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Abstract
Background: Intake time of diet has recently been demonstrated to be associated with the internal clock
and circadian pattern. However, whether and how the intake time of minerals would in�uence the natural
course of cancer was largely unknown.

Methods:This study aimed to assess the association of mineral intake at different periods with cancer
and all-cause mortality. A total of 27455 participants aged 18-85 years old in the National Health and
Nutrition Examination Survey were recruited. The main exposures were the mineral intakes in the
morning, afternoon and evening, which were categorized into quintiles, respectively. The main outcomes
were mortality of cancer and all causes.

Results:During the 178,182 person-years of follow-up, 2680 deaths, including 601 deaths due to cancer,
were documented. After adjusting for potential confounders, compared to the participants who were in
the lowest quartile(Quartile-1) of mineral intakes at dinner, the participants in the highest quartile
intake(Quartile-5) of dietary potassium, calcium and magnesium had lower mortality risks of cancer
(HRpotassium=0.72, 95% CI:0.55-0.94; HRcalcium=0.74, 95% CI:0.57-0.98; HRmagnesium=0.75, 95%
CI:0.56-0.99) and all-cause (HRpotassium=0.83, 95% CI:0.73-0.94; HRcalcium=0.87, 95% CI:0.76-0.99;
HRmagnesium=0.85, 95% CI:0.74-0.97). Further, equivalently replacing 10% of dietary potassium, calcium
and magnesium consumed in the morning with those in the evening were associated with lower mortality
risk of cancer (HRpotassium=0.94, 95%CI:0.91-0.97; HRcalcium=0.95, 95%CI:0.92-0.98;
HRmagnesium=0.95, 95%CI: 0.92-0.98).

Conclusions: This study demonstrated that the optimal intake time of potassium, calcium and
magnesium for reducing the risk of cancer and all-cause mortality was in the evening.

Background
Nowadays, people are more and more interested in when to eat, besides what to eat. The emerging
nutritional research �eld of chrono-nutrition also emphasized that the content, amount and the intake
time of food are equally critical for maintaining health [1], and it has been demonstrated that eating at the
wrong time may lead to circadian desynchronization, which further negatively impacted on their health
[2]. An increasing amount of rodent and human studies have found that the intake time of energy and
macronutrient had an impact on the internal clock and circadian patterns that were related to the
development of cancer [3–5]. However, it is largely unknown whether and how the intake time of
micronutrients would in�uence the natural course of cancer.

Minerals are essential components of micronutrients for humans [6], which not only can make up human
tissues but also maintain normal physiological functions of the human body [7]. Numerous
epidemiologic and animal studies have shown that minerals were identi�ed as involved in many
homeostatic mechanisms related to cancer, such as oxidative stress, in�ammation response, speci�c
immunity, and carcinogenesis and malignant cell proliferation [8–12]. Recently, rodent researchers also
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found that some minerals were components of the mammalian biological clock and were identi�ed as
regulators of circadian rhythm-dependent metabolism [13–16]. Based on these evidence, we therefore
hypothesized that the right and regular mineral intake time is essential for regulating the body's
metabolism and preventing the process of cancer. Accordingly, this study prospectively examined the
association between the mineral intake time and cancer and all-cause mortality using the representative
sample of the non-institutionalized civilian population in the U.S. from the National Health and Nutrition
Examination Survey (NHANES).

Methods

Study Population
The data reported in the present study come from NHANES collected from 2003 to 2014 (NHANES 2003-
2014), which used a strati�ed, multistage study to recruit participants to identify a nationally
representative sample of non-institutionalized civilians in the USA. Details of the NHANES have been
published previously [17]. Brie�y, we conducted prospective analyses on adult participants (age ≥ 18
years & age ≤ 85 years) in NHANES from 2003 to 2014. The total 27455 participants, including 13359
men and 14096 women, were included in the present study, after excluding those who had missing
information on any dietary intake, mortality and other covariables; and those whose total energy intake >
5000 kcal or < 500 kcal in on the day. And before collecting this data, we have obtained approval and
written informed consent.

