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OBJECTIVE

To examine the association between manganese intake and the risk of type 2
diabetes in postmenopausal women and determine whether this association is
mediated by circulating markers of inflammation.

RESEARCH DESIGN AND METHODS

We included 84,285postmenopausalwomenwithout a history of diabetes from the
national Women’s Health Initiative Observational Study (WHI-OS). Replication
analysis was then conducted among 62,338 women who participated in the WHI-
Clinical Trial (WHI-CT). Additionally, data from a case-control study of 3,749women
nested in the WHI-OS with information on biomarkers of inflammation and
endothelial dysfunction were examined using mediation analysis to determine the
relative contributions of these known biomarkers by which manganese affects
type 2 diabetes risk.

RESULTS

Comparedwith the lowest quintile of energy-adjusted dietarymanganese,WHI-OS
participants in the highest quintile had a 30% lower risk of type 2 diabetes (hazard
ratio [HR] 0.70 [95% CI 0.65, 0.76]). A consistent association was also confirmed in
the WHI-CT (HR 0.79 [95% CI 0.73, 0.85]). In the nested case-control study, higher
energy-adjusted dietary manganese was associated with lower circulating levels of
inflammatory biomarkers that significantly mediated the association between
dietary manganese and type 2 diabetes risk. Specifically, 19% and 12% of type 2
diabetes risk due to manganese were mediated through interleukin 6 and hs-CRP,
respectively.

CONCLUSIONS

Higher intakeofmanganesewasdirectly associatedwitha lower type2diabetes risk
independent of known risk factors. This association may be partially mediated by
inflammatory biomarkers.
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Manganese is an essential element mainly
obtained from nuts, grains, fruits, green
vegetables, and caffeinated drinks (1,2).
Manganese plays significant roles inmul-
tiple physiological functions, including
glucose and lipid metabolism and insulin
productionandsecretion (3).Manganese
deficiency leads to impaired glucose tol-
erance and increased risk of metabolic
syndrome through impaired glucose
and lipid metabolism (3,4). Manganese
deficiency also leads to mitochondrial
oxidative stress by increasing the pro-
duction of reactive oxygen species (ROS)
(4), a groupofphysiological products that
contribute to inflammation and endo-
thelial dysfunction (5–8).
A mouse study demonstrated that a

manganese-rich diet can downregulate
ROS generation (9), while in vitro and
animal studies demonstrated reduced
endothelial dysfunction followed byman-
ganese supplementation (10). Another
study reported that manganese supple-
mentation reduced levels of inflamma-
tory biomarkers in blood in rats (11).
These studies have provided a physio-
logical basis for examiningmanganese in
diabetes prevention. To our knowledge,
there is paucity of research on the asso-
ciation between dietary manganese and
type 2 diabetes. A study of two Chinese pro-
spective cohorts suggested that greater
dietary manganese intake was associated
with lower risk of type 2 diabetes (12).
Association between dietary manga-

nese and type 2 diabetes in a large cohort
of postmenopausal women has not yet
been investigated. Postmenopausal women
are associatedwith a higher risk of type 2
diabetes compared with premenopausal
women (13), and pathogenesis of men-
opausal symptoms has been reported as
the result of oxidative stress and ROS
generation (14). In the current study, we
sought to prospectively investigate the
association between dietary manganese
and type 2 diabetes risk in a large cohort
of postmenopausal women enrolled in
theWomen’s Health Initiative (WHI) and
to explore potential explanations for this
association using dietary antioxidant
quality, dietary mineral intakes, and in-
flammatory biomarkers.

RESEARCH DESIGN AND METHODS

Study Population
The WHI Observational Study (WHI-OS)
included 93,676 women aged 50–79
enrolled during 1993–1998. Detailed

study procedures have been previously
described (15). WHI-OS participants were
monitored for an average of 10.8 years
until 30 September 2010. Participants
were selected at baseline based on the
following criteria: 1) no history of di-
abetes, 2) no baseline antidiabetic med-
ication use, 3) complete information of
food frequency questionnaires at base-
line, and 4) plausible baseline total en-
ergy intake (between600 and5,000 kcal/
day). Among the participants enrolled in
the WHI-OS, 84,285 met the criteria
(Supplementary Fig. 1). Missing values
for covariates were imputed using mul-
tivariate imputation by chained equa-
tions (16). Participants enrolled in the
WHIClinical Trial (WHI-CT)were included
for a replication analysis. WHI-CT con-
sisted of three overlapping components:
Hormone Therapy Trial, Dietary Modifi-
cation Trial, and Calcium and Vitamin D
Trial. Among the 68,132 participants en-
rolled in the WHI-CT, 62,338 met the
selection criteria (Supplementary Fig. 2).

