solution with no
undissolved particles at the bottom or on the walls of the liner.
The dissolved sample was quantitatively transferred to a test
tube, diluting the sample 1000 times. Working standard
solutions were prepared by diluting standard stock solutions.
The proportions and concentrations of elements in standard
solutions were selected in such a way that after dilution of 20-50
times the concentrations of the same order were obtained with
the upper boundaries of the range of elements in the hair
decomposed according to standard methods (24, 25).

The studies were carried out using ICP-MS Agilent 7900
mass spectrometer (24). Analytical signals were processed with
spectrometer software, using calibration dependences
calculated by the least squares method, accounting and
correction of the background, and whenever necessary,
taking into account the mutual influence of the measured
elements. The result on the display corresponded to the
arithmetic average of 3 parallel measurements of the
analyzed element. The standard software package from the
EXCEL and STATGRAPH statistical software package was
used for data analysis to compare the levels of macro- and
microelements present in wrestlers and in people who were not
involved in wrestling, but who had a high level of physical
activity. Use of the Kolomogorov-Smirnov test indicated the
data were not normally distributed, thus nonparametric
statistics were used. Results are presented as median and
interquartile range. The parameters were compared based on
the Kruskal-Wallis test. Spearman correlations were calculated.
The comparative analysis examined five macroelements (Na,
K, Mg, P, Ca) and 30 microelements. Of the trace elements
analyzed, the biological role in the following 7: [As], [Rb], [Sr],
[Cs], [Hg], [T1], [Pb] has not been studied and some authors
attribute them to toxic 9 (25).

Results

As shown Table 1, wrestlers, in comparison with the control
group, had higher levels of lithium, beryllium, boron, sodium,
aluminum, calcium, potassium, vanadium, magnesium, cobalt,
copper, germanium, rubidium, strontium, cadmium, antimony,
caesium, barium and thallium. The most pronounced differences
in levels including greater arsenic in subgroup 1, and silver in
subgroup 2. All wrestlers had lower titanium and iodine than
control group participants. Silicon was lowest among subgroup
3, and selenium was lowest in subgroup 2. No significant
differences were found for the rest of the analyzed macro-
and microelements.
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Table 2 presents the significant correlation of mineral levels
among the wrestlers. Strong positive correlations were observed
for sodium with potassium and rubidium, magnesium with
calcium, potassium with rubidium, and rubidium with
caesium. All statistically significant correlations were positive.

Discussion

Macronutrients such as sodium, calcium, potassium, and
magnesium may increase in wrestlers’ bodies as a result of
considerable sport activities and a higher content of these
substances in their diets (26), for example, through
consumption of sports supplements (27). Conversely, students
in Polish sports schools had inadequate intake of potassium,
calcium, sodium, copper, iron, zinc, phosphorus, iodine and a
number of vitamins with food (28). It may be that differences in
the standard diets of wrestlers and military cadets resulted in the
differences found in this study for macro- and microelements.

A systematic review examined the effect of mineral content
in food and supplements on sports performance. 17,433 articles
were analyzed; and 130 experiments from 128 studies were
29),
calcium (n = 11), magnesium, (n = 22), phosphate (n = 17),

included. Retrieved articles included iron (n =

zinc (n = 9), sodium (n = 15), boron (n = 4), selenium (n = 5),
5). No
relevant articles were identified for copper, manganese, iodine,

chromium (n = 12) and multi-mineral articles (n =
nickel, fluorine or cobalt. Only iron and magnesium included
articles of sufficient quality to be assigned as ‘strong’. Currently,
there is little evidence to support the use of food
supplementation to improve physiological markers of athletic
performance with the possible exception of iron (in particular,
biological situations) and magnesium as they currently have the
strongest quality evidence (23).

Our results partially overlap with those described by
Zaitseva and Zaitsev (29) who found an increase in the
content of macronutrients Ca, Mg, P, K, Na in young
wrestlers’ bodies. They believed that the increased content
of macronutrients in the hair more likely indicated an
enhanced “circuit” metabolism in athletes, rather than their
excess (29). Indeed, a number of works describe a change in
the content of mineral substances during physical exertion.
For example, in adolescence, at the initial stage of sports, the
development of hyperelementosis of iron, lead and selenium
is noted (30). In elder men, an increase in calcium during
sport activities is described (31, 32). In women, higher Ca, Cr,
Fe, Co, and Zn and lower Hg are observed (31). However, in
the study of cyclic sports athletes no differences in the levels
of Mn, Co, Zn and Se were found, depending on the phase of
the training process (32).

Many of the trace elements that were investigated in our
paper have not been studied previously. Only a few studies
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TABLE 1 The content of the analyzed macro- and micro-elements in the hair (ug/g) of representatives of the experimental (n = 66) and control

(n = 92) groups.

Elements

lithium
beryllium
boron
sodium
magnesium
aluminum
silicon
phosphorus
potassium
calcium
titanium
vanadium
chromium
manganese
iron

cobalt
nickel
copper
zinc
germanium
arsenic
selenium
rubidium
strontium
molibdenum
silver
cadmium
tin
antimony
iodine
caesium
barium
mercury
thallium
lead

subgroup 1 median

(Q1;Q3)

0,20 (0,15 ; 0,22)
0,00036 (0,00023 ; 0,00049)
1,52 (1,43 ; 1,85)
459 (295 5 1163)
69,7 (53,5 ; 83,6)
14,5 (11,6 ; 18,5)
298 (289 ; 321)
122 (116 5 161)
153 (122 ; 336)
793 (672 ;1062)
0,72 (0,56 ; 0,95)
0,022 (0,019 ; 0,029)
0,34 (0,30 ; 0,41)
0,78 (0,57 5 0,91)
14,4 (12,6 ; 15,7)
0,062 (0,061 ; 0,067)
0,24 (0,195 0,35)
10,6 (9,0 5 11,1)
93,0 (82,6 ; 127,4)
0,13 (0,12 5 0,14)
0,040 (0,029 ; 0,053)
0,51 (0,49 5 0,53)
0,15 (0,09 ; 0,24)
2,01 (1,15 ; 2,83)
0,036 (0,031 ; 0,041)
0,045 (0,022 ; 0,120)
0,062 (0,014 ; 0,137)
0,31 (0,27 5 0,36)
0,057 (0,049 ; 0,117)
0,042 (0,032 ; 0,054)
0,00085 (0,00058 ; 0,00115)
1,61 (1,33 5 2,00)
0,058 (0,043 ; 0,122)
0,00048 (0,00038 ; 0,00085)
0,89 (0,60 ; 1,60)

Differences significant with p < 0.05 are shown in bold.

have examined changes in the content of trace elements in
sports (7, 33-35). There are no systematic reviews so far. And
to date, the few available research results are contradictive. In
some cases, the study was made with small groups (33).
Sometimes the authors do not specify the sport for which a
similar study was conducted (7). There are descriptions of a
higher content of tin, rubidium and antimony in individuals

subgroup 2 median

(Q1;Q3)

0,18 (0,08 ; 0,21)
0,00042 (0,00028 5 0,00060)
1,38 (1,30 5 1,69)
446 (174 5 589)

52,8 (41,1 5 74,9)
10,3 (9,09 5 13,1)
255 (213 ; 331)

118 (114 5 169)

132 (95,7 5 345)

650 (417 ; 830)
0,73 (0,50 ; 1,04)
0,018 (0,013 ; 0,029)
0,32 (0,26 5 0,49)
0,47 (0,39 ; 0,78)
12,5 (9,07 ; 19,0)
0,061 (0,036 5 0,066)
0,24(0,19 5 0,35)
8,35 (7,95 ; 10,6)
96,7 (79,6 ;128)
0,13 (0,11 ; 0,14)
0,026 (0,021 ; 0,049)
0,49 (0,45 ; 0,52)
0,080 (0,065 ; 0,216)
1,23 (0,81 5 1,66)
0,030 (0,026 ; 0,042)
0,054 (0,043 5 0,130)
0,0106 (0,0067 5 0,0493)
0,25 (0,21 5 0,33)
0,048 (0,030 5 0,091)
0,049 (0,034 ; 0,069)
0,00050 (0,00045 ; 0,00091)
1,38 (1,10 ; 1,87)
0,055 (0,033 ; 0,085)
0,00045 (0,00022 ; 0,00078)
0,45 (0,27 5 0,73)

involved in sports, compared with non-occupants (34). These

changes are especially pronounced in individuals with an
aerobic-anaerobic type of exercise compared to individuals
with an aerobic type (33). Long-distance runners have an
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subgroup 3 median

(Q1;Q3)

0,16 (0,031;0,227)
0,00053 (0,00037 ; 0,00083)
1,71 (1,59 5 2,29)
417 (214 5 523)

55,8 (44,1 ; 76,5)
10,5 (9,19 ; 13,2)
231(213 ; 249)

147 (130 ; 158)

188 (107 5 239)

586 (471 ; 838)
0,83 (0,61 ; 1,18)
0,021 (0,017 ; 0,026)
0,39 (0,31 5 0,45)
0,38 (0,30 ; 0,70)
13,3 (12,1 5 16,5)
0,056 (0,033 ; 0,075)
0,42 (0,32 5 0,53)
10,7 (9,00 5 11,4)
117 (93,0 5 136)
0,14 (0,13 ; 0,15)
0,025 (0,023 ; 0,031)
0,53 (0,49 ; 0,57)
0,118 (0,082 ; 0,165)
1,38 (0,85 5 1,98)
0,034 (0,027 ; 0,040)
0,087 (0,061 ; 0,126)
0,0211 (0,0079 5 0,0451)
0,34 (0,27 5 0,42)
0,048 (0,037 ; 0,074)
0,051 (0,032 ; 0,059)
0,00057 (0,00048 ; 0,00085)
1,60 (1,38 5 2,11)
0,037 (0,026 ; 0,073)
0,0006 (0,00012 5 0,00074)
0,42 (0,33 5 0,92)

physical activity university students (35).

control median

(Q1;Q3)

0,021 (0 ; 0,065)
0(0;0)

0,96 (0,58 ; 1,46)
141 (81,8 ; 253)
70,7 (47,7 5 101)

9,38 (7,44 ; 11,5)
280 (219 ; 370)
138 (95,5 ; 159)
96,7 (54,0 5 155)
474(374 ; 657)
1,30 (0,64 ; 3,03)

0,012 (0,008 ; 0,023)

0,35 (0,22 5 0,78)

0,30 (0,19 5 0,47)
17,0 (12,5 ; 23,3)

0,016 (0,013 ; 0,025)

0,37 (0,19 5 0,61)

8,02 (6,14 ; 10,6)
105 (83,2 ; 150)

0,089 (0,079 ; 0,110)
0,022 (0,0082 ; 0,037)
0,66 (0,55 ; 0,79)
0,060 (0,023 ; 0,14)
0,66 (0,38 ; 1,56)
0,032 (0,023 ; 0,044)
0,0310 (0,0082 ; 0,0690)
0(0;0)

0,36 (0,15 5 0,61)
0,010 (0 ; 0,030)

0,21 (0,17 5 0,30)

0(0;0)

0,82 (0,36 5 1,59)
0,054 (0,025 ;0,147)
0(0;0)

0,18 (0,12 ; 0,54)

increased level of Be, Cd, Cs and Pb compared to non-active
sports (7). The levels of cadmium (Cd), tungsten (W),
tellurium (Te), beryllium (Be), and lead (Pb) were shown to
be higher in sports (34). University students with increased
physical activity had decreased hair copper, vanadium,

bismuth, and mercury content in comparison to low

Elite long distance runners have higher levels of Co, Cu,
Mn, Mo, Se and Zn compared to non-athletes. During a six-
month training period, these differences become more
significant for Co, Cu, Mo, and Se. According to the
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TABLE 2 Spearman correlations of mineral content in wrestlers (N = 66).

Mineral magnesium potassium calcium titanium vanadium

sodium -0,06 0,86 -0,09
magnesium -0,18 0,92
potassium -0,15
calcium

titanium

vanadium

chromium

cobalt

iron

manganese

arsenic

rubidium

cadmium

tin

antimony

lead

barium

Significant correlations with p < 0.05 are shown in bold.

0,55
-0,15
0,65
-0,14

0,32
0,28
0,32
0,27
0,35

chromium cobalt iron manganese arsenic rubidium cadmium tin antimony lead barium cesium

0,53
-0,04
0,62
-0,03
0,55
0,58

0,23
0,40
0,24
0,39
0,06
0,65
0,45

0,36
0,14
0,32
0,03
0,45
0,61
0,56
0,52

105

0,22
0,53
0,13
0,59
0,10
0,64
0,35
0,65
0,53

0,48
-0,07
0,49
-0,12
0,36
0,40
0,38
0,19
0,38
0,32

0,85
-0,16
0,98
-0,14
0,64
0,31

0,61

0,24
0,33
0,11

0,49

0,43
0,23
0,51
0,34
0,43
0,56
0,50
0,50
0,37
0,52
0,40
0,51

0,39
0,13
0,45
0,14
0,52
0,62
0,60
0,44
0,50
0,37
0,52
0,48
0,70

0,55
0,02
0,54
0,00
0,44
0,53
0,67
0,37
0,58
0,48
0,58
0,57
0,51
0,46

0,42
0,11
0,53
0,24
0,42
0,45
0,48
0,44
0,33
0,53
0,56
0,54
0,69
0,62
0,61

0,51
0,18
0,56
0,25
0,44
0,36
0,43
0,36
0,20
0,35
0,41
0,56
0,62
0,53
0,38
0,47

0,73
-0,09
0,75
-0,07
0,63
0,49
0,56
0,35
0,45
0,29
0,46
0,78
0,56
0,52
0,65
0,61
0,51
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authors, such changes reflect the process of adaptation to
physical activity (33).

