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Abstract—The association of blood pressure (BP) with manganese, an essential 

trace element required for human health, remains poorly studied.  In 734 randomly 

recruited Swiss participants (mean age, 47.5 years; 51.4% women), we related 

ambulatory BP to two biomarkers, plasma manganese (pMn) and the urinary 

manganese excretion (uMn).  To allow for diurnal variation, we assessed BP and 

uMn over 24-h and during wakefulness and sleep, using split urine samples.  24-h, 

day- and night-time systolic/diastolic BPs averaged 119.8/78.1, 123.8/81.2 and 

107.0/68.3 mm Hg; the corresponding medians uMn were 199.5, 83.0, 51.5 mol 

and median pMn 0.52 g/L.  In analyses dichotomized by the median of the 

biomarkers, greater pMn was associated with higher 24-h systolic/diastolic BP 

(+4.1/+2.3 mm Hg; P≤0.0003), greater daytime uMn with lower daytime BP (-3.5/-1.9 

mm Hg; P≤0.0067) and greater nighttime uMn with higher nighttime BP (+2.9/+1.2 

mm Hg; P≤0.046).  In multivariable-adjusted analyses, significance (P≤0.030) was 

retained for the positive association of 24-h and daytime diastolic BP with pMn and 

for systolic BP in relation to uMn at night.  The association sizes for a twofold 

increment in the biomarkers amounting to 0.77 mm Hg (95% confidence interval [CI], 

0.08–1.47 mm Hg), 0.97 (CI, 0.20–1.76) and 1.33 (CI, 0.20–2.50 mm Hg), 

respectively.  In conclusion, there were positive associations between diastolic BP 

and pMn over 24 h and during daytime and between systolic BP and uMn at night.   

Key Words: Blood pressure  environmental exposure  hypertension  

manganese  population science.   
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Introduction   1 

Manganese is an essential trace element required for human health.1-4  It acts as a 2 

cofactor in the active centers of various enzymes, is required for maintaining the 3 

integrity of the nervous and immune system,1,2,4 regulation of mitochondrial2 and 4 

endothelial1 function, protection against oxidative stress,2 and the transmembrane 5 

transport of various divalent cations via, among others, the zinc ion transmembrane 6 

transporter (ZIP8),4,5 which is encoded by the SLC39A8 gene.6  The phenotypes 7 

associated with the rs13107325 SLC39A8 missense variant include blood pressure,7 8 

blood manganese levels,8 high-density lipoprotein (HDL) cholesterol9 and Crohn’s 9 

disease.10  A manganese intake slightly above the dietary requirement induces a 10 

pro-inflammatory status.11  11 

There is an abundant literature on manganese as neurotoxic agent,3,12 whereas 12 

the potential association of cardiovascular function1 or blood pressure13-17 with 13 

biomarkers of manganese exposure remains poorly studied.  Moreover, the scarce 14 

reports focusing on blood pressure produced contradictory results,13-17 three 15 

studies13,14,17 reporting an inverse association of blood pressure with manganese, 16 

whereas others reported positive associations.15,16  All previous studies13-17 ignored 17 

the diurnal profile of blood pressure18 and urinary manganese excretion19 and 18 

applied conventional approaches to blood pressure measurement, whereas current 19 

guidelines recommend the use of 24-h ambulatory monitoring as the gold standard 20 

for assessing the blood pressure level and its variation through the day.20  To close 21 

this knowledge gap, we analyzed the database of the Swiss Kidney Project on 22 

Genes in Hypertension (SKIPOGH).  We related the ambulatory blood pressure to 23 
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the manganese concentration in plasma and the urinary manganese excretion.  To 1 

allow for diurnal variation in blood pressure18 and the urinary manganese 2 

excretion,19 we assessed these associations not only over 24 hours, but also during 3 

wakefulness and sleep, using split urine samples and a diary method.   4 

Methods   5 

Study Population  6 

The data that support the findings of this study are available from the corresponding 7 

author upon reasonable request. SKIPOGH is a multicenter family-based study 8 

exploring the genetic determinants of blood pressure and kidney function in the 9 

general adult population of Switzerland.21  SKIPOGH was nested within the 10 

European Project on Genes in Hypertension and conducted according to the same 11 

standardized protocol.21,22  Inclusion criteria included: (i) minimum age of 18 years; 12 

(ii) European ancestry, defined as having both parents and all grandparents born in a 13 

restricted list of countries; (iii) at least one, and preferably three, first-degree family 14 

members also willing to take part.21,22  All participants provided written informed 15 

consent.  The study was approved by Ethics Committee of the Universities of Bern, 16 

Geneva, and Lausanne.   17 

Of 1029 participants with available ambulatory blood pressure recordings, we 18 

excluded 295, because the number blood pressure readings during daytime and 19 

nighttime was less than 10 or 5 (n=20), their urine collection was either incomplete or 20 

over-collected according to previously published sex-specific criteria21 (n=9), the 21 

urine sample collected during daytime (n=83) or nighttime (n=98) was too much 22 
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degraded to allow measurement of manganese, or because plasma manganese was 1 

unavailable (n=85).  Thus, the number of participants statistically analyzed totaled 2 

734.   3 

Blood Pressure Measurement   4 

Office blood pressure was measured with an oscillometric sphygmomanometer (A&D 5 

UM-101, A&D Company Ltd., Tokyo, Japan), using the appropriate cuff size after the 6 

participants had rested for 10 minutes in the seated position.  Five consecutive 7 

readings were obtained.  To reduce the white-coat effect, the first reading was 8 

discarded and the mean of the remaining four readings was used for analysis.  For 9 

ambulatory blood pressure monitoring, Diasys Integra (Novacor, Rueil-Malmaison, 10 

France) portable monitors23 were programmed to obtain blood pressure readings 11 

every 15 minutes during the day (7 AM until 10 PM) and every 30 minutes during the 12 

night (from 10 PM until 7 AM).  The same SAS macro processed all ambulatory 13 

recordings.  Reading were excluded, if systolic blood pressure was higher than 280 14 

mm Hg, if diastolic blood pressure was higher than 200 mm Hg or lower than 40 mm 15 

Hg, or if heart rate was faster than 200 beats per minute or lower than 40 beats per 16 

minute.  We determined the awake and asleep periods from the participants’ diary 17 

cards.  They were asked to record the time when they got up in the morning and 18 

went to bed at night.  In the context of this article, daytime and nighttime therefore 19 

refer to the awake and asleep periods of the day according to participants’ diary.  20 

Hypertension was the use of antihypertensive drugs or systolic/diastolic blood 21 

pressure levels equal to or exceeding 140/90 mm Hg for office blood pressure and 22 
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130/80 mm Hg for the 24-h blood pressure.20   1 

Biochemical Measurements  2 

Venous blood samples, drawn after an overnight fast in the morning, were analyzed 3 

for the serum levels of creatinine, total and high-density lipoprotein (HDL) 4 

cholesterol, liver enzymes, including -glutamyltransferase as index of alcohol intake, 5 

iron and transferrin and for plasma glucose, using automated methods in certified 6 

laboratories.  Serum creatinine was measured by Jaffe’s method24 with modifications 7 

described elsewhere and with the application of isotope-dilution mass spectrometry 8 

for calibration.25  The glomerular filtration rate was estimated from serum creatinine 9 

by the Chronic Kidney Disease Epidemiology Collaboration (CKD-EPI) equation.26  10 