Nested Case-Control Study
In addition to analyzing data from the
main WHI-OS and CT, we used data
from a case-control study nested within
WHI-OS to explore whether the associ-
ation between dietary manganese and
type 2 diabetes was mediated by inflam-
matoryprocesses or endothelial dysfunc-
tion. Among all participants from the
WHI-OS, 3,781 were included in the
nested case-control study designed to
examine the role of inflammatory bio-
markers and endothelial dysfunction in
the risk of type 2 diabetes. Control sub-
jects were matched to case subjects by
age (62.5 years), racial/ethnic group
(white/Caucasian,black/African,Hispanic/
Latino, and Asian/Pacific Islander), clin-
ical center (geographic location), time of
blood draw (60.10 h), and the length of
follow-up. We included these partici-
pants to assess the role of insulin re-
sistance, b-cell function, inflammatory
biomarkers, and endothelial dysfunction
in the association between dietary man-
ganeseand type2diabetes. Among these
participants, 3,749 (2,041 control sub-
jects and 1,708 case subjects with type 2
diabetes) with complete data for fasting
glucose, fasting insulin, HOMA-insulin
resistance (IR), HOMA-b, vascular cell
adhesion molecule 1 (VCAM1), tumor
necrosis factor (TNF) receptor 2 (TNFR2),
interleukin 6 (IL6), and hs-CRP were

included in the analysis (Supplementary
Fig. 1). Details of the study design have
been published elsewhere (5,6). The pro-
spective cohort and the nested case-
control study were both reviewed and
approved by human subjects review
committees at each participating insti-
tution, and signed informed consent was
obtained from all women enrolled.

Identification of Diabetes at Baseline
and Follow-up Period
Diabetes was defined as a physician di-
agnosis of treated diabetes. Treated di-
abetes at baseline and during follow-up
was identified by a self-administered
questionnaire at each semiannual con-
tact, “Since the date given on the front of
this form, has a doctor prescribed any of
the following pills or treatments?”where
the choices were “pills for diabetes” and
“insulin shots for diabetes.” This identi-
fication method has been used in prior
publications by the WHI investigators
(5,17,18). A confirmation studyon theWHI
type 2diabetes questionnaire showed that
the prevalence and incidence of type 2
diabetes cases were consistent with med-
ication inventories of oral pills and insulin
shots for 77% of WHI-OS and for 79% of
WHI-CT participants (19).

Measurement of Dietary Variables
At baseline, all WHI participants com-
pleted a semiquantitative food frequency
questionnaire (FFQ), which was exten-
sively validated using biomarkers and
dietary records (20). The main section of
the WHI FFQ includes 122 food groups
reported in a semiquantitativemanner in
servings/day. Responses to questionnaire
items ranged from “Never or less than
once per month” to a certain number of
servings per day depending on the food
group. Nutrient analysis for the WHI was
conducted at the Fred Hutchinson Cancer
Research Center Nutrition Assessment
SharedResourceusing theNutritionData
System for Research (Nutrition Coordi-
nating Center, University of Minnesota,
Minneapolis, MN). This study included
the following dietary nutrients for anal-
ysis:manganese (mg/day), vitamin A (IU/
day), vitamin C (mg/day), vitamin E (IU/
day), zinc (mg/day), selenium (mg/day),
calcium (mg/day), iron (mg/day), mag-
nesium (mg/day), and alcohol (mg/day).
Dietarymanganesewas used as themain
exposure in the current study. A variable
for dietary antioxidant quality score (DAQS)
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was calculated (21,22) based on the di-
etary reference intakes of five dietary
nutrients for women who were 51–70
years olddvitamin A (8 IU/day), vitamin
C (75mg/day), vitamin E (15 IU/day), zinc
(8 mg/day), and selenium (55 mg/day)
(23). Manganese supplementation infor-
mation, assessed by in-person interviews
and a computerized inventory method
(24), was included for a sensitivity anal-
ysis, from which we computed the total
manganese intake from diet and supple-
mental intake as exposure.

Other Covariates
Atenrollment, allWHI-OSparticipants com-
pleted self-administeredquestionnaires
that included demographic and lifestyle
information. Race/ethnicity was self-
reportedaswhite (notofHispanicorigin),
African American, Hispanic, American
Indian or Alaskan Native, Asian/Pacific
Islander, or unknown/none of the above.
Region of residence in the United States
at baseline was reported in four catego-
ries (Northeast, South, Midwest, or
West). Family income was reported in
nine categories (,$10,000, $10,000–
$19,999, $20,000–$34,999, $35,000–$49,
999, $50,000–$74,999, $75,000–$99,999,
$100,000–$149,999, $$150,000, or “don’t
know”). Education was reported in 11 cat-
egories (“Didn’t go to school,” “Grade
school (1–4 years),” “Grade school (5–8
years),” “Somehigh school (9–11 years),”
“High school diploma or GED,” “Voca-
tional or training school,” “Some college
or Associate Degree,” “College graduate
or Baccalaureate Degree,” “Some post-
graduate or professional,” “Master’s De-
gree,” or “Doctoral Degree”). Family
history of diabetes was self-reported as
the incidence of diabetes in a parent or
sibling. During the initial screening visit,
anthropometric measurements includ-
ing weight and height, systolic and di-
astolic bloodpressures, and fastingblood
samples were collected. BMI was calcu-
lated as the ratio of weight (kg) to the
square of height (m). Smoking status was
self-reported as past smoker, current
smoker, or never. Alcohol consumption
(g/day) was calculated along with other
dietary factors using theWHI FFQ results.
Baseline use of antihypertensive medi-
cation was reported as medication ther-
apeutic class codes.
WHI-CT participants also had covari-

ates regarding their treatment status for
each arm of the clinical trial. Hormone

Therapy Trial treatment was categorized
into five categories (“Not randomized,”
“Estrogen-alone intervention,” “Estrogen-
alone control,” “Estrogen 1 progestin in-
tervention,” or “Estrogen 1 progestin
control”). DietaryModification Trial treat-
ment was categorized to three categories
(“Not randomized,” “Intervention,” or
“Control”). Calcium and Vitamin D Trial
treatment was categorized to three cat-
egories(“Notrandomized,”“Intervention,”
or “Control”).