Dietary Assessment
The dietary intake of essential micronutrients among the subjects was assessed using 24-h dietary
recalls during two typical, non-consecutive days for each participant. The �rst data was completed in
person while the second by telephone. The dietary intake components are integrated into the 33 main
food groups of MyPyramid on the basis of the MyPyramid equivalent database 2.0 (MPED 2.0) of the
U.S. Department of Agriculture Survey Food. And according to intake time, these main food categories are
divided into breakfast, lunch, dinner and snacks (between breakfast and lunch, between lunch and dinner
and after dinner). And the dietary intakes of minerals were further veri�ed with the data collected by a
validated semi-quantitative food frequency questionnaire(FFQ) developed for KOGES (Korean Genome
Epidemiology Study). All dietary estimates were assigned by using the guidelines of the U.S. Department
of Agriculture’s Food and Nutrient Database for Dietary Studies. In brief, the daily dietary intakes of
minerals were calculated by combining serving frequency per day, the average amount of serving, and
portion per unit.

Main Exposure
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The exposure variable that de�nes the main exposure could be set as those minerals intake in breakfast,
lunch and dinner, respectively. The following minerals were studied in the present study: potassium,
calcium, sodium, magnesium, selenium, zinc, iron, copper and phosphorus. The sum of breakfast and
snack before lunch (<12:00 p.m.), lunch and snack after lunch (12:00 p.m.-18:00 p.m.), dinner and snack
after dinner (>18:00 p.m.) were identi�ed as the intake of minerals in the morning, afternoon, and evening,
respectively.

Main Outcome
This study that analyzed mortality outcomes depend on the National Death Index (NDI) to ascertain vital
status. It is a highly reliable database containing information from death certi�cates that has achieved
widespread use among health and medical investigators. The death from cancer was de�ned as ICD-10
codes I19-I43. A total of 2680 deaths were available for further analysis, and of these, 601 deaths due to
cancer.

Confounding and Effect Modi�cation Measurements
Information on a wide range of variables based on a structured questionnaire just as follows: (1)socio-
demographic: age (continuous), sex (male or female), race/ethnicity (non-Hispanic white/non-Hispanic
black/Mexican American/other), education level (< 9th grade, 9th-11th grade, high school graduate,
general educational development (GED) or equivalent, some college or Associate in Arts degree, or college
graduate or above), annual household income (< $20,000, $20,000 - $45,000, $45,000 - $75,000, $75,000 -
$100,000, or > $100,000); (2) health behaviors: regular exercise (yes/no), current smoker (yes/no), current
drinker (yes/no); (3) physical examination: body weight and height were measured with a standard
medical balance and used to calculate the BMI (kg/m2); (4) dietary habits factors: total energy (kcal/day),
total dietary calcium (g/day), total dietary potassium (g/day), total dietary magnesium (g/day); breakfast
skipping (yes/no); dietary supplement use (yes/no); and diet quality. Diet quality was calculated by the
Alternative Healthy Eating Index (AHEI).

Statistical Analysis
The data were checked for completeness, cleaned and analyzed using R 4.0.0 software according to the
survey data commands, which consider the sample weights (probability weights), clustering and
strati�cation of the survey design, and then a 5% signi�cance level was considered. Socio-demographic,
dietary nutrient intake and health-risk lifestyle factors were expressed as relative frequencies.
For categorical variables, frequencies and percentages will be presented. For continuous variables, the
number of subjects, mean, standard deviation will be reported. The total minerals in breakfast, lunch and
dinner were divided into quintiles based on distribution, respectively. General linear models after adjusting
for age and the Chi-square test were used to compare baseline characteristics by mortality status. All
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statistical analyses were performed by R 4.0.0, and two-sided P < 0.05 was considered to be statistically
signi�cant.

Cox Proportional Hazards Models
The Cox proportional-hazards (CPH) regression model has been widely used to analyze time-to-event
data with censoring and covariates. In this study, it was used to determine cancer and all-cause mortality,
and the results were presented as hazard ratios (HRs) with 99% con�dence intervals (CIs). Follow-up
survival time was calculated by person-months from the date of the NHANES interview date until the date
of death or censoring on December 31, 2015, whichever came �rst. Important potential confounding
variables were often included and controlled in all CPH models, such as age, sex, race, diet energy, BMI,
smoking, drinking, education, income, hypertension, diabetes, dyslipidemia, dietary supplement use, AHEI,
and total dietary minerals.