The iron saturation of transferrin was computed using a published formula.27  11 

Diabetes mellitus was a fasting plasma glucose 7.0 mmol/L or higher or use of 12 

antidiabetic agents.28  Participants were also requested to collect a precisely timed 13 

24-h urine sample in separate containers for daytime and nighttime use.  All urine 14 

produced during wakefulness was passed into the daytime bottle, including the last 15 

urine on retiring.  Urine passed during the night and upon awakening was placed in 16 

the nighttime container.  To avoid external contamination, participants were asked to 17 

keep the containers closed and to void directly into the wide-neck recipients.   18 

Manganese levels in plasma and urine were measured by inductively coupled 19 

plasma mass spectrometry (ICP-MS; 7700 Series; Agilent, Palo Alto, CA), as 20 

described elsewhere.29  Prior to analysis, samples (200 µL) were diluted with 1.8 mL 21 

of HNO3 1% solution, containing 10 ng/mL Rh and 10 ng/mL Indium as internal 22 
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standards.  In addition, as part of the internal quality control program, each batch of 1 

study samples was processed with blank controls and standard reference materials.  2 

The detection limit of manganese in plasma and urine was 0.123 µg/L.  All 3 

participants had a plasma manganese concentration above the detection limit.  The 4 

laboratory also participated in external quality control.  In participants with urinary 5 

(10.8%) biomarker values below the detection threshold, we set the manganese 6 

concentration at half the detection limit.   7 

Statistical Analysis  8 

For database management and statistical analysis, we used SAS software version 9 

9.4 (SAS Institute Inc., Cary, NC).  Significance was a two-tailed -level of 0.05 or 10 

less.  Means and proportions were compared by a large sample z-test or ANOVA 11 

and by Fisher's exact test, respectively.  Departure from normality was evaluated by 12 

Shapiro-Wilk’s statistic and skewness by the computation of the coefficient of 13 

skewness, namely the third moment about the mean divided by the cube of the 14 

standard deviation.  We logarithmically transformed the distributions of plasma 15 

manganese, -glutamyltransferase, and the urinary manganese excretion.  We 16 

performed the Spearman rank correlations to assess the associations of plasma 17 

manganese with 24-hour, day and night urinary manganese excretions.   18 

In exploratory analyses, we first examined blood pressure and covariables of 19 

potential interest by quantiles of the manganese distributions.  Next, we constructed 20 

multivariable-adjusted linear or logistic regression models for blood pressure as 21 

continuous or categorical outcome variable.  All models accounted for clustering of 22 
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the observations within families as random effect.  The covariables accounted for 1 

were center, sex, age, age2, body mass index, heart rate, plasma glucose, eGFR, 2 

smoking, -glutamyltransferase (as index of alcohol intake) and antihypertensive 3 

drug treatment.  Models including urinary manganese were also adjusted for the 4 

duration of the urine collection and additionally, to account for pressure natriuresis,30 5 

for the urinary sodium and potassium excretion.  We assessed whether sex modified 6 

the effect of manganese on BP by including an interaction variable (sex and plasma 7 

or urinary manganese excretion) in the models. Because the gastrointestinal 8 

absorption is higher in individuals with low iron stores,31 in sensitivity analyses, we 9 

additionally adjusted for the iron saturation status available in 681 (92.8%) 10 

participants.  We also ran sensitivity analyses in people not on antihypertensive drug 11 

treatment and in all participants with a logarithmic transformation of the ambulatory 12 

blood pressure values.   13 

Results   14 

Characteristics of Participants   15 

The study population consisted of 39 singletons and 695 related individuals.  All 734 16 

participants were white Europeans.  On questioning, none of the participants 17 

reported occupational exposure.  Table 1 lists the characteristic of the participants by 18 

period of day and the medians of the distributions of the exposure biomarkers.    19 

The median plasma concentration of manganese (Figure 1) was 0.52 g/L 20 

(interquartile rang [IQR], 0.32 – 0.82); the median manganese excretion was 199.5 21 

mol (IQR, 35.1–869.0), 83.0 mol (IQR, 5.6–602.6) and 51.5 mol (IQR, 0.20 – 22 
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387.3) over 24 h and during daytime and nighttime, respectively.  The Spearman 1 

rank correlations of plasma manganese with 24-hour, daytime and nighttime urinary 2 

manganese excretion were -0.074 (P=0.045), -0.15 (P<0.0001) and -0.056 (P=0.13).   3 

Unadjusted Analyses  4 

As shown in Table 2, participants with higher plasma manganese (median, 0.650 vs. 5 

0.418 μg/L) had higher 24-h (+4.1/+2.3 mm Hg), daytime (+4.4/+2.8 mm Hg) and 6 

nighttime (+4.8/+5.5 mm Hg) systolic/diastolic blood pressure.  Participants with 7 

higher daytime manganese excretion (median, 375.8 vs. 26.6 mol) had lower 24-h 8 

systolic blood pressure (-3.1 mm Hg), lower systolic/diastolic blood pressure during 9 

daytime (-3.5/-1.9 mm Hg) and lower nighttime systolic blood pressure (-2.9 mm Hg).  10 

Furthermore, participants with high nighttime urinary manganese excretion (median, 11 

156.7 vs. 16.7 mol) had higher 24-h (+2.5 mm Hg) and daytime (+2.3 mm Hg) 12 

systolic blood pressure and higher nighttime systolic/diastolic pressure (+2.9/+1.2 13 

mm Hg).  The prevalence of ambulatory hypertension was similar in the high and low 14 

halves of the biomarker distributions with exception of the nighttime manganese 15 

excretion (21.1% vs. 26.3%; P=0.0050).   16 

Multivariable-Adjusted Analyses  17 

Figure 2 shows the associations of 24 h systolic (A,C) and diastolic (B,D) blood 18 

pressures with plasma manganese (A,B) and the 24 h urinary manganese excretion 19 

(C,D) accounting for center, sex and age.  In Table 3, significance (P ≤ 0.030) was 20 

retained for 24-h and daytime diastolic pressure in relation to plasma manganese 21 

and for nighttime systolic pressure in relation to the urinary manganese excretion 22 
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during sleep.  Association sizes for a twofold increment of the biomarker amounted 1 

to 0.77 mm Hg (95% confidence interval [CI], 0.08 to 1.47 mm Hg), 0.97 mm Hg (CI, 2 

0.20 to 1.76 mm Hg) and 1.33 (CI, 0.20 to 2.50 mm Hg), respectively.  None of the 3 

interaction terms between the sex and the manganese biomarkers was significant (P 4 

≥ 0.17).  In categorical analyses with whole-day hypertension as outcome, none of 5 

the associations with the biomarkers reached significance (P ≥ 0.78).   6 

Sensitivity Analyses  7 

Iron saturation of transferrin was available in 681 participants (92.8%).  Sensitivity 8 

analyses in which models were additionally adjusted for iron saturation produced 9 

results directionally similar as in the main analysis (Table 3), although with lower 10 

significance, because the analysis included fewer participants (Table S1 available in 11 

the online only Data Supplement).  This was also the case when patients on 12 

antihypertensive drug treatment were excluded (Table S2).  In a sensitivity analysis 13 

from which we excluded approximately 50% of the daytime readings (Table S3), the 14 

median between-reading intervals were similar during daytime and nighttime (30 15 

minutes).  Results were confirmatory (Table S3).   16 

Discussion   17 

The key findings of our current study were that diastolic blood pressure was 18 

positively associated with plasma manganese over 24 h and during daytime and that 19 

at nighttime systolic blood pressure was positively correlated with the urinary 20 

manganese excretion.  Ambulatory hypertension was more prevalent in participants 21 
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with a higher than median urinary manganese excretion at night (21.1% vs. 26.3%).  1 