The above articles contradict the study of Muifioz et al. (5),
who showed that the concentrations of Co and Mn are higher,
and Cu is lower in individuals who are not involved in sports,
compared with non-athletes (36). However, a small sample size
should be noted: 26 non-athletes and 21 middle and long
distance runners.

Our study found lower iodine levels in wrestlers, which
requires further study of thyroid function. This is important,
because we propose that low iodine levels may be associated with
decreased athletic performance. For example, for high efficiency
of the training process, vegan athletes need iodine (37). Lower
physical fitness scores for girls have been significantly correlated
with lower iodine levels, although additional research is
needed (38).

The literature also describes a decrease in selenium content
in runners during training (39) similar to what we found in this
study. Similar changes have been described in athletes of aerobic,
anaerobic and mixed sports (8, 40). A non-systematic review
found that during sports the level of oxidative stress increases,
which can lead to a deficiency of selenium in athletes. According
to the authors, those involved in sports need additional
administration of selenium with food to protect the body from
possible free radical damage (41).

Wrestlers in our study were characterized by higher levels
of several macro- and microelements, including more toxic
ones than controls. We studied a greater number of minerals
than in other similar studies, which adds to the available
scientific literature for examining the relationship between
levels of macro and microelements and sports training. Our
findings are preliminary. The study is limited by a lack of
explanation regarding why these differences existed (i.e. they
could be due to nutrition; training; physiological impacts of
exercise; body composition difference; physical environment;
and so on). As we did not track dietary intake, we are unable
to state whether differences were due to what was eaten rather
than the physical training done by each group. We also did
not directly track the physical training of each group.
Additional research is warranted to further explore
underlying factors for the differences found.

Practical recommendations: It is necessary to monitor the
level of trace elements in athletes-wrestlers during their
training. In particular, it may be necessary to control their
intake with food and/or food additives. Restoring an optimal
balance of macro- and microelements can contribute to better
physical performance of wrestlers. Special attention should be
paid to the function of the thyroid gland in athletes-wrestlers,
because we found they had a pronounced iodine deficiency.
Perhaps this category of athletes needs additional iodine
supplementation and/or thyroid hormones. It is necessary
to consider the issue of prescribing selenium-containing
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drugs to wrestlers to correct the deficiency of this trace
element and prevent oxidative stress associated with high-
intensity training.
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Iron overload accelerated lipid
metabolism disorder and liver
Injury in rats with non-alcoholic
fatty liver disease
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Yang Shen, Xianan Li and Yan Zhao*
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Harbin, China

Background/aims: Non-alcoholic fatty liver disease (NAFLD) is one of the
most common liver diseases worldwide. Iron overload has been implicated
in chronic non-communicable liver diseases, but its relationship with NAFLD
remains unclear. This study aimed to investigate the underlying roles of iron
overload in the development of NAFLD.

Methods: Male Sprague Dawley rats were fed with a high-fat diet (HFD) and/or
iron for 8, 12, and 20 weeks. Some rats fed with HFD plus iron also received
intraperitoneal injection of deferoxamine (DFO) for 8 weeks. Liver steatosis,
lipid metabolism and injury were evaluated.

Results: A NAFLD model, including typical liver steatosis, was established by
feeding rats with a HFD, while iron overload alone is not enough to induce
severe NAFL. Compared with rats fed a HFD, excess iron further increased lipid
accumulation, serum levels of lipids, enzymes of liver function, and expression
levels of CD36 and FAS in rat liver. In addition, iron overload decreased the
activities of antioxidative enzymes in liver compared with HFD rats. The levels
of CPT1 and the ratios of p-ACC/ACC were also decreased by iron overload.
DFO effectively reversed the abnormal lipid metabolism and liver damage
induced by a high-fat, high-iron diet.

Conclusion: A HFD plus iron overload might synergistically aggravate lipid
metabolism disorders, liver injury, and oxidative damage, compared with a
HFD alone. DFO might help to alleviate lipid metabolism dysfunction and
improve the pathogenesis of NAFLD.

NAFLD, high-fat diet, iron overload, lipid metabolism, oxidative stress
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Introduction

Non-alcoholic fatty liver disease (NAFLD) is the most
common chronic liver disease in the world (1), with a global
prevalence of approximately 25% (2). NAFLD encompasses a
wide spectrum of liver damage, ranging from simple steatosis to
non-alcoholic steatohepatitis and advanced fibrosis, ultimately
leading to hepatocellular carcinoma (1, 3). Previous studies
have found that patients with obesity and type 2 diabetes are
more prone to liver steatosis and inflammation; in addition,
patients with NAFLD often exhibit manifestations of type 2
diabetes mellitus (T2DM), such as dyslipidemia and insulin
resistance (4, 5). Therefore, a better understanding of the
pathogenesis of NAFLD may provide stronger evidence for
the prevention and treatment of NAFLD and concomitant
metabolic diseases.

A popular theory for the pathogenesis of NAFLD is the
complex “multiple hit” hypothesis based on the traditional
“two-hit” hypothesis (6, 7). Insulin resistance (“first strike”)
promotes the entry of free fatty acids (FFAs) into hepatocytes,
and then simple steatosis happens if these FFAs are unproperly
metabolized or secreted. Simple steatosis leaves the liver
vulnerable to second strikes, including mitochondrial
dysfunction, oxidative stress, gut-derived bacterial endotoxins
and inflammation (8).

Iron is an essential trace element in the human body,
being a key component of hemoglobin and myoglobin, and
also an essential component of cell respiration enzymes such
as cytochromes, cytochrome oxidase, and catalase (CAT), which
participate in crucial processes such as electron transport, redox
reaction, and cell differentiation and growth (9-11). However,
excess iron may initiate oxidative stress as a second “hit”,
via the generation of reactive oxygen species (ROS) by the
Fenton reaction (12). The liver is the most important organ
in the body in terms of iron metabolism, and circulating
iron and the iron storage of patients with NAFLD were
shown to be higher than those in a control population
(13). Among patients with NAFLD, the probability of iron
metabolism disorders in obese children was significantly higher
than that in normal children (14). In a NAFLD study, liver
histological evidence indicated that more than a third of
biopsy samples showed iron overload (15). This phenomenon
is closely related to excessive iron deposition in the liver
(16-18). Iron overload may aggravate the insulin resistance
and promote the progress of non-alcoholic steatohepatitis
and liver fibrosis.

It is known that excess iron can lead to oxidative injury.
However, a recent study found that dietary iron overload
abrogated chemically induced liver cirrhosis in rats (19).
Therefore, understanding the roles of iron overload in NAFLD
is extremely essential. This study aimed to clarify the effects and
potential molecular mechanisms of a high-fat, high-iron diet on
lipid metabolism and liver injury in NAFLD rats.
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Materials and methods

Animals and experimental design

Six-week-old male Sprague Dawley rats (Vital River
Laboratories, Beijing, China) were maintained under a 12-h
light/dark cycle at 21-23°C and provided with food and water
ad libitum. The rats were randomly divided into control, high-
iron (HI), high-fat diet (HFD) (HF), HFD with low dose of iron
(HFL) and HFD with high dose of iron (HFH) groups. Rats fed
with HFH diet were also given an intraperitoneal injection of
deferoxamine (DFO) or saline once a day from 12 to 20 weeks.
The rats received the respective diets for 20 weeks. Body weight
and food intake were measured and recorded weekly. Animal
care and experimental procedures in this study were approved
by the Animal Experimental Committee of Harbin Medical
University (permission number: SCXK 2012-0001).

Rats were deeply anesthetized using sodium pentobarbital
and sacrificed at weeks 8, 12, and 20, respectively. Blood,
liver tissues, and epididymal, inguinal and retroperitoneal white
adipose tissues were weighed and stored at -80°C for future
analysis. The liver weight/body weight x 100% was calculated
as the liver index. Body fat rate was calculated as the percentage
of white adipose tissues to body weight.

Dosage information

The control group was fed a 10% calorie-from-fat diet
(D12450H, Research Diets). The HI group was fed a control
diet plus ferrous sulfate (10 g per kilogram of diet). The HF
group received a 45% calorie-from-fat diet (based on D12451
with slight modification). The rats in HFL or HFH groups were
fed with a HFD plus ferrous sulfate (5 or 10 g per kilogram of
diet). DFO (Novartis Pharma Stein AG, Switzerland) was given
to the rats via intraperitoneal injection at the dose of 100 mg/kg
body weight for eight consecutive weeks.

Biochemical analysis

Serum was isolated from blood samples by centrifugation
(3,000 x g, 15 min). The levels of triglyceride (TG), total
cholesterol (TC), alanine aminotransferase (ALT), and aspartate
aminotransferase (AST) were analyzed using an automatic
biochemical analyzer (Hitachi7100, Japan). Serum ferritin levels
were detected using an enzyme-linked immunosorbent assay
kit (Biotopped, Beijing, China). Hepatic lipids, superoxide
dismutase (SOD), glutathione peroxidase (GSH-PX), and
CAT (MDA)
were measured using commercial kits (Nanjing Jiancheng

activities and malondialdehyde contents

Bioengineering Institute, Nanjing, China) according to the
manufacturer’s instructions.
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Histologic analysis

Frozen liver tissues were cut with a cryostat (Leica CM
1100), and stained with Oil Red O. Fresh hepatic tissue was
fixed in 10% neutral-buffered formalin, routinely processed,
embedded in paraffin, cut at 5 um, and stained with hematoxylin
and eosin (HE) for histopathological examination, and graded
for steatosis (scored 0-3), hepatic ballooning (0-2) and lobular
inflammation (0-3) according to the Kleiner classification
criteria. The NAFLD activity score (NAS) was calculated as
the sum of the steatosis, lobular inflammation, and ballooning
scores, ranging from 0 to 8 (20). Sirius red staining was used to
detect collagen deposition.

Real-time reverse transcriptase
polymerase chain reaction

Total RNA samples were extracted from hepatic tissues
using TRIzol reagent (Invitrogen, CA, USA) according to
the manufacturer’s instructions. 1lpg of RNA was reverse
transcribed into cDNA using a High Capacity cDNA RT Kit
(ABI, USA) and real-time reverse transcriptase polymerase
chain reaction (RT-PCR) was performed using an ABI 7,500
Fast real-time RT-PCR System with a Power SYBR Green Kit
(Applied Biosystems, Foster City CA, USA), to detect mRNA
levels of CD36, fatty acid synthase (FAS), acetyl-coA carboxylase
(ACC)-1, and carnitine palmitoyltransferase (CPT)-1, with f-
actin as an internal control for mRNA quantification. The
primer sequences were shown in Table 1. 40 PCR cycles
consisting of 15 s at 95°C and 1 min at 60°C were applied.
Relative expression levels of mRNAs were calculated using the
Ct (2~ 22C method.

Western blot
Total protein was extracted from hepatic tissues using lysis
buffer with protease inhibitors. The protein concentrations

were measured with a BCA Protein Assay Kit (Beyotime

TABLE 1 Primers used for real-time RT-PCR.

ene rimer sequence
G P q
CD36 Forward: 3-GCAGCCTCCTTTCCACCTTT-5
Reverse: 3 -AAAGGCGTTGGCTGGAAGA-5
FAS Forward: 3'-TCCCAGGTCTTGCCGTGC-5
Reverse: 3'-GCGGATGCCTAGGATGTGTGC-5'
ACC1 Forward: 3'-AACATCCCGCACCTTCTTCTAC-5
Reverse: 3'-CTTCCACAAACCAGCGTCTC-5'
CPT1 Forward: 3'-TGCTGCATGGAAGATGCTTT-5
Reverse: 3’-CGTCGGTGGCCATGACATA-5'
B-actin Forward: 3'-GAAGATCCTGACCGAGCGTG-5

Reverse: 3'-CGTACTCCTGCTTGCTGATCC-5
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China).
microgram of proteins were separated by 10% sodium

Institute of Biotechnology, Shanghai, Twenty
dodecyl sulfate-polyacrylamide gel electrophoresis, transferred
to polyvinylidene fluoride membranes (Millipore Corporation,
MA, USA), incubated with 5% skimmed milk, and probed with
primary antibodies diluted in blocking buffer containing 1%
bovine serum albumin (BSA) at 4°C overnight. The primary
antibodies used were as follows: anti-CD36 (1:1,000; Abcam,
United Kingdom), anti-FAS (1:1,000; Cell Signaling, USA),
anti-ACC (1:1,000; Cell Signaling), anti-phospho-ACC (p-
ACC) (1:1,000; Cell Signaling), anti-CPT1 (1:6,000; Abcam),
and anti-B-actin (1:800; Santa Cruz). The membranes were
washed three times with TBST, incubated with the secondary
antibody (1:10,000; ZSGB-Bio, Beijing, China) diluted in TBS
(containing 1% BSA) for 1 h, and reacted with ECL Prime
Western Blotting Detection Reagent (Beyotime Institute of
Biotechnology). Signals were detected using a FluorChem-E
imaging system (Protein Simple, USA). The blot signals were
quantified relative to the housekeeping protein B-actin in the
same sample and normalized to control. The density of the
phosphorylated protein was normalized to the total protein.
Triplicates were used to calculate the average density.