For participants included in the nested
case-control study, fastingblood samples
collected at baseline were processed
locally, frozen, and shipped to a central
repository, where the samples were
stored at 270°C. Blood samples of case
subjects and control subjects were trea-
ted identically, shipped in the same
batch, and assayed in the same order to
reduce systemic bias and interassay var-
iation. Fasting glucose, fasting insulin,
VCAM1, TNFR2, IL6, and hs-CRP were
assayed from blood samples. Details on
biomarker assays have previously been
published (5,6). The HOMA-IR and the
HOMA-bwere computed from the equa-
tions described by Matthews et al. (25).

Statistical Analysis
Each participant’s follow-up time was
determined as the duration from the
date of the baseline visit to the date of
self-reported treated diabetes status or
censoring (death from other causes be-
sides type 2 diabetes or the end of
enrollment in WHI until 30 September
2010), whichever occurred first. Energy-
adjusted dietary manganese intake was
calculated using a linear regressionmodel
to remove potential bias in estimated
manganese intake due to total energy
intake (26). A P value of ,0.05 was
considered as statistically significant. All
statistical analyses were done using R
3.6.1 software.

Cox Regression Analysis for Dietary
Manganese and Type 2 Diabetes
For both cohorts, Cox proportional haz-
ards regression models were used to
estimate the hazard ratios (HRs) and
95% CIs of type 2 diabetes risk based on
the quintile of energy-adjusted dietary
manganese (lowest quintile as the ref-
erence). The first model was adjusted
for age and race/ethnicity. The second
model was additionally adjusted for
total energy intake, and the third model

was additionally adjusted for smoking
status, alcohol intake, systolic blood
pressure, physical activity, family dia-
betes history, hormone replacement
therapy status, and baseline use of
antihypertensivemedication. The fourth
model was additionally adjusted for BMI.
The replication analysis with the WHI-CT
cohort included an additional model
that further adjusted for the clinical
trial treatment status (Hormone Ther-
apy Trial treatment, Diet Modification
Trial treatment, and Calcium-Vitamin D
Trial treatment).

Sensitivity analysis was conducted in
the following order: 1) the association
between the quintile of energy-adjusted
dietary manganese and type 2 diabetes
risk was assessed in the WHI-OS partic-
ipants without any missing covariates
(n5 75,753), 2) the association by race/
ethnicity between the quintile of energy-
adjusted dietary manganese and type 2
diabetes risk in whites (n 5 72,226),
blacks (n 5 5,713), and Hispanics (n 5
2,859), 3) the association between the
quintile of energy-unadjusted dietary
manganese and type 2 diabetes risk was
assessed in the WHI-OS, 4) the associa-
tion between the quintile of total man-
ganese from dietary and supplemental
sources and type 2 diabetes risk was
assessed in the WHI-OS population, and
5) theassociationbetween thequintile of
energy-adjusted dietary manganese and
type 2 diabetes risk was assessed sepa-
rately for the WHI-CT participants who
were not randomized to the Diet Mod-
ification Trial, those who were given
dietary intervention, and thosewhowere
Diet Modification Trial control subjects.

Stratification and Interaction Analysis
Participants were stratified based on BMI
(,25, 25–30, or.30 kg/m2), DAQS (0–3,
4 or 5), dietary calcium (tertile 1, 2, or 3),
dietary iron (tertile 1, 2, or 3), and dietary
magnesium (tertile 1, 2, or 3); these
dietary minerals were selected for their
ability to reducemanganese bioavailabil-
ity (27–29). Interaction analysis was con-
ducted to investigate the interaction
between energy-adjusted dietary man-
ganese and BMI, DAQS, and dietary
minerals in the development of type 2
diabetes. The quintile of energy-adjusted
dietarymanganese,apotentialconfounder
(BMI, DAQS, dietary calcium, dietary iron,
or dietary magnesium) categorized as
above, and the corresponding interaction
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term with the quintile of energy-adjusted
dietarymanganesewere included for the
interaction analysis. All stratification and
interactionanalysismodelswere adjusted
for age, race/ethnicity, daily energy in-
take, region of residence at baseline,
family income, education, smoking status,
alcohol intake, systolic blood pressure,
physical activity, family diabetes history,
hormonereplacement therapy status,use
of antihypertensive medication, and BMI.