As reported in the online only Data Supplement, there was consistency in sensitivity 2 

analyses accounting for the influence of the body iron stores on the gastrointestinal 3 

absorption of manganese (Table S1)31 and by limiting the analyses to participants 4 

not on antihypertensive drug treatment (Table S2).   5 

The scarce literature on the association of blood pressure and manganese is 6 

contradictory,13-17 some reports describing an inverse association13,14,17 and others 7 

a positive relation.15,16  In multivariable-adjusted analyses of 639 older men (mean 8 

age, 72 years) enrolled in the Normative Aging Study,13 systolic/diastolic blood 9 

pressure was 1.09/0.63 mm Hg (CI, 0.10 to 2.08/0.09 to 1.15 mm Hg) lower per 10 

interquartile range increase in toenail manganese.  Similarly, among 3853 people 11 

(mean age, 37.3 years; 50.0% women) enrolled in the National Health Examination 12 

Survey (2011–12 and 2013–14 cycles),17 a 1 g/L (0.018 mol/L) increment in 13 

urinary manganese in a spot urine sample was independently associated (P<0.0001) 14 

with a 1.31/1.22 mm Hg (CI, 0.97 to 1.65/0.83 to 1.62) lower systolic/diastolic blood 15 

pressure.17  In contrast, in a Brazilian study of 947 randomly recruited adults aged 16 

40 years or older (55.5% women),16 the participants were clustered into five groups 17 

based on sex, blood manganese and the use of antihypertensive drugs.  Among 133 18 

women not on antihypertensive medications, mean values were 54.3 years for age, 19 

14.7 g/L (0.268 mol/L) for whole-blood manganese and 145.6 mm Hg and 89.7 20 

mm Hg for systolic and diastolic blood pressure.  The diastolic blood pressure levels 21 

were significantly higher than in the four other clusters.16   22 

Discrepancies in the literature can be explained by the kinetics of ingested or 23 
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inhaled manganese and the biological medium in which the metal is measured.  Only 1 

3 to 5 percent of ingested manganese is absorbed.  Rich dietary sources of 2 

manganese include whole grains, nuts, leafy vegetables, and teas.  The absorption 3 

and excretion of manganese are under tight homeostatic control.32  Excess 4 

circulating manganese is rapidly removed by the liver and excreted via the bile.  In 5 

healthy adults on a normal diet and not occupationally exposed, most of the 6 

manganese content of whole blood is in the cellular compartment with plasma 7 

manganese accounting for less than 5% of the circulating metal.1  However, 8 

manganese in plasma reflects the diffusible fraction of the biomarker in the blood 9 

and is the most readily available and biologically active fraction of manganese in the 10 

blood pool.3,4  Manganese in blood reflects recent exposure over 2 to 3 months, but 11 

is not a reliable index of the total body burden.  Inhaled fine particulate matter that is 12 

contaminated by manganese penetrates the air-blood barrier at the lung alveoli,33 13 

bypasses the liver and is directly taken up by the heart and by the brain via the 14 

olfactory nerve, which lacks a blood-brain barrier.  Sources of environmental 15 

manganese contamination include processing of manganese, welding, steel and dry-16 

cell battery manufacture, use of manganese salts in chemical industries, and 17 

addition of organic manganese compounds, such as methylcyclopentadienyl 18 

manganese tricarbonyl, for instance as antiknock agent in gasoline.3  The re-uptake 19 

of manganese proximal renal tubules in the kidney is regulated by cation 20 

transporters.34  The low correlation coefficients between manganese in plasma and 21 

urine in our present study are in keeping with these kinetics.   22 

In our current study, a twofold higher plasma manganese concentration was 23 



Blood Pressure in Relation to Manganese - 14 -   

 

associated with a 0.77 mm Hg and 0.97 mm Hg higher diastolic blood pressure over 1 

the whole day and during daytime, respectively, and a twofold higher nighttime 2 

manganese excretion with a 1.33 mm Hg higher systolic blood pressure during sleep.  3 

At first sight, these association sizes might seem small, but as shown in Figure 1, the 4 

range of plasma and 24-h urinary manganese encompassed a 10-fold and 100-fold 5 

increase, respectively.  In animal experiments, variation in circulating manganese 6 

affected vascular sensitivity to 1-adrenergic receptor stimulation, thereby influencing 7 

signaling pathways and the contractility of vascular smooth muscle cells.35,36  This 8 

mechanism might underlie the association of plasma manganese with diastolic blood 9 

pressure, which reflects peripheral arterial resistance (Table 3).  The association 10 

between nighttime systolic blood pressure and the manganese excretion during 11 

sleep was positive (Table 3).  In salt-sensitive and hypertensive patients the urinary 12 

excretion of sodium shifts from daytime to nighttime,37-39 a phenomenon usually 13 

referred to as pressure natriuresis.30  This supports the hypothesis of pressure 14 

natriuresis as a possible explanation why the association between diastolic blood 15 

pressure and plasma manganese was positive during daytime, but not at night, and 16 

vice versa for systolic blood pressure in relation to urinary manganese.   17 

Strong points of our current study are that we measured blood pressure using 18 

ambulatory monitoring and that we allowed for diurnal variation in blood pressure18 19 

and the urinary excretion of manganese,19 using a diary approach and split urine 20 

samples.  Notwithstanding these strong points, our current study must also be 21 

interpreted within the context of its limitations.  First, the cross-sectional design 22 

precluded making causal inferences.  However, all13,14,16,17 but one15 of the 23 
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reviewed studies on the association between blood pressure and manganese had a 1 

cross-sectional design.  Second, the main elimination route of manganese is not via 2 

the kidney, but via the liver, where manganese is excreted in bile.  Participants in the 3 

top 5 percent of the daytime and nighttime distributions of the manganese excretion 4 

all had normal liver function, as exemplified by the liver enzymes alanine 5 

transaminase, aspartate transaminase and -glutamyltransferase, did not report 6 

occupational exposure, and were not residing close to a known industrial or natural 7 

source of manganese.  The official Swiss food composition tables 8 

(www.valeursnutritives.ch/en/downloads) do not list manganese, but leafy 9 

vegetables, a main source of manganese, are available throughout the whole year to 10 

Swiss consumers (www.sge-ssn.ch/media/tableau_des_legumes.pdf).  Third, of 11 

1029 with an ambulatory blood pressure recording, we had to exclude 295 (28.7%), 12 

because of missing or unreliable measurements.  However, participants analyzed 13 

and not analyzed had similar characteristics (P≥0.10), including 24-h, daytime and 14 

nighttime blood pressures, the manganese biomarkers, sex distribution, body mass 15 

index and heart rate.  Finally, the current study cannot exclude the possibility that the 16 

plasma and urine manganese concentrations do not mirror body manganese status 17 

but are proxies for an unmeasured entity which shows positive associations with 18 

segments of 24-h ABPM.   19 

Perspectives  20 

In our population study, associations of systolic and diastolic blood pressure with 21 

manganese varied according to whether the metal was measured in plasma or urine.  22 

http://www.valeursnutritives.ch/en/downloads)
http://www.sge-ssn.ch/media/tableau_des_legumes.pdf
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Further research should clarify the mechanisms underlying the association of blood 1 

pressure with manganese in plasma and urine.  Even though worldwide 2 

environmental and occupational regulations are increasingly limiting the tolerable 3 

limits of exposure to manganese, there remains room for further experimental and 4 

hemodynamic research to clarify the molecular and pathophysiological relations 5 

underlying the association between blood pressure and manganese exposure.  From 6 

a public health viewpoint, blood pressure is the predominant modifiable 7 

cardiovascular risk factor.  Nutritional intake of vegetables in an amount 8 

recommended by national Swiss guidelines (www.fao.org/nutrition/education/food-9 

dietary-guidelines/regions/countries/switzerland/en), should ensure that the dietary 10 

requirements of the essential micronutrient manganese are met without adverse 11 

health effects affecting liver, kidneys, the central nervous and the heart, organs in 12 

which manganese is concentrated.3,4   13 
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Novelty and Significance  

What is new?   