Statistical analysis

All the data were presented as the mean + SD. Differences
were analyzed by t-tests or one-way ANOVA followed by
Student-Newman-Keuls test for multiple comparison. A P-
value < 0.05 was considered statistically significant.

Results

Iron overload aggravated lipid
accumulation induced by a high-fat
diet

Although there was no significant difference in body weights
among the groups at the start of the experiment, body weight,
liver index, and body fat percentage were all significantly higher
in rats fed the HFD with or without iron than the control
group after 8, 12, and 20 weeks. The difference between the
HI and control groups was not significant for 12 and 20 weeks
(Figures 1A-C).

The levels of ferritin in serum were elevated in rats fed
with iron and/or HFD at 12 and 20 weeks, and high fat diet
with high iron induced higher ferritin contents compared with
control/high-fat group at the same time point (Figure 1D). The
TG levels in the liver and serum were significantly increased
in the HF and HFL groups compared with the control group
at 8 and 12 weeks, and were also significantly higher in the
HFH group compared with both the control and HF groups
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FIGURE 1

Iron overload aggravated lipid accumulation induced by a HFD. (A) Body weight, (B) liver index, (C) body fat percentage, (D) serum ferritin, (E)
liver TG, and (F) serum TG levels in serum in rats at 8, 12 and 20 weeks. * and # compared with control/high-fat group at the same time point,
respectively, P < 0.05. Only one “* and ***" refers to the HF, HFL and HFH groups compared to the control group at the same time point,

respectively, P < 0.05.

at 20 weeks although were lower compared with HF group at
8 weeks (P < 0.05). The average contents of liver triglyceride
in HFL increased a little while in HFH were similar from 12
to 20 weeks. Serum TG levels were lower in the HFL group at
12 weeks and in the HFH group at 8 weeks compared with the
HF group (Figures 1E,F).

Iron overload aggravated hepatic
steatosis and injury in non-alcoholic
fatty liver disease rats induced by
high-fat diet

There was extensive lipid accumulation in the livers of rats
exposed to HFD with or without iron for 12 and 20 weeks, as
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shown by HE staining. In addition, hepatocytes in the HFH
group showed steatosis, accompanied by obvious inflammation
and diffuse ballooning. Fat accounted for more than 80% of
hepatocytes at 20 weeks according to Oil Red O staining
(Figures 2A-C). The combined administration of high-fat and
high-iron induced collagen deposition in the perisinusoidal
space of rat hepatocytes, while no collagen deposition was
observed via Sirius red staining in rats fed with HI or
HF diet alone (Figure 2D). The quantified NAFLD activity
scores (NAS) were consistent with the HE staining results.
The volumes of lipid drops were much bigger and hepatic
ballooning in HFH group was clearly visible from 12 to 20 weeks
(Figures 2E,F).

ALT levels were significantly higher in the HE HFL, and
HFH groups compared with the control group at 12 weeks
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FIGURE 2

Dietary iron overload aggravated hepatic steatosis and liver injury in rats with a HFD-induced NAFLD. HE staining at (A) 12 and (B) 20 weeks.
(C) Oil red O staining at 20 weeks. (D) Sirius red staining at 20 weeks (magnification x 200). NAFLD activity scores in rats at (E) 12 and (F)

20 weeks. Serum (G) ALT and (H) AST levels in rats at each time point. * and # compared with control/high-fat group at the same time point,
respectively, P < 0.05.
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(P < 0.05), while obvious increase of AST levels occurred at
20 weeks in HFH group compared with the control or HF groups
(Figures 2G,H).

Deferoxamine improved lipid
metabolism disorder and liver injury
induced by iron overload plus a
high-fat diet

Treatment with DFO for 8 weeks had no significant
effect on body weight, liver index, or body fat percentage
compared with the HFH-fed rats after 20weeks (Figures 3A-
O). DFO the
of TG in both the liver and serum, serum AST and

However, significantly ~ decreased levels
ferritin levels compared with the HFH group (P < 0.05)
(Figures 3D-H).

DFO treatment also reduced the amount and area of lipid
droplets in the liver during the last 8 weeks of the study, as
shown by HE and Oil red O staining. Collagen deposition in
hepatocytes was also reduced as shown by Sirius red staining
(Figure 3I).

Iron overload plus high-fat diet
impaired antioxidant capacity and
induced oxidative damage

The activities of antioxidative enzymes (CAT, SOD,
GSH-Px) were significantly reduced in all groups, compared
with the controls, while the levels of MDA were increased
at 12 and 20 weeks. Similar changes were seen in the HFH
compared with the HF group (P < 0.05) (Figures 4A-
D). Although there was no significant difference in
MDA levels between the DFO and HFH groups, DFO
attenuated oxidative damage in hepatocytes of NAFLD
rats induced by a high-fat, high-iron diet (P < 0.05)
(Figures 4E-H).

High-fat and high-iron diets affected
fatty acid intake and synthesis

The levels of CD36 and FAS mRNA and protein were
significantly higher in the HE HFL, and HFH groups
compared with the control group, while the levels of
CPT1 mRNA and protein and the ratio of p-ACC/ACC
protein were significantly lower when exposed to HFD
with or without iron compared with the controls. In
addition, CD36 and FAS expression were significantly
higher the HFH the
(Figures 5A-]).

in compared with HF group
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Deferoxamine attenuated the effect of
a high-fat, high-iron diet on lipid
metabolism

CD36 and FAS mRNA and protein levels were significantly
decreased after treatment with DFO, compared with the
HFH group (Figures 6A-D,G). In addition, p-oxidation of
fatty acids in the liver was aggravated in rats fed a high-
fat, iron-rich diet. DFO also increased CPT-1 and p-ACC
expression was significantly in the compared with the HFH
group (Figures 6E,EH,I).

Discussion

Dietary administration of iron is usually applied to
induce iron overload in animals, similar as genetic mutations
such as hereditary hemochromatosis. Iron overload is also
due to repeated blood transfusions, increased dietary iron,
iron supplementation and aging. But the effects of iron
overload on the liver and their underlying mechanisms as
well as the origin of excess iron remain unclear. This study
found that a long-term high fat diet induced steatosis,
lipid accumulation, antioxidant capacity damage and lipid
metabolism disorders; whereas, dietary iron overload aggravated
the abnormal lipid metabolism and liver injury in NAFLD
rats, and iron removal therapy by DFO efficiently attenuated
this phenomenon.

Ferritin is an iron storage protein and its concentration in
the serum reflects iron stores; elevated ferritin reflects risk of
iron overload. In our study, the levels of serum ferritin were
increased in the presence of high fat diet and/or iron at 12
and 20 weeks. Especially, high fat diet with high iron induced
higher ferritin contents compared with control/high-fat group
at the same time point, and DFO decreased the ferritin levels,
indicating the occurrence of iron overload induced by high fat
or high iron diets, and even more iron overload by synergistic
administration of high fat and high iron diet.

The roles of iron in the metabolic diseases including
NAFLD were still controversial (21). A series of recent
studies showed that hepatic iron overload contributed to the
progression of NAFLD. In NAFLD patients, excessive nutrition
leads to endoplasmic reticulum stress in hepatocytes and the
acceleration of intracellular iron deposition (22). However,
Atarashi et al. showed that dietary iron overload could also
improve chemical-induced hepatic cirrhosis (19). According
to the results from the present study, HFD induced extensive
lipid accumulation in the hepatocytes. The average contents
of liver triglyceride in HFL were a little higher at 20 weeks
than those at 12 weeks, while in HFH were similar at 12
and 20 weeks, implicating serious hepatic steatosis lasted for a
long time. Liver TG levels were also significantly higher in the
HFH group compared with both the control and HF groups
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* Compared with the HFH group, P < 0.05.

DFO treatment improved lipid metabolism and liver injury induced by iron overload plus a HFD. (A) Body weight, (B) liver index, (C) body fat
percentage, (D) serum ferritin, (E) liver TG, (F) serum TG, (G) ALT, and (H) AST levels in rats. (I) HE, Oil red O, and Sirius red staining at 20 weeks.
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at 20 weeks. Hepatic ballooning in HFH was clearly visible
from 12 to 20 weeks. Therefore, the hepatocytes were easy to
rupture and lipid droplets were dispersed when sliced. From this
point of view, it was demonstrated that long-term excess dietary
iron could lead to acceleration of hepatic steatosis and injury
caused by HFD, supporting most recent findings. Additionally,
we found that the administration of iron at low dose for 12 weeks
and at high dose for 8 weeks obviously reduced HFD-triggered
elevation of TG levels, in accordance with the recognition that
appropriate iron was beneficial to the health. But iron overload
could lead to oxidative stress and liver damage, a risk factor for
the onset and progression of NAFLD (23).
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Oxidative stress is defined as an imbalance between
the production of free radicals and the antioxidant system
responsible for maintaining homeostasis in the organism.
Oxidative stress can lead to damage by the activation of
inflammation, the secretion of proteases and the production of
large amounts of oxidative products (24). Antioxidant enzyme
systems, including SOD, CAT and GSH-Px, catalyze reactions
to neutralize free radicals and ROS. MDA is the end-product
of the peroxidation between free radicals and lipids, and can
directly reflect the degree of lipid oxidation. In the present study,
a combined high-fat, high-iron diet weakened the antioxidant
capacity of the liver tissues and increased the MDA contents
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* Compared with the HFH group, P < 0.05.

compared with a HFD alone. Notably, lipid peroxidation and
antioxidant capacity had been shown to be raised or reduced,
respectively, in many metabolic diseases, such as NAFLD (25).
Oxidative stress and lipid peroxidation were associated with the
development of NAFLD (26). Iron is an important promoter of
ROS production that can initiate or catalyze the Fenton reaction
and produce free radicals to destroy liver cells. At the same
time, ROS produced by excess iron will further aggravate lipid
peroxidation and oxidative damage (Figure 7) (27, 28).

Lipid metabolism is an important part of the pathogenesis
of NAFLD. CD36 is a cell membrane transporter that
plays an important role in promoting the absorption of
FFAs into muscle and adipose tissue (29). In the current
study, CD36 levels of mRNA and protein in the liver was
significantly increased in rats fed a HFD. Previous studies
showed that a HFD-induced increase in the expression of
CD36 might contribute to the uptake of FFAs and the
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accumulation of TG in the liver (30). Expression levels
of CD36 in the liver were also significantly higher in
rats fed with high-fat, high-iron diets compared with those
fed high-fat alone, and levels were significantly decreased
after iron isolation treatment. These results suggested that
long-term iron overload might promote the uptake of
FFAs in the liver.

Energy produced by p-oxidation of fatty acids is an
important source of energy. CPT1 is a rate-limiting enzyme
for fatty acid B-oxidation and occurs in three forms in the
body, of which only CPTla is expressed in the liver (31).
ACC and FAS are related to fatty acid synthesis. The present
results showed that CPT1 expression levels were significantly
decreased and FAS levels were increased in livers of rats fed
a HFD. Moreover, the ratio of p-ACC/ACC was significantly
reduced. These effects were exacerbated in rats fed with high-
fat and high-iron diets. During the de novo fatty acid synthesis,
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DFO attenuated the effect of a high-fat, high-iron diet on lipid metabolism. (A=I) CD36, FAS, CPT1 and ACC mRNA and protein expression levels
in the liver after DFO treatment. * Compared with HFH group, P < 0.05.

malonyl coenzyme A could inhibit the activity of CPT1 via the
catalyzation by ACC, a central enzyme involved in fatty acid -
oxidation and inactivated on phosphorylation (32). Inhibition
of ACC phosphorylation by high fat and high iron diet could
increase ACC activities, leading to the subsequent lipogenesis
and accumulation. On the basis of “two-hit” hypothesis, iron
overload as a multiple hit might aggravate lipid peroxidation
and oxidative stress, leading to the release of inflammatory
factors. All these formed multiple hits to promote the progress
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of non-alcoholic steatohepatitis and liver fibrosis. Interestingly,
iron chelation reversed the levels of these lipid metabolism-
related genes and proteins, implicating that long-term iron
overload might promote the synthesis of FFAs, whereas inhibit
the consumption of FFAs in the liver, leading to more serious
lipid metabolism disorder than NAFLD itself ( ).
Several studies also showed that hepatic iron deposition
could play a role in the pathogenesis of NAFLD (33-35). In our

study, both iron overload and high fat induced liver steatosis in
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rats, and their synergistic effects further aggravated this damage
with obvious inflammation and fibrosis (Figure 7). DFO, an iron
chelator, has been proved to be helpful for the protection of
nerves and diabetic wound healing (36-38), DFO can also have
a beneficial effect on improving adiposity by inhibiting oxidative
stress and inflammation (39). The use of DFO significantly
reversed this combined effect of iron, mainly by inhibiting the
liver’s damage resulting from lipid peroxidation and oxidative
stress, thereby alleviating lipid metabolism disorder in the
liver caused by iron overload, not by HFD. Therefore, our
findings provided powerful evidence for the involvement of
iron overload in the pathogenesis of NAFLD. Meanwhile, DFO
might be considered as a potential candidate for the treatment
of NAFLD.