Mediation Analysis
Linear regression was used to determine
biomarkers that were significantly asso-
ciatedwithenergy-adjusteddietaryman-
ganese intake. To address the nonlinear
association between dietary manganese
and the associated biomarkers, energy-
adjusted dietary manganese was dichoto-
mized to a binary variable (lowest quintile
vs. other quintiles). Logistic regression
models using the binary dietary manga-
nese variable as the exposure, biomarker
as themediator,andtype2diabetesasthe
outcome were examined. A linear regres-
sion model using the binary manganese
variable as the exposure and a biomarker
asoutcomewasalsoexamined.These two
types of regression models were inte-
grated formediation analysis to evaluate
the causal role of dietary manganese in
relation to thebiomarker-type2diabetes
pathway (30,31). All models were ad-
justed for age, race/ethnicity, daily energy
intake, region of residence at baseline,
family income, education, smoking status,
alcohol intake, systolic blood pressure,
physical activity, family diabetes history,
hormone replacement therapy status,
use of antihypertensivemedication, and
BMI. Proportion of mediating effects
was calculated in two scales, odds ratio
[OR] scale and risk difference scale. The
95% CIs of the proportions mediated
were obtained using bootstrapping.

RESULTS

WHI-OS

Baseline Characteristics

Table 1 presents the baseline character-
istics of WHI-OS participants according
to the quintile of energy-adjusted dietary
manganese. Participants with higher di-
etarymanganese had a lower proportion
of participants with type 2 diabetes,
higher proportion of current smokers,
lower BMI, and lower systolic blood
pressure. These participants also had

higher proportion of whites and more

alcohol consumption.

Cox Regression Analysis on Dietary

Manganese and Type 2 Diabetes

Throughout a total of 914,422 person-
years, 6,799 participants developed
type 2 diabetes in the WHI-OS. After
adjusting for age and race/ethnicity (Ta-
ble 2, model 1), the estimated HR of
type 2 diabetes for participants in the
highest quintile of energy-adjusted di-
etary manganese intake compared with
the lowest quintilewas 0.46 (95%CI 0.43,
0.50). This association was consistent
after further adjusting for total energy
intake (Table 2, model 2). Adjusting for
region of residence at baseline, family
income, education, smoking status, al-
cohol intake, systolic blood pressure,
physical activity, family diabetes history,
hormone replacement therapy status,
and baseline use of antihypertensive
medication in addition to the model 2 co-
variates resulted in an HR of 0.62 (95% CI
0.57, 0.67) (Table 2, model 3). Further
adjustment for BMI led to an HR of 0.70
(95% CI 0.65, 0.76) (Table 2, model 4).

Sensitivity Analysis

Sensitivity analysis on the WHI-OS par-
ticipants without any missing covariates
(n 5 75,753) resulted in no change in
the associations (Supplementary Table 3,
model 4). Stratification of WHI-OS par-
ticipants by race/ethnicity resulted in
a similar association among whites (HR
0.72 [95% CI 0.65, 0.78]) and blacks (HR
0.67 [95% CI 0.51, 0.89]). However, the
associationwasweaker among Hispanics
(HR 0.84 [95% 0.53, 1.33]) (Supplementary
Table 4). Sensitivity analysis on theWHI-OS
participants according to the quintile of
dietary manganese intake (unadjusted to
total energy intake) resulted in a stronger
association (HR 0.63 [95% CI 0.57, 0.70])
(Supplementary Table 5, model A). Sensi-
tivity analysis on the WHI-OS participants
according to the quintile of total manga-
nese intake fromdietary and supplemental
sources resulted in a similar HR of 0.63
(95% CI 0.57, 0.69) (Supplementary Table 5,
model B).

Subgroup Analysis

The adjusted HR for women with a DAQS
of 5 across quintiles of energy-adjusted
dietarymanganese (HR0.83 [95%CI0.72,
0.96]) was higher compared with the
adjustedHR forwomenwithaDAQSof0–
3 (HR 0.64 [95% CI 0.53, 0.76]). After
stratificationby tertilesofdietary calcium,

dietary iron, and dietary magnesium,
there were weaker associations for the
groups in the highest tertile of intake of
theseminerals (Table 3). Stratification by
dietary magnesium resulted in the great-
est change in the HR of the highest
quintile of energy-adjusted dietary man-
ganese from 0.58 (95% CI 0.42, 0.79) to
0.76 (95% CI 0.66, 0.87) when examining
increasing tertiles of magnesium. We
observed no significant interactions of
energy-adjusted dietarymanganesewith
BMI because there was no noticeable
change in the association between di-
etary manganese and type 2 diabetes
when the subgroup with BMI,25 kg/m2

(HR 0.73 [95% CI 0.61, 0.87]) was com-
paredwithBMI.30kg/m2 (HR0.74 [95%
CI 0.65, 0.83]).

WHI-CT

Baseline Characteristics

Supplementary Table 1 presents the
baseline characteristics of WHI-CT par-
ticipants. Similar trends among covari-
ates were found as those in WHI-OS
participants.

Cox Regression Analysis on Dietary

Manganese and Type 2 Diabetes

Analysis on the association between di-
etary manganese and type 2 diabetes
using the WHI-CT cohort resulted in a
consistent HR of 0.79 (95% CI 0.73, 0.85)
(Supplementary Table 2, model 5) as the
association found using theWHI-OS cohort.