The association of blood pressure (BP) with Mn (Mn) 

remains poorly studied.  To our knowledge, this is the 

first study relating ambulatory BP to plasma Mn (pMn) 

and the urinary Mn (uMn) excretion.  To allow for diurnal 

variation in BP and uMn, we assessed these 

associations over 24 h and during daytime and 

nighttime in 734 randomly recruited Swiss participants.  

In multivariable-adjusted analyses, association sizes 

were expressed for a twofold increase in the pMn and 

uMn.   

What is relevant?  

□ 24-H systolic/diastolic BP averaged 123.7/73.7 mm 

Hg, pMn 0.52 g/L and 24-h uMn 199.5 g/L.   

 
□ pMn was associated with a 0.77/0.97 mm Hg higher 

24-h/daytime diastolic BP.  

□ At night, uMn was associated with a 1.33 mm Hg 

higher systolic BP.   

Summary  

The associations between diastolic BP and pMn are 

positive over 24 h and during the day and positive 

between systolic BP and uMn at night.  Increased 

peripheral resistance might explain the positive 

associations of diastolic BP and pMn during the day and 

the positive association of systolic BP with uMn at night.   



Blood Pressure in Relation to Manganese - 19 -   

 

References  

 1.  Jiang Y, Zheng W. Cardiovascular toxicities upon manganese exposure. Cardiovasc 

Toxicol.  2005;5:345-354. 

 2.  Li C, Zhou HM. The role of manganese superoxide dismutase in inflammation 

defense. Enzyme Res.  2011;2011:387176. 

 3.  Hoet P, Roels H. Significance and usefulness of biomarkers of exposure to 

manganese.  In Costa LG, Aschner M (eds): Manganese in Health and Disease.  

London, United Kingdom, The Royal Society of Chemistry, 2015, pp 355-401. 

 4.  Chen P, Bornhorst J, Aschner M. Manganese metabolism in humans. Frontiers In 

Bioscience.  2018;23:1655-1679. 

 5.  Lin W, Vann DR, Doulias PT, Wang T, Landesberg G, Li X, Ricciotti E, Scalia R, He 

M, Hang NJ, Rader DJ. Hepatic metal ion transporter ZIP8 regulates manganese 

homeostasis and manganese-dependent enzyme activity. J Clin Invest.  

2017;127:2407-2417. 

 6.  Park JH, Hogrebe M, Grüneberg M, DuChesne I, von der Heiden AL, Reunert J, 

Schlingmann KP, Boycott KM, Beaulieu CL, Mhanni AA, Innes AM, Hörtnagel K, 

Biskup S, Gleixner EM, Kurlemann G, Fiedler B, Omran H, Rutsch F, Wada Y, 

Tsiakas K, Santer R, Nebert DW, Rust S, Marquardt T. SLC39A8 deficiency : a 

disorder of manganese transport and glycosylation. Am J Hum Genet.  2015;97:894-

903. 



Blood Pressure in Relation to Manganese - 20 -   

 

 7.  International Consortium for Blood Pressure Genome-Wide Association Studies., 

Ehret GB, Munroe PB, Rice KM, Bochud M, Johnson AD, Chasman DI, Smith AV, 

Tobin MD, Verwoert GC, Hwang SJ, Pihur V, Vollenweider P, O'Reilly PF, Amin N, 

Bragg-Gresham JL, Teumer A, Glazer NL, Launer L, Zhao JH, Aulchenko Y, Heath 

S, Sõber S, Parsa A, Luan J, Arora P, Dehghan A, Zhang F, Lucas G, Hicks AA, 

Jackson AU, Peden JF, Tanaka T, Wild SH, Rudan I, Igl W, Milaneschi Y, Parker 

AN, Fava C, Chambers JC, Fox ER, Kumari M, Go MJ, van der Harst P, Kao WH, 

Sjögren M, Vinay DG, Alexander M, Tabara Y, Shaw-Hawkins S, Whincup PH, Liu 

Y, Shi G, Kuusisto J, Tayo B, Seielstad M, Sim X, Nguyen KD, Lehtimäki T, Matullo 

G, Wu Y, Gaunt TR, Onland-Moret NC, Cooper MN, Platou CG, Org E, Hardy R, 

Dahgam S, Palmen J, Vitart V, Braund PS, Kuznetsova T, Uiterwaal CS, Adeyemo 

A, Palmas W, Campbell H, Ludwig B, Tomaszewski M, Tzoulaki I, Palmer ND, 

CARDIoGRAM consortium., CKDGen Consortium., KidneyGen Consortium., 

EchoGen consortium., CHARGE-HF consortium., Aspelund T, Garcia M, Chang YP, 

O'Connell JR, Steinle NI, Grobbee DE, Arking DE, Kardia SL, Morrison AC, 

Hernandez D, Naijar S, McArdle WL, Hadley D, Brown MJ, Connell JM, Hingorani 

AD, Day IN, Lawlor DA, Beilby JP, Lawrence RW, Clarke R, Hopewell JC, Ongen H, 

Dreisbach AW, Li Y, Young JH, Bis JC, Kähönen M, Viikari J, Adair LS, Lee NR, 

Chen MH, Olden M, Pattaro C, Bolton JA, Köttgen A, Bergmann S, Mooser V, 

Chaturvedi N, Frayling TM, Islam M, Jafar TH, Erdmann J, Kulkarni SR, Bornstein 

SR, Grässler J, Groop L, Voight BF, Kettunen J, Howard P, Taylor A, Guarrera S, 

Ricceri F, Emilsson V, Plump A, Barroso I, Khaw KT, Weder AB, Hunt SC, Sun YV, 

Bergman RN, Collins FS, Bonnycastle LL, Scott LJ, Stringham HM, Peltonen L, 



Blood Pressure in Relation to Manganese - 21 -   

 

Perola M, Vartiainen E, Brand SM, Staessen JA, Wang TJ, Burton PR, Soler Artigas 

M, Dong Y, Snieder H, Wang X, Zhu H, Lohman KK, Rudock ME, Heckbert SR, 

Smith NL, Wiggins KL, Doumatey A, Shriner D, Veldre G, Viigimaa M, Kinra S, 

Prabhakaran D, Tripathy V, Langefeld CD, Rosengren A, Thelle DS, Corsi AM, 

Singleton A, Forrester T, Hilton G, McKenzie CA, Salako T, Iwai N, Kita Y, Ogihara 