Interestingly, the iron overload in the HI group significantly
increased body weight, liver index and fat content at 8 weeks,
but there was no difference at 12 and 20 weeks, compared with
the control group. It was supposed that iron supplementation
for rats at a period of rapid growth for short time might help
to function as a growth promoter. But as time went, the body
could be adapted to iron supplementation and the promotion
disappeared. In addition, the HI group was also overloaded with
iron, but no adverse effects were observed when exposure to iron
alone for 20 weeks in our study, except high levels of serum
ferritin and lower antioxidant capacity. It was not paradoxical
that excess iron may initiate oxidative stress as a second “hit” in
the presence of lipid accumulation.

There were also some shortcomings in the present study.
First, iron toxicity can influence major tissues involved in
glucose and lipid metabolism and organs attacked by related
complications. It was demonstrated that iron overload resulted
in the disturbance of the lipid metabolism. However, there
was an extensive interaction network or among various
kinds of factors in the body. The elevation of iron storage
might be associated with other factors or specific nutrition.
Second, this study made a preliminary exploration on the
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roles of DFO in the treatment. DFO was applied after
the accumulation of excess lipid and iron in the liver.
It was worth investigating further whether DFO could be
used at the beginning of the experiment for the prevention
of iron overload and NAFLD or even liver damage. In
summary, we demonstrated that a HFD caused NAFLD in
rats, and that concurrent iron overload could further aggravate
lipid metabolism disorders by promoting the transport of
FFAs to the liver, the synthesis of endogenous fatty acids,
and inhibiting fatty acid PB-oxidation, resulting in lipid
accumulation and oxidative damage in the liver during the
development of NAFLD. Iron removal may help to relieve
lipid metabolism dysfunction and improve NAFLD. These
findings may provide new insights into the prevention and
treatment of NAFLD.
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Reduced serum calcium is
associated with a higher risk of
retinopathy in non-diabetic
individuals: The Chinese Multi-
provincial Cohort Study

Jiangtao Li***, Dong Zhao"*?, Qiuju Deng*?,
Yongchen Hao**, Miao Wang%?, Jiayi Sun™*?, Jun Liu“%>,
Guandi Ren*, Huigi Li*, Yue Qi*** and Jing Liu**>*

*Center for Clinical and Epidemiologic Research, Beijing Anzhen Hospital, Capital Medical
University, Beijing Institute of Heart, Lung and Blood Vessel Diseases, Beijing, China, ?The Key
Laboratory of Remodeling-Related Cardiovascular Diseases, Ministry of Education, Beijing, China,
3Beijing Municipal Key laboratory of Clinical Epidemiology, Beijing, China, “School of Information
and Electronics, Beijing Institute of Technology, Beijing, China

Aims: As a common micro-vascular disease, retinopathy can also present in
non-diabetic individuals and increase the risk of clinical cardiovascular disease.
Understanding the relationship between serum calcium and retinopathy would
contribute to etiological study and disease prevention.

Methods: A total of 1836 participants (aged 55-84 years and diabetes-free)
from the Chinese Multi-Provincial Cohort Study-Beijing Project in 2012 were
included for analyzing the relation between serum calcium level and
retinopathy prevalence. Of these, 1407 non-diabetic participants with data
on serum calcium in both the 2007 and 2012 surveys were included for
analyzing the association of five-year changes in serum calcium with
retinopathy risk. The retinopathy was determined from retinal images by
ophthalmologists and a computer-aided system using convolutional neural
network (CNN). The association between serum calcium and retinopathy risk
was assessed by multivariate logistic regression.

Results: Among the 1836 participants (male, 42.5%), 330 (18.0%) had
retinopathy determined by CNN. After multivariate adjustment, the odds ratio
(OR) comparing the lowest quartiles (serum calcium < 2.38 mmol/L) to the
highest quartiles (serum calcium > 2.50 mmol/L) for the prevalence of
retinopathy determined by CNN was 1.58 (95% confidence interval [CI]:
110 - 2.27). The findings were consistent with the result discerned by
ophthalmologists, and either by CNN or ophthalmologists. These
relationships are preserved even in those without metabolic risk factors,
including hypertension, high hemoglobin Alc, high fasting blood glucose, or
high low-density lipoprotein cholesterol. Over 5 years, participants with the
sustainably low levels of serum calcium (OR: 1.58; 95%Cl: 1.05 - 2.39) and
those who experienced a decrease in serum calcium (OR: 1.56; 95%Cl: 1.04 —
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2.35) had an increased risk of retinopathy than those with the sustainably high

Conclusions: Reduced serum calcium was independently associated with an
increased risk of retinopathy in non-diabetic individuals. Moreover, reduction
of serum calcium could further increase the risk of retinopathy even in the
absence of hypertension, high glucose, or high cholesterol. This study
suggested that maintaining a high level of serum calcium may be
recommended for reducing the growing burden of retinopathy. Further

large prospective studies will allow more detailed information.

serum calcium, retinopathy, microvascular disease, non-diabetic, convolutional

Li et al.
level of serum calcium.
KEYWORDS
neural network
Introduction

Retinopathy is generally considered to be a clinical
presentation of diabetes mellitus, commonly termed diabetic
retinopathy, which is the leading cause of vision impairment and
blindness in working-aged people globally (1). However, typical
retinopathy lesions, such as microaneurysms and retinal
hemorrhages, can also be seen in middle-aged and elderly
adults without diabetes, with a prevalence rate of up to 10%
(2). As a common micro-vascular disease, recent studies have
suggested that retinopathy could significantly increase the risk of
clinical cardiovascular disease in non-diabetic individuals (2).
Although hyperglycemia had been a target in patients with
diabetes, there were no effective prevention and treatment
approach to reduce the growing burden of retinopathy in non-
diabetic individuals. Thus, identifying novel risk factors related
to retinopathy is of utmost importance to understand the
etiology and prevent the disease burden.

Calcium, the most abundant metallic element in the human
body, is an important component of bone and teeth that
participates in many important biological processes, including
cell metabolism and neurotransmission (3). A recent single-cell

Abbreviations: AMD, age-related macular degeneration; BMI, body mass
index; CI, confidence interval; Conv, convolutional; CNN, convolutional
neural network; DR, diabetic retinopathy; DBP, diastolic blood pressure;
FBG, fasting blood glucose; HbAlc, hemoglobin Alc; HDL-C, high-density
lipoprotein cholesterol; hs-CRP, high-sensitivity C reactive protein; IPTW,
the inverse probability of treatment weighting; LDL-C, low-density
lipoprotein cholesterol; NDR, nonproliferative diabetic retinopathy; OR,
odds ratio; PDR, proliferative diabetic retinopathy; ps, propensity score;
SD, standard deviation; SMD, standardized mean differences; SBP, systolic
blood pressure; eGFR, the estimated glomerular filtration rate; TC, total

cholesterol; TG, triglyceride.
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RNA sequencing study reported that abnormal calcium and
other metal ion response pathways were involved in mouse
diabetic retinopathy (4). A recent study in patients with type 2
diabetes mellitus suggested the relation between circulating
calcium levels and vision-threatening diabetic retinopathy (5).
Yet, it remains unclear whether serum calcium and its changes
are associated with the risk of retinopathy in non-diabetic
individuals, due to the different local microenvironments.

Automatic retinal image analysis is an important screening
tool for the detection of retinopathy, which can reduce the
workload of manual grading and save diagnosis cost and time
(6). Convolutional neural networks (CNN) have been proved to
have high sensitivity and specificity for detecting diabetic
retinopathy (7), and thus we have developed a computer-aided
system based on CNN with similar high accuracy (8) for
automated detection of retinopathy in retinal fundus
photographs from a community-based cohort study.
Thereafter, this study aimed to explore the association of
serum calcium level and five-year changes in calcium with the
risk of retinopathy prevalence, and further investigate the joint
impact of serum calcium and metabolic risk factors on the
retinopathy in non-diabetic individuals.

Materials and methods
Study design and study population

The study population was recruited from the Chinese Multi-
Provincial Cohort Study-Beijing Project. The design and
selection criteria have been previously described (9, 10). A
total of 1941 participants without diabetes who participated in
the examinations on demographic characteristics and traditional
risk factors in 2012 were included in this study. Retinal images
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were collected from 1901 participants (97.9%). After excluding
those with incomplete data (n=65), 1836 participants were
included for analyzing the relation between serum calcium
level and retinopathy prevalence. Of these, 1407 non-diabetic
participants with data on serum calcium in both the 2007 survey
and the 2012 survey were included for analyzing the association
of five-year changes in serum calcium with retinopathy
(Figure S1).

The study was approved by the Ethics Committee of Beijing
An Zhen Hospital, Capital Medical University, and written
informed consent was obtained from all participants. All
research adhered to the tenets of the Declaration of Helsinki.

Measurement of serum calcium

Serum levels of total calcium were determined by Arsenazo
I colorimetry (Beckman Coulter, Brea, America) using fresh
samples on the day of collection. This assay has a functional
sensitivity of 0.01 mmol/L. The mean coefficient of variation was
0.57%. Albumin levels were tested by the bromocresol green
colorimetric method (Beckman Coulter, Brea, America), and the
mean coefficient of variation was 1.30%. Serum levels of total
calcium and albumin were measured using the same method in
both the 2007 and 2012 surveys. The levels of albumin-corrected
calcium were calculated according to the following formula (11):
albumin-corrected calcium (mmol/L) = measured total calcium
(mmol/L) + 0.02 x [40 - albumin (g/L)].

Retinal photography and definition
of retinopathy

A standardized ophthalmologic examination was performed
by a trained ophthalmologist. After 5 minutes of dark
adaptation, macular-centered 45° digital retinal photographs of
each eye were obtained using a color fundus camera (Canon
EOS) without pharmacological mydriasis. Images were saved in
JPEG format with a resolution of 3888x2592 pixels. Retinopathy
was determined by a trained ophthalmologist in the ocular
examination and defined as the presence of any lesions of
micro hemangioma, hemorrhage, exudation, cotton spots,
and neovascularization.

Furthermore, a computer-aided system based on CNN was
developed to detect retinopathy and lesion area marking. The
design and methods have been previously described (8). Briefly,
35 092 retinal images were obtained from the Kaggle database.
The images were already classified into five grades (grades 0: no
apparent retinopathy; grade 1: mild nonproliferative diabetic
retinopathy; grade 2: moderate nonproliferative diabetic
retinopathy; grade 3: severe nonproliferative diabetic
retinopathy; grade 4: proliferative diabetic retinopathy) using
international clinical diabetic retinopathy severity scales (12) as
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the reference standard. At first, two CNNs were constructed and
trained as a weak learner. The main difference between the two
network models was that the convolution kernels had different
sizes. Next, the features of the last pooling layers were extracted
repeatedly using different data augmentation. The mean and
standard deviation of the features were stored as the input of a
strong learner; the output of the strong learner was the final
classification results (Figure 1). In the test set, the classification
accuracy was 80%, and the kappa value was 84%. In the present
study, retinopathy grade was obtained from all the retinal images
using this computer-aid system, and retinopathy was defined as
grades 1-4 in any retinal images of the participant. Retinopathy
severity was defined as the maximum grade in all images of one
participant. In the sensitivity analyses, retinopathy was also
defined as meeting any diagnostic criteria of retinopathy of
CNN or ophthalmologist.

Assessment of relevant covariates

Information on demographic characteristics, lifestyle factors,
and personal medical history were collected using a standardized
questionnaire. Anthropometric measurements, including height,
weight, and blood pressure, were obtained by trained physicians
during physical examination. Body mass index (BMI) was
calculated according to the following formula: weight in
kilograms divided by height in meters squared. Blood pressure
was calculated by averaging three consecutive recordings,
measured at the right-side brachial artery with the participants
in a sitting position using a mercury sphygmomanometer after
resting for at least 5 minutes. Hypertension was defined as
systolic blood pressure > 140 mmHg, diastolic blood pressure
> 90 mmHg, and/or antihypertensive treatment in the last two
weeks. Smoking was defined as smoking one or more cigarettes
per day for more than 3 months. Diabetes was determined as any
of the following criteria (1): fasting blood glucose (FBG) =
7.1lmmol/L (2), hemoglobin Alc (HbAlc) > 6.5% (only in the
2012 survey) (3), the previous diagnosis by a physician, or (4)
use of insulin or glucose-lowering medications during the past
month. History of cardiovascular disease were defined as
presence of coronary heart disease or stroke events.