Predicted equivalent vitamins Substitution Models
 Based on the CPH model above, we also established an equivalent mineral replacement model to
evaluate the changes in mortality risk of Cardiovascular Disease (CVD) by switching the intake of one
mineral at one-time point to another time point. The critical principle of substitution analysis is that when
the intake of total minerals and other nutrients remains constant, the reduction of minerals provided in
one period is replaced by the same minerals provided in another. In the present study, we equivalently
converted 10% of the intake of potassium, calcium and magnesium from morning or afternoon to
evening to observe whether and how the risk of death from cancer changes.

Sensitivity Analysis
Four sets of sensitivity analyses were additionally performed to assess the robustness of the CPH
models. In set 1, the association of total dietary minerals intake with cancer and all-cause mortality was
performed to examine whether the intake time could provide more information than the total amount of
mineral intake. In set 2, we excluded the participants without breakfast consumption to eliminate the
effect of breakfast skipping. In set 3, we removed participants with appropriate mineral supplements to
minimize the impact of mineral supplements on results. In set 4, we excluded the participants who had a
follow-up time of fewer than two years (including those who died within two years of follow-up) to
minimize potential reverse causation caused by severe illness, such as cardiovascular disease or cancer.

Results

Baseline Characteristics
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The demographic and nutrition characteristics in terms of the survival status of cancer were presented in
Table 1. Compared with other participants, the participants who died due to cancer were more likely to be
older, men, and non-Hispanic white and had higher education, income, dietary supplements taken, the
prevalence of hypertension, diabetes, and dyslipidemia, and lower BMI, exercise, total energy intake, total
calcium intake, and total magnesium intake (P < 0.05). Other variables, including smoking, breakfast
skipping, AHEI, total potassium intake, were not signi�cantly different.
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Table 1
The baseline characteristics of studying variables by mortality status

Variables Other participants

(N = 26854)

Death due to cancer

(N = 601)

P-value

Age (years) 48.8 (18.8) 67.9 (13.1) < 0.001

Men (%) 12997(48.4) 358(59.6) < 0.001

Non-Hispanic white (%) 12568(46.8) 330(54.9) < 0.001

Current smoking (%) 6714(25.0) 136(22.6) 0.660

Current drinking (%) 17160(63.9) 392(65.2) 0.004

College graduate or above (%) 13508(50.3) 362(60.3) < 0.001

>$ 100,000 annual household income (%) 5639(21.0) 185(30.8) < 0.001

BMI (kg/m2) 28.7(6.7) 28.4(6.1) 0.011

Regular exercise (%) 6311(23.5) 110(18.3) 0.03

Dietary supplement use (%) 13185(49.1) 346(57.6) < 0.001

Hypertension (%) 11010(41.0) 385(64.1) < 0.001

Diabetes (%) 4109(15.3) 160(26.6) < 0.001

Dyslipidemia (%) 8566(31.9) 254(42.3) < 0.001

Total energy intake (kcal/d) 2048.5(793.6) 1825.6(712.9) < 0.001

Total calcium intake (g/d) 913.4(485.7) 804.2(450.5) 0.036

Total potassium intake (g/d) 2630.5(1052.9) 2527.4(1061.3) 0.864

Total magnesium intake (g/d) 288.8(123.6) 262.3(112.3) 0.041

AHEI 52.7(13.5) 50.3(13.3) 0.549

Breakfast skipping (%) 1611(6.0) 30(5.0) 0.382

Continuous variables are presented as mean (95% CI). Categorical variables are presented as
percentages (95% CI).

Hypertension was de�ned by a self-reported diagnosis, the systolic blood pressure ≥ 90 mmHg, or the
diastolic blood pressure ≥ 140 mmHg.

Hyperlipidemia was de�ned as serum triglyceride ≥ 2.26 mmol/L, or serum cholesterol ≥ 
6.22 mmol/L, or low-density lipoprotein ≥ 4.14 mmol/L.

Diabetes was de�ned by a self-reported diagnosis, anHbA1c level ≥ 6.5%, or a fasting plasma glucose
level ≥ 7.0 mmol/L.