T, Ohkubo T, Okamura T, Ueshima H, Umemura S, Eyheramendy S, Meitinger T, 

Wichmann HE, Cho YS, Kim HL, Lee JY, Scott J, Sehmi JS, Zhang W, Hedblad B, 

Nilsson P, Smith GD, Wong A, Narisu N, Stancáková A, Raffel LJ, Yao J, Kathiresan 

S, O'Donnell CJ, Schwartz SM, Ikram MA, Longstreth WTJr, Mosley TH, Seshadri S, 

Shrine NR, Wain LV, Morken MA, Swift AJ, Laitinen J, Prokopenko I, Zitting P, 

Cooper JA, Humphries SE, Danesh J, Rasheed A, Goel A, Hamsten A, Watkins H, 

Bakker SJ, van Gilst WH, Janipalli CS, Mani KR, Yajnik CS, Hofman A, Mattace-

Raso FU, Oostra BA, Demirkan A, Isaacs A, Rivadeneira F, Lakatta EG, Orru M, 

Scuteri A, Ala-Korpela M, Kangas AJ, Lyytikäinen LP, Soininen P, Tukiainen T, 

Würtz P, Ong RT, Dörr M, Kroemer HK, Völker U, Völzke H, Galan P, Hercberg S. 

Genetic variants in novel pathways influence blood pressure and cardiovascular 

disease risk. Nature.  2018;478:103-109. 

 8.  Ng E, Lind PM, Lindgren C, Ingelsson E, Mahajan A, Morris A, Lind L. Genome-wide 

association study of toxic metals and trace elements reveals novel associations. 

Hum Mol Genet.  2015;24:4739-4745. 

 9.  Willer CJ, Schmidt EM, Sengupta S, Peloso GM, Gustafsson S, Kanoni S, Ganna A, 

Chen J, Buchkovich ML, Mora S, Beckmann JS, Bragg-Gresham JL, Chang HY, 



Blood Pressure in Relation to Manganese - 22 -   

 

Demirkan A, Den Hertog HM, Do R, Donnelly LA, Ehret GB, Esko T, Feitosa MF, 

Ferreira T, Fischer K, Fontanillas P, Fraser RM, Freitag DF, Gurdasani D, Heikkilä K, 

Hyppönen E, Isaacs A, Jackson AU, Johansson A, Johnson T, Kaakinen M, 

Kettunen J, Kleber ME, Li X, Luan J, Lyytikäinen LP, Magnusson PKE, Mangino M, 

Mihailov E, Montasser ME, Müller-Nurasyid M, Nolte IM, O'Connell JR, Palmer CD, 

Perola M, Petersen AK, Sanna S, Saxena R, Service SK, Shah S, Shungin D, 

Sidore C, Song C, Strawbridge RJ, Surakka I, Tanaka T, Teslovich TM, Thorleifsson 

G, Van den Herik EG, Voight BF, Volcik KA, Waite LL, Wong A, Wu Y, Zhang W, 

Absher D, Asiki G, Barroso I, Been LF, Bolton JL, Bonnycastle LL, Brambilla P, 

Burnett MS, Cesana G, Dimitriou M, Doney ASF, Döring A, Elliott P, Epstein SE, Ingi 

Eyjolfsson G, Gigante B, Goodarzi MO, Grallert H, Gravito ML, Groves CJ, Hallmans 

G, Hartikainen AL, Hayward C, Hernandez D, Hicks AA, Holm H, Hung YJ, Illig T, 

Jones MR, Kaleebu P, Kastelein JJP, Khaw KT, Kim E, Klopp N, Komulainen P, 

Kumari M, Langenberg C, Lehtimäki T, Lin SY, Lindström J, Loos RJF, Mach F, 

McArdle WL, Meisinger C, Mitchell BD, Müller G, Nagaraja R, Narisu N, Nieminen 

TVM, Nsubuga RN, Olafsson I, Ong KK, Palotie A, Papamarkou T, Pomilla C, Pouta 

A, Rader DJ, Reilly MP, Ridker PM, Rivadeneira F, Rudan I, Ruokonen A, Samani 

N, Scharnagl H, Seeley J, Silander K, Stancáková A, Stirrups K, Swift AJ, Tiret L, 

Uitterlinden AG, van Pelt LJ, Vedantam S, Wainwright N, Wijmenga C, Wild SH, 

Willemsen G, Wilsgaard T, Wilson JF, Young EH, Zhao JH, Adair LS, Arveiler D, 

Assimes TL, Bandinelli S, Bennett F, Bochud M, Boehm BO, Boomsma DI, Borecki 

IB, Bornstein SR, Bovet P, Burnier M, Campbell H, Chakravarti A, Chambers JC, 

Chen YI, Collins FS, Cooper RS, Danesh J, Dedoussis G, de Faire U, Feranil AB, 



Blood Pressure in Relation to Manganese - 23 -   

 

Ferrières J, Ferrucci L, Freimer NB, Gieger C, Groop LC, Gudnason V, Gyllensten 

U, Hamsten A, Harris TB, Hingorani A, Hirschhorn JN, Hofman A, Hovingh GK, 

Hsiung CA, Humphries SE, Hunt SC, Hveem K, Iribarren C, Järvelin MR, Jula A, 

Kähönen M, Kaprio J, Kesäniemi A, Kivimaki M, Kooner JS, Koudstaal PJ, Krauss 

RM, Kuh D, Kuususto J, Kyvik KO, Laakso M, Lakka TA, Lind L, Lindgren CM, 

Martin NG, März W, McCarthy MI, McKenzie CA, Meneton P, Metspalu A, Moilanen 

L, Morris AD, Munroe PB, Njolstad I, Pedersen NL, Power C, Pramstaller PP, Price 

JF, Psaty BM, Quertermous T, Rauramaa R, Saleheen D, Salomaa V, Sanghera 

DK, Saramies J, Schwarz PEH, Sheu WH, Shuldiner AR, Siegbahn A, Spector TD, 

Stefansson K, Strachan DP, Tayo BO, Tremoli E, Tuomilehto J, Uusitupa M, van 

Duijn CM, Vollenweider P, Wallentin L, Wareham NJ, Whitfield JB, Wolffenbuttel 

BHR, Ordovas JM, Boerwinkle E, Palmer CNA, Thorsteinsdottir U, Chasman DI, 

Rotter JI, Franks PW, Ripatti S, Cupples LA, Sandhu MS, Rich SS, Boehnke M, 

Deloukas P. Discovery and refinement of loci associated with lipid levels. Nat Genet.  

2018;45:1274-1283. 

 10.  Li D, Achkar JP, Haritunians T, Jacobs JP, Hui KY, D'Amato M, Brand S, Radford-

Smith G, Halfvarson J, Niess JH, Kugathasan S, Büning C, Schumm LP, Klei L, 

Ananthakrishnan A, Aumais G, Baidoo L, Dubinsky M, Fiocchi C, Glas J, Milgrom R, 

Proctor DD, Regueiro M, Simms LA, Stempak JM, Targan SR, Törkvist L, Sharma Y, 

Devlin B, Borneman J, Hakonarson H, Xavier RJ, Daly M, Brant SR, Rioux JD, 

Silverberg MS, Cho JH, Braun J, McGovern DP, Duerr RH. A Pleiotropic Missense 

Variant in SLC39A8 Is Associated With Crohn's Disease and Human Gut 

Microbiome Composition. Gastroenterology.  2016;151:724-732. 