Laboratory measurements were performed by using fresh
samples on the day of collection. FBG levels were measured
using enzymatic methods (Beckman Coulter, Brea, America).
HbAlc levels were determined using ion-exchange high-
performance liquid chromatography (BIO-RAD Turbo,
Hercules, America). Triglyceride and total cholesterol levels
were tested by enzymatic methods (Sekisui Medical Co., Ltd,
Tokyo, Japan). High-density lipoprotein cholesterol (HDL-C)
and low-density lipoprotein cholesterol (LDL-C) levels were
measured using a homogeneous method (Sekisui Medical Co.,
Ltd, Tokyo, Japan). High-sensitivity C reactive protein (hs-CRP)
levels were analyzed using immunoturbidimetric methods
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FIGURE 1

Flow diagram of the proposed retinopathy grading system. Conv, convolutional; CNN, convolutional neural network; DR, diabetic retinopathy;
NDR, nonproliferative diabetic retinopathy; PDR, proliferative diabetic retinopathy. First, in the preprocessing stage, the retinal images as the
training set were re-cut, and the training set was expanded to balance the proportion of five grades of images. In addition, the resolution of
images was adjusted, and the preprocessed images will be unified into three different resolutions for training CNN with different layers. Second,
images with a resolution of 112x112 were used to train two CNNs with 19 layers, Net_19A and Net_19B. Using the transfer learning method,
assign the weights of the first eleven layers obtained by its training to the corresponding first eleven layers in the two CNNs with 23 layers,
Net_23A and Net_23B. Images with a resolution of 224x224 were used to train Net_23A and Net_23B. The weights of the first fifteen layers
obtained after training are assigned to the first fifteen layers of the two CNNs with 26 layers, Net_26A and Net_26B. Then images with a
resolution of 448x448 were used to train Net_26A and Net_26B. Third, after all the training of the CNN was completed, the output features of
the last pooling layer in the two network models of Net_26A and Net_26B were extracted and saved. Finally, the extracted features were used

as input data to train the final fully connected network model.

(Diasys Diagnostic Systems (Shanghai) Co., Ltd, Shanghai,
China). Creatinine levels were measured using the enzymic
method (Sekisui Medical Co., Ltd, Tokyo, Japan). Magnesium
levels were tested by the dimethyl aniline blue colorimetric
method (Beckman Coulter, Brea, America). The estimated
glomerular filtration rate (eGFR) was calculated by the
following formula (13): eGFR (mL/min/1.73m>) 186
xcreatinine (mg/dL) =~ "'** x age = %% x 1.233 (x 0.742
in females).

Sample power estimation
Until now, no studies have investigated the association

between serum calcium and retinopathy prevalence in non-
diabetic adults. In the present study, the prevalence of

Frontiers in Endocrinology

124

retinopathy was 18.0%, and the R-squared value for serum
calcium with other covariates was 0.201. The risk estimate of
serum calcium for retinopathy was 1.58. Assuming an alpha
(probability of type I error) of 0.05, the actual sample size of
1836 enabled sufficient statistical power (power = 0.87).

Statistical analysis

Participants’ characteristics were described using
percentages for categorical variables and mean + standard
deviation (SD) or medians (interquartile range) for continuous
variables across quartiles of serum calcium (cutoff points: 2.38,
2.44, and 2.50 mmol/L). Categorical variables were compared
using the chi-square test and continuous variables using the
student t-test or Wilcoxon rank-sum test. Normality was
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analyzed by Kolmogorov- Smirnov test (Table S1). Correlations
between the levels of serum calcium and other covariate were
estimated using partial correlations controlling for age and sex. P
for trend was test by binary logistic regression for categorical
variables and linear regression for continuous variables, and
quartiles of serum calcium levels were included in the models as
the independent variable.

Odds ratio (OR) for the risk of retinopathy prevalence
associated with serum calcium levels were calculated using the
binary logistic regression model controlling for traditional risk
factors of retinopathy and variables associated with calcium
levels, including: age (per 1 years), sex, BMI (per 1 kg/mz),
smoking, systolic blood pressure (< 140 mmHg, 140-159 and >
160 mmHg), antihypertensive treatment, HDL-C (= 1.04 [male]/
1.30 [female] mmol/L and < 1.04 [male]/1.30 [female] mmol/L),
LDL-C (< 3.4 mmol/L and > 3.4 mmol/L), natural log-
transformed triglyceride, lipid-lowering treatment, natural log-
transformed hs-CRP, albumin (per 1 g/L), eGFR (per 1 mL/min/
1.73m?), serum magnesium (per 0.1 mmol/L decrease), and FBG
(<5.19 [median] mmol/L and > 5.19 mmol/L) or HbAlc (< 5.6%
[median] and > 5.6%). Serum calcium levels as a continuous
variable (per SD decrease) and a categorical variable (the highest
quartile of calcium as the reference) were included in the
analyses, respectively.

To investigate the dose-response relationship between
retinopathy prevalence risk and serum calcium as a
continuous variable, the restricted cubic splines in logistic
regression were performed, with three knots (10th, 50th, and
90th percentiles of calcium) recommended according to Loic
Desquilbet and FrangoisMariotti (14, 15) and the first quartile of
calcium (2.38 mmol/L) as the reference.

Subgroup analyses were performed using traditional risk
factors, including age (< 65 years, > 65 years), sex, BMI (< 24 kg/
m?, > 24 kg/mz), smoking, hypertension, hs-CRP (< Img/L, > 1
mg/L), HDL-C (< 1.04 [male]/1.30 [female] mmol/L, > 1.04
[male]/1.30 [female] mmol/L), LDL-C (< 3.4 mmol/L, > 3.4
mmol/L), triglyceride (< 1.7 mmol/L, > 1.7 mmol/L), lipid-
lowering treatment, albumin (< 45g/L [median], > 45g/L),
HbAlc (< 5.6% [median], > 5.6%), FBG (< 5.19 mmol/L
[median], > 5.19 mmol/L), and serum magnesium (< 0.92
mmol/L [median], > 0.92 mmol/L). Serum calcium levels as a
categorical variable (< 2.38 mmol/L vs. > 2.38 mmol/L) were
included in the analyses separately. Beside the grouping factors,
other factors were used as covariates. P for interaction was
assessed by including a multiplicative interaction term in the
logistic regression models to estimate the interaction on
retinopathy between calcium and subgroup variables.

Several sensitivity analyses were performed. First, the
association between serum calcium levels and retinopathy
defined by the ophthalmologist, and by CNN or
ophthalmologist was investigated. Second, participants with
pre-diabetes (FBG > 6.1 mmol/L) or those with cardiovascular
disease and whose calcium levels were not within the normal
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reference range (2.25-2.75 mmol/L) were excluded. Third, total
serum calcium was substituted with albumin-corrected calcium
for analyzing the association with retinopathy, as it may better
reflect the physiological state of calcium in the body (16). Fourth,
the association between serum calcium and retinopathy risk was
also assessed by a propensity score-based inverse probability of
treatment weighting (IPTW) method. The propensity score (ps)
was calculated using a logistic regression model in which the
level of serum calcium (< 2.38 mmol/L vs. > 2.38 mmol/L) was
the dependent variable and other covariates included age, sex,
BMI, smoking, systolic blood pressure, antihypertensive
treatment, HDL-C, LDL-C, natural log-transformed
triglyceride, lipid-lowering treatment, natural log-transformed
hs-CRP, albumin, eGFR, magnesium, and FBG. The IPTWs
were 1/ps and 1/(1-ps) for calcium < 2.38 mmol/L and > 2.38
mmol/L respectively. Group differences were evaluated by
standardized mean differences (SMD), with SMDs <0.10
indicating balance characteristics. The SMD was calculated
with IPTW unweighted and weighted (Figure S2). In the
IPTW model, only calcium level was included, and the model
was weighted by IPTW.

Joint analysis for the association of serum calcium and
metabolic risk factors with retinopathy was performed by
dividing participants into four groups according to calcium
levels and metabolic risk factors. Participants with calcium >
2.38 mmol/L and without metabolic risk factors as the reference
group. Metabolic risk factors in the present study included high
levels of HbAlc (= 5.6%), FBG (= 5.19 mmol/L), LDL-C (> 3.4
mmol/L), and hypertension.

To explore the association of five-year changes in serum
calcium with retinopathy, participants were divided into the
following four groups: maintaining a high level of serum
calcium during five years (serum calcium > 2.34 mmol/L
[first quartile] in the 2007 survey and > 2.38 mmol/L [first
quartile] in 2012 survey), serum calcium decreased from high
level to low level during five years (serum calcium >2.34 mmol/
L in 2007 survey and <2.38 mmol/L in 2012 survey), serum
calcium increased from low level to high level during five years
(serum calcium <2.34 mmol/L in 2007 survey and >2.38 mmol/
L in 2012 survey), and maintaining a low level of serum
calcium during five years (serum calcium <2.34 mmol/L in
2007 survey and <2.38 mmol/L in 2012 survey). The first group
was defined as the reference group, and binary logistic
regression models were performed to calculate the ORs of
the other three groups for the retinopathy risk by controlling
for age, sex, BMI, smoking, systolic blood pressure,
antihypertensive treatment, HDL-C, LDL-C, natural log-
transformed triglyceride, lipid-lowering treatment, natural
log-transformed hs-CRP, albumin, eGFR, serum magnesium,
and FBG.

To investigate whether missing data would lead to potential
bias, comparisons were performed between participants
included in the study and those excluded due to incomplete
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data (Tables S2, S3). No significant differences in general
characteristics were observed.

All statistical analyses were performed using the R software
(version 3.6.2, R Foundation for Statistical Computing). A P
value of < 0.05 on the two-sided test was considered statistically
significant. Sample size estimation was calculated using the
PASS software (version 11.0, NCSS, Kaysville, UT).

Results

General characteristics of
the participants

Among 1836 non-diabetic participants, the mean age was
66.4 (+7.8) years, and 42.5% were males. The mean (range) level
of serum calcium was 2.44 (2.06, 2.85) mmol/L, with an SD of
0.11. The mean (range) level of albumin-corrected calcium was
2.34 (1.93, 2.71) mmol/L. The participants’ characteristics, when
stratified into serum calcium quartile, are shown in Table 1.
Statistically significant trends were found for all known

10.3389/fendo.2022.973078

cardiovascular risk factors (all P < 0.05), except for eGFR and
age. Participants with a lower level of serum calcium were more
likely to be smokers. In addition, individuals with the lowest
quartiles of serum calcium had higher BMI and hs-CRP, but
lower blood pressure, lipids, glucose, and rates of related
treatments. Weak correlations were found between serum
calcium and cardiovascular risk factors after controlling for
age and sex (Figure S3).

The association of serum calcium
with retinopathy

The prevalence of retinopathy determined by CNN and
ophthalmologists was 18.0% and 5.9% in non-diabetic
participants, respectively (Figure 2). Serum calcium was
negatively associated with retinopathy prevalence (Figure 2
and Figure S4). After multivariate adjustment, participants
with the lowest quartiles (<2.38mmol/L) of serum calcium had
a significantly higher risk for the prevalence of retinopathy
discerned by CNN (OR: 1.58; 95% confidence interval [CI]:

TABLE 1 The characteristics of participants across the quartiles of serum calcium.

Characteristic * Quartiles of serum calcium (mmol/L) P for trend
<2.38 (n =435) 2.38~2.44 (n = 457) 2.44~2.50 (n = 434) >2.50 (n = 510)

Calcium, mmol/L 2.32 £ 0.04 2.41 +0.02 2.46 +0.02 2.56 = 0.06 < 0.001
Albumin-corrected calcium, mmol/L 2.24 £ 0.05 2.30 £ 0.05 2.36 = 0.05 2.43 +0.06 < 0.001
Age, years 64 (59, 74) 64 (59, 72) 67 (59, 74) 66 (59, 73) 0.104
Male, n (%) 227 (52.2) 187 (40.9) 183 (42.2) 184 (36.1) <0.001
Body mass index, kg/mz 24.7 (22.6, 27.1) 24.3 (224, 26.7) 23.8 (22.0, 26.1) 23.9 (21.9, 26.1) < 0.001
Smoking, n (%) 64 (14.7) 59 (12.9) 49 (11.3) 41 (8.0) 0.001
Systolic blood pressure, mmHg 135.3 (125.3, 147.7) 135.0 (124.5, 145.0) 135.3 (125.3, 145.3) 138.0 (128.0, 148.3) 0.005
Diastolic blood pressure, mmHg 77.3 (72.3, 84.7) 79.0 (72.7, 84.7) 78.2 (72.3, 84.7) 80.3 (73.3, 85.8) 0.017
Hypertension, n (%) 245 (56.3) 248 (54.3) 249 (57.4) 328 (64.3) 0.006
Antihypertensive treatment, n (%) 163 (37.5) 161 (35.2) 164 (37.8) 240 (47.1) < 0.001
Fasting blood glucose, mmol/L 5.08 (4.81, 5.42) 5.16 (4.87, 5.50) 5.22 (4.90, 5.54) 5.30 (4.97, 5.63) < 0.001
Hemoglobin Alc, % 5.6 (5.4, 5.8) 5.7 (5.4, 5.9) 5.7 (5.4, 5.9) 5.7 (5.4, 5.9) 0.010
Pre-diabetes, n (%) 27 (6.2) 29 (6.3) 22 (5.1) 52 (10.2) 0.031
Total cholesterol, mmol/L 5.09 + 0.95 5.31 + 1.01 527 +1.01 5.44 + 1.09 < 0.001
LDL-C, mmol/L 2.98 +0.81 3.11 +£0.88 3.07 £ 0.81 3.18 £ 0.92 0.001
HDL-C, mmol/L 1.27 (1.08, 1.47) 1.28 (1.11, 1.49) 1.33 (1.13, 1.56) 1.37 (1.16, 1.59) < 0.001
Triglyceride, mmol/L 1.25 (0.87, 1.75) 1.37 (0.97, 1.98) 1.37 (0.98, 1.85) 1.40 (1.01, 2.02) < 0.001
Lipid-lowering treatment, n (%) 62 (14.3) 83 (18.2) 113 (26.0) 142 (27.8) < 0.001
Hs-CRP, mg/L 1.16 (0.59, 2.52) 0.99 (0.52, 1.94) 0.85 (0.43, 1.76) 0.78 (0.39, 1.59) < 0.001
Albumin, g/L 4431 £ 2.24 45.2 +2.29 4531 +2.34 46.25 + 2.26 < 0.001
eGFR, mL/min/1.73m? 109.40 (96.14, 121.99) 108.75 (95.86, 119.79) 105.22 (95.74, 119.59) 105.42 (92.80, 117.82) 0.131
Magnesium, mmol/L 1.27 (1.08, 1.47) 1.28 (1.11, 1.49) 1.33 (1.13, 1.56) 1.37 (1.16, 1.59) 0.026
History of cardiovascular disease, n (%) 32 (7.4) 33 (7.2) 31 (7.1) 35 (6.9) <0.001

eGFR, the estimated glomerular filtration rate; HDL-C, high-density lipoprotein cholesterol; hs-CRP, high-sensitivity C reactive protein; LDL-C, low-density lipoprotein cholesterol.
“Data are expressed as mean (standard deviation) for continuous variables in the case of normal distributions and median (interquartile range); otherwise, as number (percent) for

categorical variables.
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FIGURE 2

Prevalence of retinopathy discerned by CNN, ophthalmologist, and by either CNN or ophthalmologist. CNN, convolutional neural network. P: P

for trend tested by chi-square test for trend.