AHEI, Alternative Healthy Eating Index.
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Variables Other participants

(N = 26854)

Death due to cancer

(N = 601)

P-value

Dietary Supplements Taken (%) 13185(49.1) 346(57.6) < 0.001

Continuous variables are presented as mean (95% CI). Categorical variables are presented as
percentages (95% CI).

Hypertension was de�ned by a self-reported diagnosis, the systolic blood pressure ≥ 90 mmHg, or the
diastolic blood pressure ≥ 140 mmHg.

Hyperlipidemia was de�ned as serum triglyceride ≥ 2.26 mmol/L, or serum cholesterol ≥ 
6.22 mmol/L, or low-density lipoprotein ≥ 4.14 mmol/L.

Diabetes was de�ned by a self-reported diagnosis, anHbA1c level ≥ 6.5%, or a fasting plasma glucose
level ≥ 7.0 mmol/L.

AHEI, Alternative Healthy Eating Index.

Equivalent Substitution Analysis
Figure 4 shows the risk of cancer mortality in predicted equivalent substitution models through switching
minerals intake in the morning or afternoon to evening. The results showed that HRs for cancer
decreased by 6% (HR = 0.94, 95% CI:0.91–0.97), 5% (HR = 0.95, 95% CI: 0.92–0.98), 5% (HR = 0.95, 95% CI:
0.92–0.98) in models with 10% of potassium, calcium and magnesium intake in the morning being
equivalently switched to evening. Similarly, the results showed that HRs for cancer reduced by 4% (HR = 
0.95, 95% CI: 0.92–0.98), 6% (HR = 0.94, 95% CI: 0.90–0.97), 7% (HR = 0.93, 95% CI: 0.90–0.96) in models
with 10% of potassium, calcium and magnesium intake in the afternoon being equivalently switched to
evening.

 

Discussion
This study demonstrated that higher intakes of dietary potassium, calcium and magnesium in the
evening were related to lower mortality risks of cancer and all-cause, independent of overall diet quality,
total dietary mineral intakes and other traditional risk factors, whereas intakes of them in the morning or
afternoon were not associated with mortality outcomes. Further, replacing 10% mineral intake in the
morning or lunch with dinner signi�cantly reduced mortality risks of cancer and all-cause.

To the best of our knowledge, this study was the �rst to examine the association of the intake time of
dietary minerals with cancer and all-cause mortality. Our study provided evidence of the potential
bene�cial effect of high dietary potassium, calcium and magnesium intakes in the evening. It
emphasized the importance of the intake time of dietary mineral in a whole day for reducing the mortality
risk of cancer. As essential components in foods, the minerals may play signi�cant roles in developing
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many chronic diseases [18, 19]. And numerous epidemiological studies have been performed to evaluate
the association between mineral intake and the risk of cancer [20, 21]. However, the results are
inconsistent, presumably because the intake time of minerals is not taken into account.

One of the most critical �ndings in this study is that higher consumption of potassium in the evening was
also signi�cantly correlated with lower mortality risks of cancer and all-cause. It is documented that the
potassium secretion peaks at night and dietary potassium intake can increase the systemic plasma
potassium concentration, which may directly stimulate constant urinary potassium secretion [22].
Therefore, the high intake of potassium in the evening conforms to the circadian rhythm of potassium
homeostasis. The resulting coincidence may subsequently promote the natural oscillations of
physiologic processes such as glucose, lipid metabolism, and blood pressure. Besides, the circadian
rhythm of the clock gene Period 1 (Per1) within the suprachiasmatic nucleus (SCN) is the master
pacemaker controlling circadian rhythmicity [23]. And the reduced extracellular concentration of
potassium may cause membrane hyperpolarization, thus reversibly abolished the rhythmic expression of
Per1 [24, 25]. Hence, it suggests a high intake of potassium in the evening may be helpful for the rhythm
expression of circadian clock gene Per1 and su�cient high amplitude.