Blood Pressure in Relation to Manganese - 24 -   

 

 11.  Kresovich JK, Bulka CM, Joyce BT, Vokonas PS, Schwartz J, Baccarelli AA, Hibler 

EA, Hou L. The inflammatory potential of dietary manganese in a cohort of elderly 

men. Biol Trace Elem Res.  2018;183:49-57. 

 12.  O'Neal SL, Zheng W. Manganese toxicity upon overexposure: a decade in review. 

Curr Environ Health Rep.  2018;2:315-328. 

 13.  Mordukhovich I, Wright RO, Hu H, Amarasiriwardena C, Baccarelli A, Litonjua A, 

Sparrow D, Vokonas P, Schwartz J. Associations of toenail arsenic, cadmium, 

mercury, manganese, and lead with blood pressure in the normative aging study. 

Environ Health Perspect.  2012;120:98-104. 

 14.  Lee YK, Lyu ES, Oh SY, Park HR, Ro HK, Heo YR, Hyun T, Choi MK. Daily copper 

and manganese intakes and their relation to blood pressure in normotensive adults. 

Clin Nutr Res.  2015;4:259-266. 

 15.  Vigeh M, Nishioka E, Yokoyama K, Ohtani K, Matsukawa T. Increased prenatal 

blood manganese may induce gestational blood pressure. Hypertens Pregnancy.  

2016;35:583-592. 

 16.  De Silva ALC, Urbano MR, Almeida Lopes ACB, Carvalho MFH, Buzzo ML, Peixe 

TS, Aschner M, Mesas AE, Paoliello MMB. Blood manganese levels and associated 

factors in a population-based study in Southern Brazil. J Toxicol Environ Health A.  

2017;80:1064-1077. 



Blood Pressure in Relation to Manganese - 25 -   

 

 17.  Wu C, Woo JG, Zhang N. Association between urinary manganese and blood 

pressure: Results from National Health and Nutrition Examination Survey 

(NHANES), 2011-2014. PLOS ONE.  2018;12:e0188145. 

 18.  O'Brien E, Kario K, Staessen JA, de la Sierra A, Ohkubo T. Patterns of ambulatory 

blood pressure. J Clin Hypertens.  2018;Epub ahead of print:DOI: 

10.1111/jch.13277. 

 19.  Järvisalo J, Olkinuora M, Kiilunen M, Kivistö H, Ristola P, Tossavainen A, Aitio A. 

Urinary and blood manganese in occupationally nonexposed populations and in 

manual metal arc welders of mild steel. Int Arch Occup Environ Health.  

1992;63:495-501. 

 20.  Williams B, Mancia G, Spiering W, Agabiti Rosei E, Azizi M, Burnier M, Clement D, 

Coca A, de Simone G, Dominiczak A, Kahan T, Mahfoud F, Redon J, Ruilope L, 

Zanchetti A, Kerins M, Kjeldsen S, Kreutz R, Laurent S, Lip GYH, McManus R, 

Narkiewicz K, Ruschitzka F, Schmieder R, Shlyakhto E, Tsioufis K, Aboyans V, 

Desormais I, List of authors/Task Force members. 2018 Practice Guidelines for the 

management of arterial hypertension of the European Society of Hypertension and 

the European Society of Cardiology: ESH/ESC Task Force for the Management of 

Arterial Hypertension. J Hypertens.  2018;36:2284-2309. 

 21.  Ponte B, Pruijm m, Ackermann D, Vuistiner P, Eisenberger U, Guessous I, Rousson 

V, Mohaupt MG, Alwan H, Ehret G, Pechère-Bertschi A, Paccaud F, Staessen JA, 

Vogt B, Burnier M, Martin PY, Bochud M. Reference values and factors associated 



Blood Pressure in Relation to Manganese - 26 -   

 

with renal resistive index in a family-based population study. Hypertension.  

2014;63:136-142. 

 22.  Alwan H, Pruijm m, Ponte B, Ackermann D, Guessous I, Ehret G, Staessen JA, 

Asayama K, Vuistiner P, younes SE, Paccaud F, Wuerzner G, Pechere-Bertschi A, 

Mohaupt M, Vogt B, Martin P, Burnier M, Bochud M. Epidemiology of masked and 

white-coat hypertension : the family-based SKIPOGH study. PLOS ONE.  

2014;9:e92522. 

 23.  O'Brien E, Mee F, Atkins N, O'Malley K. Accuracy of the Novacor DIASYS 200 

determined by the British Hypertension Society Protocol. J Hypertens.  1991;9:569-

570. 

 24.  Jaffe M. Über den Niederschlag, welchen Pikrinsäure in normalen Harn erzeugt und 

über eine neue Reaction des Kreatinins. Z Physiol Chem.  1886;10:391-400. 

 25.  Myers GL, Miller WG, Coresh J, Fleming J, Greenberg N, Greene T, Hostetter T, 

Levey AS, Panteghini M, Welch M, Eckfeldt JH. Recommendations for improving 

serum creatinine measurement : a report from the laboratory working group of the 

National Kidney Disease Education Program. Clin Chem.  2006;52:5-18. 

 26.  Levey AS, Stevens LA, Schmid CH, Zhang Y, Castro AF, III, Feldman HI, Kusek JW, 

Eggers P, Van Lente F, Greene T, Coresh J, for the CKD-EPI (Chronic Kidney 

Disease Epidemiology Collaboration). A new equation to estimate glomerular 

filtration rate. Ann Intern Med.  2009;150:604-612. 



Blood Pressure in Relation to Manganese - 27 -   

 

 27.  Kasvosve I, Delanghe J. Total iron binding capacity and transferrin concentration in 

the assessment of iron status. Clin Chem Lab Med.  2002;40:1014-1018. 

 28.  Expert Committee on the Diagnosis and Classification of Diabetes Mellitus. Report 

of the expert committee on the diagnosis and classification of diabetes mellitus. Diab 

Care.  2003;26 (suppl 1):S5-S20. 

 29.  Jafari P, Thomas A, Haselbach D, Watfa W, Pantet O, Michetti M, Raffoul W, 

Applegate LA, Augsburger M, Berger MM. Trace element intakes should be revisited 

in burn nutrition protocols: A cohort study. Clin Nutr.  2018;37:958-964. 

 30.  Hall JE, Guyton AC, Coleman TG, Leland Mizelle H, Woods LL. Regulation of 

arterial pressure : role of pressure natriuresis and diuresis. Fed Proc.  1986;45:2897-

2903. 

 31.  Meltzer HM, Brantsaeter AL, Borch-Iohnsen B, Ellingsen DG, Alexander J, 

Thomassen Y, Stigum H, Ydersbond TA. Low iron stores are related to higher blood 

concentrations of manganese, cobalt and cadmium in non-smoking, Norwegian 

women in the HUNT 2 study. Environ Res.  2010;110:497-504. 

 32.  Aschner JL, Aschner M. Nutritional aspects of manganese homeostasis. Mol 

Aspects Med.  2005;26:353-362. 

 33.  Park RM, Bouchard MF, Baldwin M, Bowler R, Mergler D. Respiratory manganese 

particle size, time-course and neurobehavioral outcomes in workers at a manganese 

alloy production plant Neurotoxicology.  2014;45:276-284. 



Blood Pressure in Relation to Manganese - 28 -   

 

 34.  Fujishiro H, Tano Y, Takada M, Tanihara M, Himeno S. Roles of ZIP8, ZIP14, and 

DMT1 in transport of cadmium and manganese in mouse kidney proximal tubule 

cells. Metallomics.  2012;4:700-708. 