1.10-2.27; P =0.015) than those with the highest quartiles
(Table 2 and Table S4). The ORs remained unchanged after
the adjustment of HbAlc substituting for FBG. These findings
were consistent with data provided by the ophthalmologist, and
by either CNN or the ophthalmologist (Table 2). The
relationship between serum calcium and retinopathy
prevalence remained significant after excluding participants

with pre-diabetes, history of cardiovascular disease, or those
without a normal reference range of serum calcium (Table S5),
as well as substituting total calcium for albumin-corrected
calcium (Table S6). In a IPTW sample, participants with
calcium < 2.38 mmol/L had a 56% increased risk of
retinopathy compared to those with calcium > 2.38 mmol/L
(OR: 1.56; 95% CI: 1.32-1.84; P <0.001).

TABLE 2 Logistic regression analyses of serum calcium quartiles and per SD decrease with retinopathy.

Diagnostic methods Calcium (mmol/L)

CNN >2.50
2.44-2.50
2.38-2.44

<2.38
Per SD

Ophthalmologist >2.50
2.44-2.50
2.38-2.44

<2.38
Per SD

CNN or ophthalmologist * >2.50
2.44-2.50
2.38-2.44

<2.38
Per SD

CNN, convolutional neural network; SD, standard deviation; OR, odds ratio.

Unadjusted

Reference
1.00 (0.71, 1.40)
0.97 (0.69, 1.36)
1.40 (1.01, 1.93)
1.14 (1.00, 1.29)

Reference
242 (1.12, 5.22)
3.89 (1.90, 7.99)
5.77 (2.87, 11.59)
1.89 (1.52, 2.35)

Reference
1.17 (0.84, 1.62
1.18 (0.85, 1.63
1.78 (1.31, 2.43

)
)
)
1.26 (1.11, 1.42)

Model 1

Reference
1.05 (0.74, 1.50)
1.09 (0.76, 1.56)
1.58 (1.10, 2.27)
1.20 (1.04, 1.38)
Reference
2.85 (1.30, 6.26)
5.05 (2.39, 10.66)
8.48 (4.00, 18.02)
2.30 (1.77, 2.97)
Reference
1.28 (0.91, 1.79)
1.39 (0.99, 1.96)
2.22 (1.56, 3.14)
1.39 (1.21, 1.60)

Model 2

Reference
1.05 (0.74, 1.49)
1.08 (0.75, 1.54)
1.55 (1.08, 2.23)
1.19 (1.03, 1.37)

Reference
2.80 (1.28, 6.14)
4.89 (232, 10.31)
8.14 (3.84, 17.25)
2.26 (1.74, 2.92)

Reference
1.27 (0.90, 1.78)
1.37 (0.97, 1.93)
2.17 (1.53, 3.07)
1.38 (1.20, 1.58)

“Retinopathy is defined as meeting any diagnostic criteria of retinopathy of CNN or ophthalmologist. Model 1: adjusted for age, sex, body mass index, smoking, systolic blood pressure,
antihypertensive treatment, high-density lipoprotein cholesterol, low-density lipoprotein cholesterol, natural log-transformed triglyceride, lipid-lowering treatment, fasting blood glucose,
natural log-transformed high-sensitivity C-reactive protein, albumin, the estimated glomerular filtration rate, and magnesium. Model 2: model 1 + hemoglobin Alc substituting for fasting
blood glucose.
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No differences were found between serum calcium and
retinopathy prevalence among various subgroups (Figure S5).
Further joint analysis showed that a low level of serum calcium
exaggerated the impact of high glucose or high cholesterol on
retinopathy risk. Compared with participants with HbAlc
<5.6% and calcium >2.38 mmol/L, participants with HbAlc
level 25.6% but serum calcium <2.38 mmol/L had 62% higher
risk for retinopathy (OR: 1.62; 95%CIL: 1.09-2.40; P =0.023).
However, participants with HbAlc 25.6% and serum calcium
>2.38 mmol/L had a comparable risk as those with a low level of
HbA1lc (<5.6%) but the same level of serum calcium (Figure S6).
Similar results were found when analyzing FBG and LDL-C.

The association of five-year changes in
serum calcium with retinopathy

Changes in serum calcium over 5 years and their association
with the risk of retinopathy prevalence were further investigated
among participants without diabetes over 5 years. There are 11.8%
of participants maintained a low level of serum calcium over 5
years, and they had a 58% increased risk for retinopathy discerned
by CNN (OR: 1.58; 95%CI: 1.05-2.39, P =0.030), compared with
those who maintained their serum calcium at a high level.
Another 12.4% of participants experienced a decrease in serum
calcium from high level to low level over the period, and they had
a 56% increased risk (OR: 1.56; 95%CI: 1.04-2.35, P =0.033).
However, participants whose serum calcium increased from low

10.3389/fendo.2022.973078

level to high level over 5 years did not have a heightened risk for
retinopathy (OR: 1.27; 95%CI: 0.82-1.97, P =0.278) (Table 3).
Similar results were found in the association of changes in serum
calcium with retinopathy discerned by the ophthalmologist, and
by either CNN or the ophthalmologist.

Discussion

In this large community-based study, we examined the
association between serum calcium levels and changes with
retinopathy, based on reliable and repeated measurements of
serum calcium, as well as a clear diagnosis of retinopathy by the
ophthalmologist and deep learning. After controlling for
covariates, reduced levels of serum calcium were significantly
associated with an increased risk of retinopathy prevalence
among non-diabetic individuals. Moreover, these relationships
are preserved even among those without hypertension, high
glucose, or high cholesterol levels. These findings suggested
important implications of calcium metabolism for current
retinopathy management strategies. However, as the potential
for confounding may exist, further studies are warranted.

Limited evidence reported the association between serum
calcium and the risk of retinopathy in non-diabetic individuals,
a common micro-vascular disease that may precede
macrovascular disease. The present study explored the
contribution of serum calcium concentrations to the risk of
retinopathy and suggested that reduced serum calcium is

TABLE 3 The association between five-year changes in serum calcium and retinopathy.

The five-year changes in serum calcium levels n/N (%) OR (95%CI)* p
Retinopathy discerned by CNN

Sustainably high-level® 155/912 (17.0) Reference

Decreased from high level to low level® 41/174 (23.6) 1.56 (1.04, 2.35) 0.033
Increased from low level to high level? 31/154 (20.1) 1.27 (0.82, 1.97) 0.278
Sustainably low level® 41/167 (24.0) 1.58 (1.05, 2.39) 0.030
Retinopathy discerned by the ophthalmologist

Sustainably high-level® 41/912 (4.5) Reference

Decreased from high level to low level® 17/174 (9.8) 2.62 (1.41, 4.88) 0.002
Increased from low level to high level® 10/154 (6.5) 1.52 (0.74, 3.13) 0.254
Sustainably low level® 24/167 (14.4) 4.14 (2.35, 7.32) <0.001
Retinopathy discerned by either CNN or the ophthalmologist

Sustainably high—levelb 177/912 (19.4) Reference

Decreased from high level to low level® 48/174 (27.6) 1.71 (1.16, 2.53) 0.007
Increased from low level to high level® 35/154 (22.7) 1.27 (0.83, 1.92) 0.268
Sustainably low level® 54/167 (32.3) 2.14 (1.46, 3.14) <0.001

CI, confidence interval; CNN, convolutional neural network; N, number; OR, odds ratio.

“ORs were calculated by logistic regressions after adjusting for age, sex, body mass index, smoking, systolic blood pressure, antihypertensive treatment, high-density lipoprotein cholesterol,
low-density lipoprotein cholesterol, natural log-transformed triglyceride, lipid-lowering treatment, fasting blood glucose, natural log-transformed high-sensitivity C-reactive protein,

albumin, the estimated glomerular filtration rate, and serum magnesium.

“Serum calcium >2.34 mmol/L (first quartile) in the 2007 survey and >2.38 mmol/L (first quartile) in the 2012 survey.

“Serum calcium >2.34 mmol/L in the 2007 survey and <2.38 mmol/L in the 2012 survey.

dSerum calcium <2.34 mmol/L in the 2007 survey and >2.38 mmol/L in the 2012 survey.

Serum calcium <2.34 mmol/L in the 2007 survey and <2.38 mmol/L in the 2012 survey.
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independently associated with a higher risk of retinopathy in non-
diabetic individuals, and this impact remained significant in
participants without other reported influential factors separately.
With the extension, our study further investigated the association
between five-year changes in serum calcium and retinopathy and
found that the sustainable decrease of serum calcium levels was
significantly associated with an increased risk of retinopathy.

Limited evidence was found on the impact of serum calcium
on retinopathy among non-diabetic adults. Calcium balance in
circulation changes during life stages and is mostly determined
by body calcium requirement and dietary calcium intake.
Previous studies have reported that decreased serum vitamin
D, as the influential factor of body calcium requirement, was
associated with an increased risk of retinopathy prevalence
among 5120 non-diabetic participants in the Rotterdam Study
(17). The reduction of vitamin D could lead to low serum
calcium levels by reducing the reabsorption of calcium by
renal tubules and inhibiting the absorption of calcium by
intestinal mucosal epithelium (18), suggesting the potential
role of serum calcium on the risk of retinopathy in non-
diabetic individuals. Meanwhile, the Blue Mountains Eye
Study (19) and Age-Related Eye Disease Study (20) all found
that decreased dietary calcium intake was associated with a
higher risk of late age-related macular degeneration (AMD)
incidence, suggesting the possibility of targeting calcium to
prevent retinopathy. Previous studies found that smoking was
associated with a higher risk of retinopathy (21). In our study,
participants with a lower levels of serum calcium were more
likely to be smokers, suggesting that the potential impact of
smoking on the association between the risk of retinopathy and
serum calcium levels.

However, a recent study conducted in patients with type 2
diabetes has shown the opposite findings compared to the
present study among non-diabetic individuals, with a high
level of serum calcium independently associated with the
increased risk of diabetic retinopathy (5). Several reasons may
account for the difference. First, the study patients were all from
hospitals and recruited over a 10-year period, which was
different from the population without diabetes recruited from
the community in the present study. Second, the underlying
pathogenesis of retinopathy may be different between diabetic
and non-diabetic individuals (22). Third, calcium metabolism
may be different in individuals with and without diabetes.
Compared with non-diabetic individuals, the calcium ion
metabolism of diabetic patients is in a negative balance state
(23), mainly manifested as increased calcium excretion in urine.
Finally, the association of high glucose or high cholesterol with
retinopathy was not found in non-diabetic individuals in the
present study. Reduction of serum calcium could unexpectedly
exaggerate the impact of high glucose or high cholesterol on the
risk of retinopathy, even at a normal level. By these findings,
elevated glucose may alter calcium homeostasis in the retina (24)
and enhance constriction of retinal venules through activation of
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the reverse-mode sodium-calcium exchanger (25). On the other
hand, abnormalities in circulating calcium levels could have a
crucial role in insulin release and glucose homeostasis (26). The
impact of decreased calcium on the relation between high
glucose and retinopathy risk warrants prospective assessment
in the future.

Several in vivo and in vitro studies support the association
between lower serum calcium levels and a higher risk of
retinopathy. When serum calcium levels decrease, the
intracellular calcium increases, which is known as “the
abnormal calcium influx” (27), thus causing the vascular
smooth muscle to contract, and eventually increasing vascular
resistance (28). Low serum calcium levels may also stimulate the
release of parathyroid hormone and renin, thereby increasing
calcium in smooth muscle cells and leading to vasoconstriction
(28). The increasing vascular resistance and vasoconstriction
further lead to the reduction of blood flow, which may be crucial
for retinopathy where blood flow regulation is disrupted. In
addition, previous animal studies demonstrated that the
reduction of glial calcium signaling could cause capillary
contraction, thereby reducing capillary blood flow in the
mouse retina (29). However, the potential mechanism between
calcium and retinopathy remains unknown and requires
external validation to corroborate its utility.