Sensitivity Analysis

Stratification of WHI-CT participants by
the Diet Modification Trial treatment
status resulted in the weakest associa-
tion between dietary manganese and
type 2 diabetes in participants with di-
etary intervention (HR 0.84 [95% CI 0.73,
0.98]). The strongest association (HR
0.76, [95% CI 0.68, 0.86]) was found for
the control participants in the Diet Mod-
ification Trial (Supplementary Table 6).

Nested Case-Control Study

Supplementary Table 7 presents the as-
sociations between the quintile of man-
ganese intake and the estimated relative
level of circulatingbiomarkers atbaseline
in the nested case-control study. After
adjusting for covariates, estimated levels
of fasting glucose (P for trend ,0.001)
and fasting insulin (P for trend ,0.001)
were lower for highermanganese intake.
Insulin resistance, indicated by HOMA-IR
(P for trend ,0.001), was also lower
for higher energy-adjusted manganese
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intake, but b-cell function, indicated by
HOMA-b (P for trend 5 0.20), was not
significantly associated with manganese
intake. Change in estimated relative level
of VCAM1, an indicator for endothelial
dysfunction, was associated with dietary
manganese (P for trend 5 0.04). Cova-
riate-adjusted estimated levels of the
inflammatory biomarkers TNFR2 (P for
trend5 0.002), IL6 (P for trend,0.001),

and hs-CRP (P for trend ,0.001) were
also lower for higher energy-adjusted
manganese intake.

Biomarkers that were significantly as-
sociated with dietary manganese were
further examined via mediation analysis
(Table 4). Fasting glucose levels signifi-
cantly mediated the dietary manganese-
type 2 diabetes OR (0.69 [95% CI 0.55,
0.82]), accounting for91%of theproportion

mediated. Fasting insulin mediated the
dietary manganese-type 2 diabetes OR
(0.87 [95%CI 0.82, 0.92]), accounting for
52% of the proportion mediated. HO-
MA-IR significantlymediated the dietary
manganese-type 2 diabetes OR (0.77
[95% CI 0.70, 0.84]), accounting for 84%
of the proportion mediated. IL6 and
hs-CRP also mediated the dietary man-
ganese-type 2 diabetes OR, accounting

Table 1—Baseline characteristics according to quintiles of energy-adjusted dietary manganese among 84,285 postmenopausal
women aged 50–79 enrolled in the WHI-OS

Energy-adjusted dietary manganese

P value†
Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5
n 5 16,857 n 5 16,857 n 5 16,857 n 5 16,857 n 5 16,857

Person-years 169,939 179,177 184,970 188,577 191,759

Participants with type 2 diabetes 1,972 (11.7) 1,518 (9) 1,275 (7.6) 1,061 (6.3) 973 (5.8)

Manganese intake (mg/day)* 2.17 6 0.93 2.49 6 0.82 2.99 6 0.78 3.64 6 0.78 5.11 6 1.25

Age (years) 63 6 8 64 6 7 64 6 7 64 6 7 64 6 7 ,0.001

Race/ethnicity ,0.001
White 12,935 (76.7) 14,114 (83.7) 14,686 (87.1) 15,110 (89.6) 15,381 (91.2)
Black 2,164 (12.8) 1,273 (7.6) 923 (5.5) 714 (4.2) 639 (3.8)
Hispanic 1,167 (6.9) 655 (3.9) 450 (2.7) 339 (2) 248 (1.5)

Region (U.S.) ,0.001
Northeast 3,527 (20.9) 3,867 (22.9) 4,040 (24) 4,004 (23.8) 3,913 (23.2)
South 4,782 (28.4) 4,202 (24.9) 4,174 (24.8) 4,188 (24.8) 4,182 (24.8)
Midwest 4,141 (24.6) 3,803 (22.6) 3,551 (21.1) 3,587 (21.3) 3,634 (21.6)
West 4,407 (26.1) 4,985 (29.6) 5,092 (30.2) 5,078 (30.1) 5,128 (30.4)

Income (U.S. dollars) ,0.001
,20,000 3,546 (21) 2,546 (15.1) 2,176 (12.9) 1,909 (11.3) 1,773 (10.5)
20,000–49,999 7,529 (44.7) 7,437 (44.1) 7,111 (42.2) 6,874 (40.8) 6,729 (39.9)
50,000–99,999 4,047 (24) 4,676 (27.7) 5,082 (30.1) 5,443 (32.3) 5,610 (33.3)
.100,000 1,156 (6.9) 1,673 (9.9) 2,007 (11.9) 2,159 (12.8) 2,351 (13.9)

Highest education
High school 5,078 (30.1) 3,812 (22.6) 3,182 (18.9) 2,727 (16.2) 2,255 (13.4)
Vocational/training school 1,984 (11.8) 1,758 (10.4) 1,610 (9.6) 1,368 (8.1) 1,313 (7.8)
College 6,202 (36.8) 6,619 (39.3) 6,580 (39) 6,704 (39.8) 6,424 (38.1)
Postgraduate 3,593 (21.3) 4,668 (27.7) 5,485 (32.5) 6,058 (35.9) 6,865 (40.7)