 35.  Yan M, Kiu DL, Chua YL, Chen C, Lim YL. Effects of micromolar concentrations of 

manganese, copper, and zinc on á1-adrenoceptor-mediating contraction in rat aorta. 

Biol Trace Elem Res.  2001;82:159-166. 

 36.  Kalea AZ, Harris PD, Klimis-Zacasa DJ. Dietary manganese suppresses 1 

adrenergic receptor-mediated vascular contraction. J Nutr Biochem.  2005;16:44-49. 

 37.  Dyer AR, Martin GJ, Burton WN, Levin M, Stamler J. Blood pressure and diurnal 

variation in sodium, potassium, and water excretion. J Hum Hypertens.  

1998;12:363-371. 

 38.  Kawasaki T, Ueno M, Uezono K, Kawano Y, Abe I, Kawazoe N, Eto T, Fukiyama K, 

Omae T. The renin-angiotensin-aldosterone system and circadian rhythm of urine 

variables in normotensive and hypertensive subjects. Jap Circ J.  1984;48:168-172. 

 39.  Bultasova H, Veselkova A, Brodan V, Pinsker P. Circadian rhythms of urinary 

sodium, potassium and some agents influencing their excretion in young borderline 

hypertensives. Endocrinol Exp.  1986;20:359-369. 

 



Blood Pressure in Relation to Manganese - 29 -   

 

Legend to Figures  

Figure 1.  Logarithmically transformed distributions of plasma manganese (left) and 

24–h urinary manganese excretion (right).  S and K are the coefficients of skewness 

and kurtosis.  The blue and red lines represent the normal and kernel density 

distributions.  The P–values are for departure of the actually observed distribution 

from normality according to Shapiro-Wilk’s statistics.  

Figure 2.  Associations of 24 h systolic (A,C) and diastolic (B,D) blood pressures 

with plasma manganese (A,B) and the 24 h urinary manganese excretion (C,D) 

accounting for center, sex and age.  The dots plotted over the regression line and its 

95% confidence interval represent the means of blood pressure and the biomarker in 

each fifth of the distribution of the biomarker.  Vertical bars denote the SE of blood 

pressure.   
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Table 1.   Characteristics of participants by time of day and medians of the plasma and urinary biomarkers  

Characteristic  
 

All 
 Whole day  

Plasma Mn (µg/L) 
 Daytime  

Mn excretion (mol) 

 Nighttime  

Mn excretion (mol) 

Limits      <0.524 ≥0.524  <115  ≥115   <73.3  ≥73.3  

All participants in category   734  367  367   367  367   367  367  

Women   377 (51.4)  185 (50.4)  192 (52.3)   179 (48.8)  198 (54.0)   188 (51.2)  189 (51.5)  

Smokers   170 (23.2)  85 (23.2)  85 (23.2)  91 (24.8)  79 (21.5)   103 (28.1)  67 (18.3)†   

Drinking   454 (61.9)  227 (61.9)  227 (61.9)   234 (63.8)  220 (60.0)   222 (60.5)  232 (63.2)  

Diabetes mellitus   25 (3.4)  12 (3.3)  13 (3.6)   14 (3.9)  11 (3.0)   9 (2.5)  16 (4.4)  

Mean of characteristic             

Age, years   47.5±17.6   48.4±17.6  46.7±17.5   46.3±17.9  48.7±17.2   46.0±17.4 49.0±17.7*  

Body mass index, kg/m2   25.0±4.4   25.1±4.6  24.8±4.3   24.7±4.3  25.2±4.6   24.6±4.6  25.3±4.3*  

Total cholesterol, mmol/L    5.05±1.00   4.98±0.96  5.12±1.04   5.03±1.03  5.07±0.98   5.08±1.01  5.03±1.00  

HDL cholesterol, mmol/L   1.51±0.41   1.46±0.40  1.57±0.42‡   1.52±0.41  1.51±0.42   1.54±0.42  1.49±0.40  

Plasma glucose, mmol/L   5.17±0.69   5.23±0.68  5.11±0.70*   5.04±0.69  5.30±0.67§   5.13±0.66  5.21±0.72  

Serum creatinine, μmol/L   73.5±13.7   73.2±13.9  85.2±14.7   74.7±13.5  72.3±13.7*   74.2±13.4  72.8±13.9  

eGFR, min/L/1.73 m2   96.5±17.6   96.5±17.7  96.6±17.4   96.8±17.9  96.3±17.2   96.7±17.3 96.4±17.8  

-Glutamyltransferase 
(units/l)  

 17.1 (12.0-
28.0) 

 14.4 (7.9-
26.9)  

20.3 (14.0-
29.0)§  

 19.9 (14.0-
31.0)  

14.6 (8.0-
26.0)§  

 17.2 (12.0-
28.0) 

17.1 (12.0-
28.0) 

Transferrin saturation (%)  
 13.5 (7.4-

22.4) 
 11.7 (6.7-

17.7) 
15.6 (8.2-

28.9)§  
 13.4 (7.3-

22.5)  
13.6 (7.5-

22.2)  
 13.7 (7.6-

22.4) 
13.4 (7.3-

22.2) 

Sodium excretion (mmol)    143.8±60.8   142.6±63.2  145.0±58.4   47.9±19.8  50.0±19.6   37.2±21.4  51.4±29.5§  

Potassium excretion 
(mmol)  

 64.3±22.7   65.3±23.3  63.3±22.0   47.9±19.8  50.0±19.6   13.9±6.9  16.8±9.5§  

Creatinine excretion (mmol)   12.8±4.1   13.1±4.3 12.6±3.9  8.56±4.83  8.39±4.66   12.6±6.9  9.34±5.37§ 
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Abbreviations: Mn, manganese; HDL, high-density lipoprotein cholesterol; eGFR, glomerular filtration rate estimated from serum creatinine.  Diabetes mellitus 
was a fasting plasma glucose level of ≥ 7.0 mmol/L or use of antidiabetic agents.  Values are number of participants (%), arithmetic means (±SD) or median 
(interquartile range).  Significance of the between-group differences: * P≤0.05; † P≤0.01; ‡ P≤0.001; § P<0.0001. 
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Table 2.   Blood pressure by time of day and medians of the plasma and urinary biomarkers  

Characteristic   
Whole day  

Plasma Mn (µg/L) 
 

Daytime  

Mn excretion (mol) 
 

Nighttime  

Mn excretion (mol) 

Limits    <0.524  ≥0.524   <115  ≥115   <73.3  ≥73.3  

All participants in category   367  367   367  367   367  367  

Biomarkers of exposure           

Plasma Mn, g/L   
0.42  

(0.38-0.48)  
0.65  

(0.56-0.70)§  
 

0.54  
(0.45-0.63)  

0.51  
(0.42-
0.62)‡  

 
0.53  

(0.44-0.63)  
0.51  

(0.44-0.62)  

Urinary Mn excretion,mol   
210.3  

(120.6-380.2)  
189.3  

(102.6-370.7)  
 

26.3  
(9.9-71.8)  

261.8  
(168.7-
338.8)§  

 
16.8  

(19.7-53.1)  
157.4  

(96.8-203.4)§  

Duration of urine collection, minutes   1424 ± 100  1426 ± 105   929 ± 114.1  937 ± 107   490 ± 89  496 ± 79  