This study has a few limitations. First, this cross-sectional
analysis from a community-based cohort study suggested a
possible association between low calcium and a higher risk of
retinopathy; however, the causal-effect relationship cannot be
inferred. Consequently, further prospective studies are needed.
Second, some potential confounding factors, which may regulate
or affect serum calcium levels and changes, were unavailable,
including dietary calcium, serum parathyroid hormone, serum
vitamin D, several drugs (calcium salts, calcium supplements,
vitamin D supplements, glucocorticosteroids, antiresorptive
drugs, recombinant parathyroid hormone) (30), and the
circadian variation in serum calcium (31). Third, the ionized
calcium level was not measured in the present study, which
represents the physiologically active fraction of serum calcium.
Although total calcium levels and albumin-adjusted calcium
levels have been reported to be reasonably correlated to
ionized calcium levels (32, 33), further studies are needed to
explore the association between retinopathy and ionized calcium
levels in non-diabetic individuals.

In conclusion, our study suggested that a low level of serum
calcium and its sustainably decrease over five years were
independently associated with an increased risk of retinopathy
prevalence in non-diabetic individuals. Moreover, reduction of
serum calcium can increase the risk of retinopathy even among
individuals without high glucose, high LDL-C, or hypertension.
This study provides an important clue on the risk of retinopathy
associated with reduced calcium and foundational data for
future intervention studies, which are essential if targeting
calcium is to be considered to prevent disease burden. Yet,
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more studies are needed to obtain detailed information and
determine causal-effect relationship, and to investigate the role
of altered calcium homeostasis in the pathogenesis of the
microvascular disease.
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Sweetened beverage consumption is particularly important in countries such as
Kuwait, where the prevalence of obesity is high, and most children drink
sweetened beverages daily. To assess the relationship between three most
commonly consumed beverages, (soda, milk, and juice) and the incidence of
obesity among Kuwaiti children at the critical age of 10-12 year, Longitudinal
cohort data of 6,305 children on initial presentation in 2012 (age, 10 years) and
follow-up in 2014 (age, 12 years) were obtained from the Kuwait Healthy Life
Study. The servings for the three beverages (soda, juice, and milk) were
calculated as servings per day groups (0, 1-2, and 3 servings/day or more).
Multivariate logistic regression was performed to assess the relationship between
developing obesity during 2012-2014 and soda, juice, and milk consumption.
Model selection was based on clinically relevant covariates and potential
confounders using stepwise model selection. Six percent children become
obese between baseline and follow-up visits. High soda drinking showed
significant association with developing obesity. High milk consumption (more
than 3 servings a day) was also significantly associated with developing obesity.
Potential confounders included in the final model were age, sex, governorates,
and fitness level, of which none were significant confounders or effect modifiers
for the association. Children with high soda consumption had significantly higher
prevalence of obesity. High obesity prevalence was observed with high milk
consumption at a lower significance level but not with high juice consumption.

KEYWORDS

adolescent obesity, beverage, weight, BMI - body mass index, SSB products

1 Introduction

The effect of sugar-sweetened beverage (SSB) consumption on obesity development is
an increasing healthcare concern (1). Although epidemiological data for adults reveal that
sugar consumption is associated with type 2 diabetes (T2D) directly and indirectly (2),
limited comparable data are available for children. Obesity and type 2 diabetes have a
strong association. The risk and severity of type 2 diabetes are connected to body mass
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index (BMI). Obese people are seven times more likely to get
diabetes than normal-weight people, whereas overweight people
are three times more likely (3).

Nutrition evolution, fast socioeconomic developments, and
westernization have all had a substantial impact on Kuwaiti
adolescents’ lifestyle and dietary preferences during the last few
decades, which has led in a significant shift in eating patterns, with
fast food becoming an integral component of the Kuwaiti diet (4).
Another study on Kuwaiti adolescents proposed the factors of
weight gaining would be that Kuwaiti teenagers prefer high-
energy snacks such as soft drinks and sugar-sweetened beverages,
sweets, chocolate, potato chips, French fries, and fast food, which
replace nutritious foods such as vegetables, whole grain products,
and milk (5). Adolescents may gain weight if they consume
unhealthy snacks instead of main meals on a regular basis.

Kuwait has one of the world’s highest percentage of adults with
obesity (6, 7) and diabetes (8, 9). In 2005, a survey showed that
75.5% of Kuwaiti adults were overweight and 42.1% were obese
(10), although these percentages were high, the more alarming
observation was the rapid increase to 80.4% of overweight
individuals and 47% of obese individuals for both sexes after 2
years (11). In 2009 a study reported, 10-14-year-old Kuwaiti
children had an overall prevalence of 30.7% and 14.6% with
respect to being overweight and obese (12).

In 2015, the World Health Organization (WHO) made several
recommendations to reduce sugar intake, mainly because of its role
in obesity and dental caries (13). Several studies have examined the
relationship between SSB and obesity (14, 15). Soft drinks, in
particular, have been assessed because they represent the primary
source of added sugar in the diet, accounting for approximately 36%
of the total added sugar consumed (16).

The dietary habits of Kuwaitis has major changed because of
their lifestyle transformation, particularly after the Gulf War in
1990 (17). Honkala et al. showed that 13-year-old Kuwaiti children
consume a higher proportion of soft drink consumption than
children from 34 countries participating in their study (18).
Approximately 75% of Kuwaiti children in that study consumed
soft drinks every day (18). To our knowledge, no longitudinal
studies have assessed the effect of beverage consumption of
children on obesity development in the Middle East and North
Africa (MENA) region (19).

With such an alarming percentage of obesity and high soft
drink consumption, this longitudinal cohort study was conducted
to assess the relationship between three most commonly consumed
beverages, (soda, milk, and juice) and the incidence of obesity
among Kuwaiti children over 2 years.

2 Methods
2.1 Subjects and study design

We obtained data of Kuwaiti children enrolled in Kuwait public
schools. All participants were Kuwaiti nationals, and only 4™ and

5" _grade Kuwaiti students were included in the study. Participants
were selected to represent each of the six Kuwait governorates. All
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children provided a signed parent/guardian informed consent in
Arabic, and assent for adolescents was obtained on the day of the
school visit. The first school visit (baseline) occurred in 2012, in
which 8,317 students participated. In 2014, 6,316 adolescents from
the original sample enrolled in the follow-up visit. Longitudinal
data were collected from this second group. Data from 11 subjects
were excluded owing to incomplete information, and thus, the final
sample size was 6,305 subjects. Both the Dasman Diabetes Institute
Ethical Review Committee in Kuwait and the Forsyth Institutional
Review Board reviewed and approved the study. The study used a
longitudinal observational prospective analysis. We describe further
details of the study elsewhere (20-22).

2.2 Beverage scoring

A questionnaire was prepared and administered in Arabic and
English via iPads. Children were asked to select what they usually
ate and drank with each meal and as a snack. The list of food items
was based on responses from a pilot study conducted among 95
Kuwaiti schoolgirls before launching the survey (23). The dietary
preference questions included 79 food and beverage items with
accompanying pictures, and food selection options were modified
to reflect the regularly consumed foods in Kuwait. Interviewers
queried the children regarding the food items they usually ate for
breakfast, lunch, dinner, and snacks. Following the questions on
food preferences, questions on portions were presented, with
pictures provided to assess the difference between portion sizes,
e.g., one can, two cans, and three or more cans of soda with each
meal. At the end of food selection, we asked the children if they
preferred diet or regular soda and if they drink flavored or
unflavored milk. The beverage for breakfast, lunch, dinner, and
snacks was added to give a total number of servings. By this
procedure, we obtained total servings per day for each of the
three commonly used beverages (soda, juice, and milk). We
excluded coffee and tea owing to a minimal number of subjects
consuming these beverages. We computed the servings for each of
the three beverages (soda, juice, and milk) as servings per day
categories (0, 1-2, and 3 servings/day or more). Those who reported
0 serving a day were considered to have no consumption of the
beverage. We analyzed consumption of drinks in three categories,
i.e,, non-consumers (0 serving/day), moderate consumers (1-2
servings/day), and high consumers (> 3 servings/day).

2.3 Obesity measurements

During the two visits, both weight and height were measured.
Weight (kg) and height (cm) were used to compute the body mass
index (BMI) of each participant. At each visit, we categorized the
participants as either obese or nonobese utilizing the WHO
definition of obesity with the use of BMI Z-score obesity cutoff
(24). If the participant had a Z-score higher than 2 standard
deviations, they were considered obese. Children were either
obese or nonobese at baseline and follow-up. Based on these two
visits, participants were placed in one of four groups, i.e., became

obese, remained nonobese, remained obese, and became nonobese.
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2.4 Data management and statistical
analysis

At both visits, the four groups based on obesity status were used
to identify children who developed obesity during the study period.
The children who were nonobese at baseline and became obese at
follow-up were identified as the “became obese group” (Group 1).
Children in this group developed obesity during the two-year
monitoring period. Children who were nonobese at baseline and
remained nonobese at follow-up were identified as the “remained
nonobese group” (Group 2). Children who were obese at baseline
and remained obese at follow-up were identified as the “remained
obese group” (Group 3). Children who were obese at baseline and
became nonobese at follow-up were identified as the “became
nonobese group” (Group 4). To analyze the effect of age, we
divided the children into two groups, i.e., above and below the
median age (9.9 years) at baseline visit. Fitness level was measured
using the Queens College step test (25) as the increase in heart rate
(beats/minute) following a standard exercise. The chi-square test
was used to determine the significance level between the children
who developed obesity and the other groups combined. Binary
group differences in sex, age, and fitness level, along with
consumption percentages of different levels of soda, juice, and
milk consumed, were tabulated.

We analyzed the association between the three beverages
consumed and developing obesity within the two-year study
period using univariate logistic regression. The univariate logistic
regression analysis was performed to assess the crude association
between each beverage and the odds of developing obesity. To
identify confounders, the following variables were tested separately
using logistic regression based on clinical relevance and possibility
of being confounders: age, sex, governorate, blood pressure, fitness
level, salivary glucose level, and salivary high-density lipoprotein
cholesterol (HDLC) level. None of these variables had an odds ratio
(OR) of 210% difference compared to the crude association OR with
any of the three beverages. We added variables to the stepwise
selection model keeping only significant variables at a significance
level of p = 0.05. Age, governorate, and fitness level were significant,
but sex was not. All other tested variables were not statistically
significant and therefore were not added to the completely adjusted
multivariate model. We created interaction terms for all variables
and found no significant effect modification. We examined the
goodness of fit for all of the three beverages using the Hosmer-
Lemshow test, and all three were found to have sufficient goodness
of fit. The crude and completed adjusted models are found in
Table 1. The children who developed obesity (Group 1) were the
group of interest. We tested these children against all the other three
groups combined. Table 2 demonstrates the crude association and
the fully adjusted model for Group 1 against each group separately,
first against the “remained nonobese group” (Group 2) alone,
followed by the “remained obese group” (Group 3) alone, and
finally against the “become a non-obese group” (Group 4) alone. To
test the trend between the categories for each beverage in both crude
and adjusted models, we used the categorical beverage variable
coded as a continuous variable. The p-value was <0.05 which
showed a statistically significant trend between categories.
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A cross-sectional analysis of the baseline data was conducted using
multivariate logistic regression analysis after adjusting for age, sex,
governorate, and fitness level to compare it to longitudinal analysis.

3 Results

The study included 6,305 children (Figure 1). At baseline, 4,171
(66.1%) were non-obese and 2,134 (33.9%) were obese. The target
population in Group 1 (n = 378, 6%) developed obesity between
baseline and follow-up visits. Group 2 (n = 3,793, 60.2%) were non-
obese at baseline and remained non-obese at follow-up visit. Group
3 (n = 1,827, 28.9%) were obese at baseline and remained obese at
follow-up. Group 4 (n = 307, 4.9%) became non-obese at follow-up.

Table 1 illustrates the characteristics of participants who
became obese (Group 1) and those who did not (Groups 2, 3, and
4). Girls from all age groups, and children (boys and girls) less than
9.9 years old had a higher tendency to develop obesity (p < 0.001).
Fitness level did not differ significantly between those who
developed obesity and those who did not (p = 0.143). We found
none of the comparisons of moderate consumption (1-2 servings)
of juice and milk to be significantly associated with obesity.
Children who developed obesity during the study period reported
the highest percentage of individuals with high consumption of
soda (12.43% compared to 7.4%, p = 0.001). By this analysis, high
milk consumption was also not found statistically significant with
the obese. (5.6% compared to 3.3%, p = 0.057). Children consuming
juice did not differ significantly in the percentage of becoming obese
(17.2% compared to 15.7%, p = 0.116).

The association of the different beverages and the odds of
becoming obese (Table 2) demonstrated that participants who
reported to have high soda consumption had an OR of 1.68 in
becoming obese compared to those who reported without soda
consumption (p = 0.004). Subjects who reported high consumption
of milk had odds of 1.78 times than that of becoming obese compared
to those who reported without milk consumption (p = 0.018).
Adjustment for potential confounders did not alter this association
between obesity and soda consumption. Milk had a similar effect, as
those who reported with high consumption had an OR of 1.77 in
becoming obese compared to those who reported with no milk
consumption at all (p = 0.019). Consumption of juice (OR = 1.11)
did not significantly affect the percentage of children who became
obese (p = 0.494).