BMI (kg/m2) 29 6 6.6 27.3 6 5.6 26.7 6 5.3 26.2 6 5.1 25.8 6 5 ,0.001

Systolic blood pressure (mmHg) 128.2 6 17.8 127.1 6 18.1 126.3 6 17.7 125.6 6 17.7 125.1 6 17.7 ,0.001

Physical activity (METs-h/week) 9.5 6 12.2 12.6 6 13.7 14.4 6 14.1 16 6 14.8 17.5 6 15.6 ,0.001

Total energy intake (kcal/day) 1,740 6 735 1,442 6 556 1,445 6 523 1,511 6 508 1,711 6 545 0.46

Alcohol consumption (g/day) 3.9 6 10 4 6 8.1 4.7 6 8.1 6 6 9.4 10.6 6 17.1 ,0.001

Smoking status ,0.001
Never smoked 8,910 (52.9) 8,887 (52.7) 8,752 (51.9) 8,399 (49.8) 7,753 (46)
Past smoker 6,374 (37.8) 6,879 (40.8) 7,244 (43) 7,669 (45.5) 8,303 (49.3)
Current smoker 1,573 (9.3) 1,091 (6.5) 861 (5.1) 789 (4.7) 801 (4.8)

Hormone replacement therapy status ,0.001
Never used hormones 5,622 (33.4) 5,059 (30) 4,839 (28.7) 4,662 (27.7) 4,681 (27.8)
Past user 3,661 (21.7) 3,602 (21.4) 3,536 (21) 3,391 (20.1) 3,497 (20.7)
Current user 7,574 (44.9) 8,196 (48.6) 8,482 (50.3) 8,804 (52.2) 8,679 (51.5)

Diabetes family history ,0.001
Yes 5,511 (32.7) 5,158 (30.6) 4,915 (29.2) 4,795 (28.4) 4,718 (28)
No 10,444 (62) 10,961 (65) 11,291 (67) 11,427 (67.8) 11,507 (68.3)

Use of antihypertensive medication ,0.001
Yes 1,984 (11.8) 1,780 (10.6) 1,638 (9.7) 1,485 (8.8) 1,294 (7.7)
No 14,873 (88.2) 15,077 (89.4) 15,219 (90.3) 15,372 (91.2) 15,563 (92.3)

Continuous variables are presented as mean6 SD. Categorical variables are presented as n (%). Categorical variables may not add up to 100% due to
missing or unknown information. *Energy-unadjusted dietary manganese intake estimated from WHI FFQ. †The x2 test was used to compare
proportions/frequencies for categorical variables. One-way ANOVA was used to compare means for continuous variables.
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for 19% and 12% for IL6 and hs-CRP,
respectively.

CONCLUSIONS

In a large study of postmenopausal
women, participants with the highest

compared with the lowest amount of
dietarymanganese had 30% lower risk of

type 2 diabetes. This association was

independent of identified risk factors

such as BMI, but dietary manganese had

significant interactions with dietary quality

in antioxidant and essential minerals. A

similar association was observable in the

replication analysis ofWHI-CT participants,

although dietary intervention seemed to

weaken the association. In the nested

casecontrol study,higherenergy-adjusted

Table 2—HRs with 95% CIs of type 2 diabetes according to quintiles of energy-adjusted dietary manganese among 84,285
postmenopausal women aged 50–79 enrolled in the WHI-OS

Energy-adjusted dietary manganese

Model Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P for trend

Model 1* 1.00 0.75 (0.70, 0.81) 0.62 (0.58, 0.67) 0.51 (0.47, 0.55) 0.46 (0.43, 0.50) ,0.001

Model 2† 1.00 0.80 (0.74, 0.85) 0.66 (0.61, 0.70) 0.53 (0.50, 0.58) 0.47 (0.43, 0.50) ,0.001

Model 3‡ 1.00 0.88 (0.82, 0.94) 0.77 (0.72, 0.83) 0.66 (0.61, 0.71) 0.62 (0.57, 0.67) ,0.001

Model 4§ 1.00 0.93 (0.87, 1.00) 0.84 (0.78, 0.90) 0.73 (0.68, 0.79) 0.70 (0.65, 0.76) ,0.001

*Model1wasadjusted forageand race/ethnicity.†Model2wasadjusted forage, race/ethnicity, and total energy intake.‡Model3wasadjusted forage,
race/ethnicity, total energy intake, region of residence at baseline, family income, education, smoking status, alcohol intake, systolic blood pressure,
physical activity, family diabetes history, hormone usage, and the use of antihypertensive medication. §Model 4 was adjusted for age, race/ethnicity,
total energy intake, region of residence at baseline, family income, education, smoking status, alcohol intake, systolic blood pressure, physical activity,
family diabetes history, hormone usage, the use of antihypertensive medication, and BMI.