This study also found that a high intake of calcium in the evening was signi�cantly correlated with
reduced mortality risks of cancer and all-cause. The exact biological mechanisms underlying calcium
consumption and cancer risk are still not ultimately con�rmed. One underlying possible explanation
response for the results in this study is that higher calcium intake in the evening might down-regulated
the circulating of parathyroid hormone (PTH) [26]. It has been documented that PTH is a tumor promoter
acting as a co-mitogen and anti-apoptotic factor, which may further stimulate cell proliferation and
intensively suppress apoptosis of cells [27, 28]. The circadian rhythm of PTH showed a biphasic rhythm
with a small but signi�cant increase in the late afternoon and a larger, broader increase in the late
evening into the early morning with a peak [29]. Thus we speculated that the higher consumption of
calcium in the evening might moderately decrease the secretion of PTH and reduce the chance of
malignant proliferation of tumor cells. Another cause suggested that excessive amounts of bile acids in
the colonic lumen could be irritating and toxic to the colonic epithelium [30]. The bile acid synthesis has a
sharp rise after meals, and the peak occurs at 09:00 to 10:00 p.m. [31]. Hence, higher calcium intake at
dinner may be more likely to induce the conversion of bile acids to insoluble calcium compounds, thereby
reducing the adverse effect of bile acids on the colonic epithelium and decreasing the incidence of
gastrointestinal tumors.

Furthermore, we found that in addition to calcium and potassium, a high intake of magnesium in the
evening was also negatively associated with cancer and all-cause mortality. Previous studies have
demonstrated that magnesium is an essential cofactor for some enzyme systems involving DNA repairs
such as the repair of nucleotide excision, base excision and mismatch, thereby playing a vital role for
DNA synthesis and repair as well as maintain the integrity of DNA [32–34]. Animals studies have shown
that the repair capacity of DNA excision in the mouse brain is regulated by circadian rhythm, displaying
maximum activity in the afternoon and minimum activity in the midnight [35, 36]. And it is well known
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that rodent animals and humans have opposite circadian patterns, which means DNA excision repair
capacity in humans has an ascending pattern during the night [37]. Therefore, a higher intake of
magnesium in the evening is in accord with the rhythm and oscillation of the DNA repair system.
Moreover, numerous previous rodent models have shown that magnesium de�ciency could induce
elevated serum concentrations of in�ammatory cytokines and excessive production of free radicals or
oxidative stress. And several epidemiologic studies have provided some evidence linking magnesium
consumption to systemic in�ammation and oxidative stress damage, which were explicitly manifested by
increased C-reactionprotein (CRP) concentration and plasma levels of thiobarbituric acid reactive
substances [38, 39]. It has been reported that pro-in�ammation cytokines and oxidative stress
components had an internal circadian pattern as well, showing the lowest in the afternoon and gradually
increasing during the nighttime [40]. Therefore, a higher intake of magnesium at dinner could more likely
decrease the amplitude of in�ammation and oxidation pattern at night, probably reduced the mortality
risk of cancer.

Our study has several important strengths. First, this study was the �rst to explore the association of
mineral intake time with cancer and all-cause mortality. Our �ndings emphasized that the core of chrono-
nutrition, in which the consumption time of minerals should be accorded to the body's metabolic rhythm
for reducing the mortality risks of cancer. Second, NHANES is a nationally-representative database based
on a probability sample survey design [41]. It provides the most authoritative and comprehensive dietary
intake studies in the U.S. as well as the detailed evaluation of lifestyle factors. However, several certain
limitations also should be considered. First, since the extent of dietary consumption was derived from 24-
h dietary recall methods, we cannot preclude the possibility that dietary measurement error may have
obscured meaningful results. Second, we utilized only two dietary measurements over 2 weeks to predict
long-term survival in the existing population who were likely to change their eating habits over time. Thus,
further studies were necessary to conduct the long-term effect of mineral intake across meals on cancer
and all-cause mortality outcomes.

Chrono-nutrition combined elements from nutritional research with chrono-biology, which emphasized the
impact of the timing of eating on health outcomes, including mineral intake. This study could provide a
theoretical basis for guiding and improving dietary guidelines and individual precision nutrition. In
conclusion, the optimal intake time of dietary potassium, calcium and magnesium for reducing the
mortality risk of cancer was in the evening

Abbreviations
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Korean Genome Epidemiology Study; NDI: National Death Index; GED: general educational development;
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intervals; CVD: Cardiovascular Disease; Per1: Period 1; SCN: suprachiasmatic nucleus; PTH: parathyroid
hormone; CRP: C-reactionprotein.
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