A comparison of the obese group (Group 1) with each of the
other three groups is shown in Table 3. By this analysis, we found that
children who reported high soda consumption showed significantly
higher odds of being obese than those who reported with no soda
consumption for every group comparison. We found the highest
odds of becoming obese in those who became obese compared to the
children who became non-obese at follow-up (OR = 2.42, p = 0.005).
Milk was only significant when we compared children who became
obese (Group 1) to children who were nonobese at both visits (OR=
1.87, p = 0.013). We did not find that consumption of milk was
significantly associated with any of the other groups. Consumption of
juice was also not significantly associated with any group. None of the
tests in Table 3 any significant trend.
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TABLE 1 Characteristics of Kuwaiti children by obesity change status from 2012 to 2014 using the chi-square test.

Those who became obese

Those who did not become obese

Variable P value
(Group 1, n = 378, 6%)* (Group 2,3 and 4, n = 5927, 94%)"

Sex <0.001**

Female 229 3729

3,958 (62.8%) 60.6% 62.9%

Male 149 2198

2,347 (37.2%) 39.4% 37.1%

Age * <0.001**

Younger (<9.9 years) 217 872

3,157 (50.1%) 57.4% 47.7%

Older (>9.9 years) 161 955

3,148 (49.9) 42.6% 52.3%

Fitness level P 0.143

Low fitness level (=23.5 bpm) 175 2,974

3,149 (49.94%) 46.3% 50.18%

High fitness level (<23.5 bpm) 203 2953

3,156 (50.06) 53.7% 49.82%

Soda consumption 0.001**

No soda 130 2040

2,170 (34.4%) 34.39% 34.4%

Moderate soda consumption 201 3448

3,649 (57.9%) 53.17% 58.2%

High soda consumption 47 439

486 (7.7%) 12.43% 7.4%

Juice consumption 0.116

No juice 158 2512

2,670 (42.3%) 41.8% 42.4%

Moderate juice consumption 155 2485

2,640 (41.9%) 41.0% 41.9%

High juice consumption 65 930

995 (15.8%) 17.2% 15.7%

Milk consumption 0.057

No milk 157 2609

2,766 (43.9%) 41.5% 44.0%

Moderate milk consumption 200 3122

3,322 (52.7%) 52.9% 52.7%

High milk consumption 21 196

217 (3.4%) 5.6% 3.3%

p values listed are computed for the >3-serving group for soda, juice, and milk consumption. o = age divided into younger and older age groups around the median age at baseline (9.9 years). B =
fitness level divided into low and high fitness level groups around the median fitness level at baseline (23.5 bpm). A = obesity as defined by WHO obesity Z-score. bpm = beats/minute.

* Significant (p < 0.05) by chi-square test. ** significant (p <0.001).
Figure 2 summarizes the association between high consumption

of any of the three beverages and the odds of being obese,
comparing Group 1 to all and each of the other three groups.

4 Discussion

Our findings suggested that soda and to a lesser extent, milk but
not juice consumption led to Kuwaiti children becoming obese
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(Table 1). Only high beverage consumption affected obesity. This
association was only evident when we assessed longitudinal data but
not cross-sectional data.

As per authors knowledge, this study is the first study to be done
on grade 4™ and 5™ of school going children under big research that
looks for salivary biomarkers. Some of the effects described in this
analysis were likely associated with the climate in Kuwait. Most
longitudinal observational studies are in North American (14, 26—
34) and in European countries (35-38). Furthermore, we believe
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TABLE 2 Logistic regression model for the relationship between children who developed obesity (Group 1) and those who did not (Groups 2, 3, and 4).

1. Crude 2. Adjusted
Variable Group 1 vs. Groups 2, 3, and 4 Group 1 vs. Groups 2, 3, and 4
OR 95% ClI P-value OR 95% ClI p value
Soda Trend p value = 0.107 Trend p value = 0.111
No soda - - - - - -
Moderate soda consumption 091 0.73-1.15 0.442 091 0.73-1.14 0.426
High soda consumption 1.68 1.18-2.38 0.004* 1.68 1.19-2.39 0.004*
‘ Juice ‘ Trend p value = 0.582 ‘ Trend p value = 0.552
No juice - - - - - -
Moderate juice consumption 0.99 0.79-1.25 0.943 1.01 0.80-1.27 0.936
High juice consumption 1.11 0.82-1.50 0.489 1.11 0.82-1.50 0.494
‘ Milk ‘ Trend p value = 0.109 ‘ Trend p value = 0.110
No milk - - - - - -
Moderate milk consumption 1.06 0.86-1.32 0.569 1.07 0.86 -1.32 0.565
High milk consumption 1.78 1.10-2.87 0.018* 1.77 1.10-2.87 0.019*

Adjusted values are for age, sex, governorate, and fitness level. OR = odds ratio. 95% CI = 95% confidence interval *Significant (p< 0.05).

this is the first time that this association has been investigated in one  association between the two (15). SSB includes a spectrum of
of the MENA countries that have a high prevalence of both sugary =~ beverages such as sugar-added soft drinks/sodas, energy drinks,
drink consumption (18) and (11) obesity. The majority of studies  flavored juice beverages, sports drinks, coffee and tea with added
investigating SSB and weight gain in children showed a positive  caloric sweeteners, and electrolyte replacement drinks (39). Some of
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FIGURE 1
Change in obesity status from 2012 to 2014. Group 1 is the interest group. Children in Group 1 who developed obesity during the two-year study
period. We compared the other groups with the interest group. *Interest group.
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TABLE 3 The association between consumption of three beverages and developing obesity over a two-year period.

Group 1 vs. Group 2 Group 1 vs. Group 3 Group 1 vs. Group 4
Variable

(0] 95% Cl p value (0] 95% ClI p value (O] 95% CI p value
Soda Trend p value = 0.162 Trend p value = 0.174 Trend p value = 0.078
No soda - - - - - - - - -
Moderate soda consumption 091 0.72 -1.15 0.432 0.93 0.73-1.18 0.538 0.92 0.66- 1.28 0.615
High soda consumption 1.68 1.17-2.42 0.005* 1.58 1.08-2.32 0.019* 242 1.31-4.47 0.005*
Juice Trend p-value = 0.646 Trend p value = 0.259 Trend p value = 0.891
No juice - - - - - - - - -
Moderate juice consumption 0.98 0.78-1.24 0.864 1.07 0.841.37 0.564 0.92 0.651.28 0.607
High juice consumption 1.06 0.78-1.43 0.720 121 0.87-1.67 0.257 1.1 0.69-1.74 0.699
Milk Trend p value = 0.059 Trend p value = 0.318 Trend p value = 0.367
No milk - - - - - - - - -
Moderate milk consumption 1.08 0.87-1.35 0.489 1.01 0.80-1.27 0.932 1.05 0.76 -1.44 0.773
High milk consumption 1.87 1.14- 3.06 0.013* 1.63 0.96-2.77 0.070 1.68 0.75-3.74 0.205

This assesses children who developed obesity (Group 1) with each group, i.e., the groups comprising children who remained nonobese (Group 2), obese children who became nonobese (Group
3), and those who were obese and remained obese (Group 4) * Significantly associated at 0.05 level.

the studies investigated these beverages combined as one group (14,
29, 31, 35), and some separated these beverages investigating each
beverage separately accounting for a different source of sugar (25,
32, 33, 35). We found segregating the beverages to be beneficial as
we found juice to be not associated with developing obesity, but

soda and milk were. In other studies that segregated different SSB,
soda was regularly associated with weight gain more than the other
beverages investigated (32, 38). Striegel-Moore et al. (32) found that
high soda consumption was the most reliable predictive factor of
weight gain compared to other beverages including diet and regular

Soda Juice
119 148 29
=s=Group 1 VS
Group 2.3and 4 ———Croun ) VS "
Grovp2dandd
1714 0
~@=Group 1VS -——a . -n-u
Growp 2 - m;n
o8 1% I
wa=Group 1 VS AR
Group 3 mm;w
n 2 44
@
~a=Group 1 VS Ot v -——
Growp 4 Groupd
> 4 ) 2 1 o 1 2 1 4 3 - 3 3 3 t 1 2 3 .
Milk
oW 0
———GoUp 1 V> S
Groupdianda
[ETINNTY 3 106
~®=Group 1 VS
Group 2
o e am
r—tr——a
—-Group 1 VS
Grovp 3
o - e
-——=
—E-Geoup A V3
Grouo d
s 4 3 2 1 ] 1 f } 3 4 s
FIGURE 2
OR and 95% confidence intervals showing the association between high soda, juice, and milk consumption in children who developed obesity
(interest group) and all the other three groups. If the bar passes through the solid vertical line, it means there is no significant association. Group 1:
Became obese; Group 2: Remained nonobese; Group 3: Remain obese; Group 4: Became nonobese.
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soda, milk, coffee/tea, fruit juice, and fruit-flavored drinks. Viner
et al. (38). also showed significant weight gain in children who
reported high consumption of soda. Another study on young kids
(5 years to 11 years) showed that the high frequency of SSB
consumption had a roughly threefold increased chance of being
overweight between the ages of 5/6 and 10/11 (40). Our study had
the same finding that children with high soda consumption had
higher odds of becoming obese. Soda is an excellent source of
phosphate in diet, and high phosphate or phosphorus intake
association with obesity has been reported in other epidemiological
studies (41, 42), but the mechanism is still unclear (43). In our
research group, Hartman et al. (44) found in a cross-sectional
investigation of 77 children that salivary phosphate was significantly
elevated in obese children compared to healthy weight children. Our
data suggest that the combination of phosphorus with sugar in soda
may synergize in the development of obesity. However, this
hypothesis will require further investigation.

In contrast, high milk consumption resulted in children having
significantly higher odds in becoming obese but only when the
children were compared with those who were nonobese and
remained nonobese (Group 2). Our findings concerning milk do
not agree with findings from several longitudinal studies on its
relationship with weight (45-47). Furthermore, some studies did
not find any association between milk and changes in weight (48). On
the other hand, our findings were consistent with the findings by
Berkey et al. (49) as they found in a longitudinal study on 12,829 US
children that drinking 3 or more servings of milk was associated with
weight gain. In their findings, they also found that weight gain is
attributed to the added calories from the milk because the association
attenuated when they adjusted for the total energy intake. Another
study on the different age group of children in Kuwait published
recently, sweetened beverage consumption was linked to being
overweight and having a higher BMI-for-age z score, respectively
(19). In our study, we were unable to adjust for the total energy intake
to identify if the association between milk and weight gain would
remain the same or would disappear. Similar to the suggested
contribution of phosphorus in the soda, we also, may suggest as a
hypothesis that the fat content in milk in combination with added
sugar would have contributed to the association between weight gain
and obesity. Strong recommendations to limit sugar intake for adults
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and children were published by WHO (11) in 2015 due to its widely
documented association with obesity and dental caries. We find it
valuable to investigate some other ingredients added in some
beverages that make them more associated with obesity.
Phosphorus in soda beverages and fat in flavored or unflavored
milk drinks are two good examples of some of these additives.

Considering that juice consumption is described to be
associated with obesity by many (50), it was a surprise that
compared to soda and milk, fruit juice was not found to have a
significant effect on obesity. However, our findings on fruit juice are
in agreement with other studies investigating fruit juice and obesity,
Gustavo in 2017 concluded that moderate consumption of fruit
juices has a lower risk of metabolic syndrome (51).

A vast majority of studies concerning dietary intake are usually self-
reported; therefore, they are subject to reporter accuracy, bias, and recall
especially in children and children (52). Our study is no exception,
although we believe that using pictures for selection of both the
beverages and portion size may help in improving the accuracy. As
bottles, cans, and cups come in different sizes, the servings computed in
the survey represent a proxy for the expected consumption pattern.

The questions about beverage consumption did not discriminate
between regular and diet soda, but in a follow-up question at the end
of the survey, children were asked if they chose regular or diet soda,
and only 283 children (4.5%) reported drinking diet soda. Hence, we
decided to keep these 283 children in the sample due to their small
number. Conversely, another research on preschool children to
investigate the connection of beverage intake with BMI revealed
that higher beverage consumption (Milk, Soda, fruit drinks and fruit
juices) correlated with an increase in the children’s overall calorie
intake rather than their BMI (53).

Questions regarding milk did not inquire about the type of milk
consumed (whole, low fat, skim, flavored, or unflavored). However,
at the end of the survey, children were asked if they drink flavored
milk and 3,152 (49.9%) children responded positively. Therefore, it
is important to include flavored milk (with added sugar) in the
milk category.

5 Conclusions

High consumption (3 or more servings) of soda and to a lesser
degree, milk but not fruit juice was significantly associated with
obesity development in Kuwaiti children, thus clearly indicating
that there is more to obesity than simple sugar consumption.
Neither high nor moderate juice consumption was significantly
associated with obesity. Only high soda or milk consumption (=3
servings/day) was associated with increased prevalence of obesity.
Consumption of moderate amounts of any of these beverages (1-2
servings/day) was not associated with significantly increased
prevalence of obesity.

In our results, we were able to find significant association
between high soda and high milk (49.9% were flavored milk)
consumption with developing obesity in Kuwaiti children.
Figure 3 is presenting that the higher consumption of sugar
sweetened milk (49.9% were flavored milk) and soda may lead to
the obesity.
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