Table 3—HRs with 95% CIs of type 2 diabetes according to quintiles of energy-adjusted dietary manganese among 84,285
postmenopausal women aged 50–79 stratified to BMI, DAQS, and dietary minerals

Energy-adjusted dietary manganese

Biomarkers Quintile 1 Quintile 2 Quintile 3 Quintile 4 Quintile 5 P for trend

BMI
,25 kg/m2 (n 5 35,772) 1.00 0.96 (0.80, 1.14) 0.77 (0.64, 0.92) 0.72 (0.60, 0.86) 0.73 (0.61, 0.87) ,0.001
25–30 kg/m2 (n 5 28,904) 1.00 0.89 (0.79, 1.01) 0.77 (0.67, 0.87) 0.73 (0.64, 0.84) 0.69 (0.60, 0.79) ,0.001
.30 kg/m2 (n 5 19,609) 1.00 0.94 (0.85, 1.04) 0.95 (0.85, 1.05) 0.77 (0.69, 0.87) 0.74 (0.65, 0.83) ,0.001
Interaction with energy-adjusted dietary

manganese 0.68

DAQS
0–3 (n 5 26,350) 1.00 0.90 (0.81, 1.01) 0.76 (0.67, 0.87) 0.69 (0.60, 0.80) 0.64 (0.53, 0.76) ,0.001
4 (n 5 37,043) 1.00 0.90 (0.81, 1.01) 0.81 (0.72, 0.92) 0.75 (0.66, 0.84) 0.65 (0.58, 0.74) ,0.001
5 (n 5 20,892) 1.00 1.03 (0.89, 1.19) 0.97 (0.83, 1.12) 0.74 (0.63, 0.87) 0.83 (0.72, 0.96) ,0.001
Interaction with energy-adjusted dietary

manganese 0.02

Dietary calcium
Tertile 1 (n 5 28,095) 1.00 0.89 (0.80, 0.99) 0.79 (0.70, 0.90) 0.68 (0.59, 0.78) 0.66 (0.56, 0.77) ,0.001
Tertile 2 (n 5 28,095) 1.00 0.96 (0.85, 1.09) 0.89 (0.78, 1.02) 0.74 (0.65, 0.85) 0.64 (0.55, 0.74) ,0.001
Tertile 3 (n 5 28,095) 1.00 0.97 (0.85, 1.10) 0.85 (0.74, 0.97) 0.80 (0.70, 0.91) 0.82 (0.72, 0.93) ,0.001
Interaction with energy-adjusted dietary

manganese 0.03

Dietary iron
Tertile 1 (n 5 28,095) 1.00 0.90 (0.81, 1.01) 0.79 (0.70, 0.89) 0.67 (0.58, 0.79) 0.71 (0.56, 0.91) ,0.001
Tertile 2 (n 5 28,095) 1.00 0.88 (0.78, 1.00) 0.78 (0.69, 0.89) 0.66 (0.57, 0.76) 0.60 (0.51, 0.70) ,0.001
Tertile 3 (n 5 28,095) 1.00 1.03 (0.90, 1.18) 0.94 (0.82, 1.07) 0.83 (0.73, 0.96) 0.77 (0.68, 0.87) ,0.001
Interaction with energy-adjusted dietary

manganese 0.04

Dietary magnesium
Tertile 1 (n 5 28,095) 1.00 0.88 (0.80, 0.98) 0.81 (0.72, 0.91) 0.63 (0.53, 0.74) 0.58 (0.42, 0.79) ,0.001
Tertile 2 (n 5 28,095) 1.00 0.99 (0.86, 1.13) 0.86 (0.74, 0.99) 0.78 (0.66, 0.91) 0.70 (0.58, 0.85) ,0.001
Tertile 3 (n 5 28,095) 1.00 0.96 (0.83, 1.13) 0.87 (0.75, 1.01) 0.79 (0.68, 0.92) 0.76 (0.66, 0.87) ,0.001
Interaction with energy-adjusted dietary

manganese 0.06

Stratification analysis models were adjusted for age, race/ethnicity, total energy intake, region of residence at baseline, family income, education,
smoking status, alcohol intake, systolic bloodpressure, physical activity, family diabetes history, hormoneuse, use of antihypertensivemedication, and
BMI. Interaction analysis models were adjusted for age, race/ethnicity, total energy intake, region of residence at baseline, family income, education,
smoking status, alcohol intake, systolic bloodpressure, physical activity, familydiabeteshistory, hormoneuse, useof antihypertensivemedication,BMI,
and the corresponding interaction terms (BMI, DAQS, dietary calcium, dietary iron, and dietary magnesium).
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dietary manganese intake was associated
with lower levels of diabetes-associated
biomarkers and inflammatory markers.
According to ourmediation analysis, several
biomarkers, including fastingglucose, fasting
insulin, HOMA-IR, IL6, and hs-CRP, signifi-
cantly mediated the association between
dietary manganese and type 2 diabetes.
Our results are consistent with prior

studies examining the relationship be-
tweenmanganese and type 2 diabetes. A
prospective study of twoChinese cohorts
with ages ranging from 20 to 74 years
showed that higher manganese intake
was associated with lower type 2 diabe-
tes risk (12). Du et al. (12) showed similar
findings with HRs comparing the highest
tertile of dietarymanganese intake to the
lowest tertile, HR of 0.52 (95% CI 0.32,
0.81) and 0.61 (95% CI 0.32, 0.81) in
multivariable models of the two pro-
spective cohorts.
Stratified analysis based on BMI cat-