Blood pressure, mm Hg            

Systolic    117.8 ± 12.9  121.9 ± 14.5§   125.5 ± 15.3  
122.0 ± 
13.7†  

 105.6 ± 13.9  
108.5 ± 
14.1†  

Diastolic    77.0 ± 8.0  79.3 ± 9.2‡   82.2 ± 10.2  80.3 ± 9.1†   67.7 ± 8.1  68.9 ± 8.2*  

Heart rate, beats per minute    77.3 ± 8.7  76.7 ± 9.1   80.4 ± 9.6  81.4 ± 9.8   64.9 ± 9.5  64.9 ± 9.3  

Abbreviations: Mn, manganese.  Values are median (interquartile range) for the Mn biomarkers and arithmetic mean (±SD for the duration of 
the urine collection, blood pressure and heart rate).  Significance of the between-group differences: * P ≤ 0.05; † P ≤ 0.01; ‡ P ≤ 0.001; § P < 
0.0001. 
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Table 3.   Multivariable-adjusted associations of blood pressure with the exposure biomarkers in 734 

participants  

Characteristic   Biomarker    

Estimate  
(95% confidence 

interval)  
 P 

Whole day       

SBP, mm Hg  plasma manganese    0.67 (-0.50 to 1.83)   0.27  

manganese excretion   0.80 (-0.37 to 1.96)   0.18  

DBP, mm Hg  plasma manganese    0.77 (0.08 to 1.47)   0.030  

manganese excretion   0.47 (-0.23 to 1.17)   0.20  

Daytime       

SBP, mm Hg  plasma manganese    0.77 (-0.47 to 2.00)   0.23  

 manganese excretion   -0.27 (-1.53 to 1.03)   0.69 

DBP, mm Hg  plasma manganese    0.97 (0.20 to 1.76)   0.013  

 manganese excretion  -0.10 (-0.90 to 0.73)   0.84  

Nighttime       

SBP, mm Hg  plasma manganese    0.77 (-0.47 to 2.00)   0.22  

 manganese excretion   1.33 (0.20 to 2.50)   0.023  

DBP, mm Hg  plasma manganese    0.47 (-0.27 to 1.17)   0.22  

 manganese excretion  0.43 (-0.23 to 1.13)   0.20  

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.  All models accounted for family cluster 
and included as covariables center, sex, age, age2, body mass index, heart rate, plasma glucose, 

-glutamyltransferase, the estimated glomerular filtration rate, smoking and antihypertensive drug treatment.  Models 
including urinary manganese were additionally adjusted for the duration of the urine collection and sodium and 
potassium excretion.  Association sizes express the difference in blood pressure for a twofold increase in the 
biomarker.  
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Table S1.   Models additionally adjusted for iron saturation in 681 participants  

Characteristic   Biomarker    
Estimate  

(95% confidence interval)   P  

Whole day       

SBP, mm Hg  plasma manganese    1.33 (-6.65 to 9.30)   0.74  

manganese excretion   1.74 (-0.56 to 4.04)   0.14  

DBP, mm Hg  plasma manganese    3.23 (-1.54 to 8.01)   0.18  

manganese excretion   0.47 (-0.90 to 1.85)   0.50  

Daytime       

SBP, mm Hg  plasma manganese    1.78 (-6.63 to 10.2)   0.68  

 manganese excretion   -0.42 (-2.23 to 1.40)   0.65 

DBP, mm Hg  plasma manganese    3.97 (-1.28 to 9.22)   0.14  

 manganese excretion  -0.35 (-1.48 to 0.77)   0.54  

Nighttime       

SBP, mm Hg  plasma manganese    1.13 (-7.19 to 9.45)   0.79  

 manganese excretion   1.72 (0.44 to 3.00)   0.0086  

DBP, mm Hg  plasma manganese    2.00 (-2.90 to 6.91)   0.42  

 manganese excretion  0.46 (-0.31 to 1.23)   0.24  

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.  All models accounted for family cluster and included as 

covariables center, sex, age, age2, body mass index, heart rate, plasma glucose, -glutamyltransferase, the estimated glomerular 
filtration rate, smoking and antihypertensive drug treatment, and iron saturation.  Models including urinary manganese were additionally 
adjusted for the duration of the urine collection and sodium and potassium excretion.  Association sizes express the difference in blood 
pressure for a twofold increase in the biomarker.  
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Table S2.   Models relating blood pressure to urinary manganese in 589 participants not on antihypertensive drug 

treatment  

Characteristic   Biomarker    
Estimate  

(95% confidence interval)    P  

Whole day        

SBP, mm Hg  plasma manganese    2.05 (-5.18 to 9.95)   0.61  

24-h manganese excretion   0.51 (-1.93 to 2.95)   0.68  

DBP, mm Hg  plasma manganese    2.46 (-2.30 to 7.11)   0.32  

24-h manganese excretion   0.03 (-1.42 to 1.49)   0.96  

Daytime       

SBP, mm Hg  plasma manganese    2.58 (-5.81 to 11.0)   0.55  

 manganese excretion   -1.51 (-3.43 to 0.41)   0.12 

DBP, mm Hg  plasma manganese    2.62 (-2.55 to 7.80)   0.32  

 manganese excretion  -0.98 (-2.16 to 0.20)   0.10  

Nighttime       

SBP, mm Hg  plasma manganese    2.52 (-5.72 to 10.8)   0.55  

 manganese excretion   1.14 (-0.22 to 2.50)   0.099  

DBP, mm Hg  plasma manganese    2.75 (-2.26 to 7.76)   0.28  

 manganese excretion  0.65 (-0.17 to 1.48)   0.12  

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.  All models accounted for family cluster and included as 

covariables center, sex, age, age2, body mass index, heart rate, plasma glucose, -glutamyltransferase, the estimated glomerular 
filtration rate, smoking and antihypertensive drug treatment.  Models including urinary manganese were additionally adjusted for the 
duration of the urine collection and sodium and potassium excretion.  Association sizes express the difference in blood pressure for a 
twofold increase in the biomarker.  
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Table S3.   Multivariable-adjusted associations of blood pressure with the exposure biomarkers in 734 participants, 

excluding about 50% of the daytime readings  

Characteristic   Biomarker    
Estimate  

(95% confidence interval)   P 

Whole day       

SBP, mm Hg  plasma manganese    0.73 (-1.52 to 2.98)   0.53  

manganese excretion   0.52 (-0.14 to 1.18)   0.12  

DBP, mm Hg  plasma manganese    1.36 (-0.02 to 2.75)   0.053  

manganese excretion   0.24 (-0.16 to 0.65)   0.24  

Daytime       

SBP, mm Hg  plasma manganese    0.91 (-1.48 to 3.30)   0.46  

 manganese excretion   -0.20 (-0.74 to 0.33)   0.45 

DBP, mm Hg  plasma manganese    1.55 (0.01 to 3.10)   0.048  

 manganese excretion  -0.06 (-0.41 to 0.28)   0.71  

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure.  All models accounted for family cluster and included as 

covariables center, sex, age, age2, body mass index, heart rate, plasma glucose, -glutamyltransferase, the estimated glomerular 
filtration rate, smoking and antihypertensive drug treatment.  Models including urinary manganese were additionally adjusted for the 
duration of the urine collection and sodium and potassium excretion.  Association sizes express the difference in blood pressure for a 
twofold increase in the biomarker.   
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