egories resulted in no observable change
in the associations across the quintiles of
dietary manganese in the WHI-OS co-
hort. The subpopulation with DAQS of
0–3showed lowerHRsacross thequintiles
of energy-adjusted manganese intake
than that with DAQS of 5. The subgroups
in the lowest tertiles of calcium, iron, or
magnesium tended to have lower HRs
across the quintiles of energy-adjusted
manganese intake compared with the
subgroups in the highest tertiles of the
corresponding minerals. Interactions be-
tween dietary manganese and dietary
mineralswere consistentwith the effects
of calcium, iron, and magnesium on
manganese bioavailability (27–29).
Our findings on diabetes-associated

biomarkers were consistent with previous

findings examining associations between
these biomarkers and diabetes risk
(4–6,32,33). However, different results
were reported in a cohort studyof elderly
men. Unlike our findings, Kresovich et al.
(34) reported no significant association
of dietary manganese with TNF receptor
or C-reactive protein and a direct asso-
ciation between manganese intake and
interleukins, including IL6, in the study
population. In addition, Kresovich et al.
(34) included relatively small number
male participants (n 5 633). Sex differ-
ences in manganese metabolism in diabe-
tes need to be evaluated in future studies.

In a subcohort of WHI-OS, findings
fromourmediation analysis showed that
the association ofmanganesewith type2
diabetes was significantly mediated by
fasting glucose and insulin levels and
insulin resistance indicated by HOMA-IR.
As diabetes is clinically defined by a
hyperglycemic state that induces insulin
resistance and abnormal secretion of
insulin, such mediation supports a po-
tential role of manganese in type 2 di-
abetes risk. Ourmediation analysis in the
same subcohort also suggested that the
association of manganese with type 2
diabetes may be partly mediated by in-
flammatory biomarkers. Our findings
were consistent with animal studies
showing a suppression of inflammatory
processes, followed by mineral supple-
mentation and injection (11,35).

This study has several strengths. The
prospective design and large sample size
with high follow-up rate reduce the
possibility of bias due to participants lost
to follow-up. Nutrient intake estimates
made with the WHI FFQ were likely to
reflect usual dietary intake (20). Our

findings are relevant for a populationwith
an increased risk of type 2 diabetes com-
pared with the premenopausal counter-
part (13). Also, we usedmediation analysis
(31) to quantify the effects of type 2 di-
abetes-associated biomarkers (5,6). This
method may help explain the association
between dietary manganese and type 2
diabetes risk observed in prospective co-
horts by quantifying the magnitude and
relative contributions of various pathways.

Meanwhile, our study had several lim-
itations. Diabetes status in the current
study was self-reported, but validation
studies concluded that self-report of
“treated diabetes” was sufficiently con-
sistent with medication inventory to be
used in epidemiologic studies (19,36).
Physician diagnosis of treated diabetes
may have missed some subtypes of di-
abetes (37) such as pancreatic diabetes or
latent autoimmune diabetes in adults. Our
primary exposure was energy-adjusted di-
etary manganese, which did not include
supplemental manganese. However, our
sensitivity analysis results suggest that
both energy-unadjusted dietary manga-
nese and total manganese intake are
consistently, if not more strongly, asso-
ciatedwith lower type 2 diabetes risk. In
addition, our study only included post-
menopausal women; thus, our findings
cannot be applied to younger women or
men. Moreover, dietary manganese in-
take was assessed only once at baseline
from 1993 to 1998, so we were not able
to capture the time-varying association
of dietary manganese with risk of type 2
diabetes. Finally, we were not able to
measure the level ofmanganese in blood,
which would verify our findings using an
alternative method of measurement.

Table 4—Effect of dietary manganese on type 2 diabetes risk with mediation of established biomarkers

Biomarkers
Effect mediated

(95% CIs)
Effect not mediated

(95% CIs)
Proportion mediated
on OR scale (%)

Proportion mediated
on risk difference (%)

Fasting glucose 0.69 (0.55, 0.82) 0.96 (0.78, 1.18) 91 89

Fasting insulin 0.87 (0.82, 0.92) 0.88 (0.74, 1.04) 52 49

HOMA-IR 0.77 (0.70, 0.84) 0.95 (0.79, 1.15) 84 82

VCAM1 1.00 (0.99, 1.00) 0.78 (0.66, 0.92) 1 1

TNFR2 0.99 (0.98, 1.00) 0.78 (0.66, 0.93) 2 2

IL6 0.95 (0.93, 0.98) 0.82 (0.69, 0.96) 19 17

hs-CRP 0.97 (0.95, 0.99) 0.80 (0.68, 0.95) 12 10

Higher manganese intake (four highest quintiles of energy-adjusted dietary manganese) was compared with the first quintile as reference. Effects are
shown in ORs with 95% CIs. CIs were calculated using bootstrapping. Models were adjusted for age, race/ethnicity, total energy intake, region of
residence at baseline, family income, education, smoking status, alcohol intake, systolic blood pressure, physical activity, family diabetes history,
hormone use, use of antihypertensive medication, and BMI.
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In conclusion, dietary manganese was
associated with a lower risk of type 2
diabetesamongpostmenopausalwomen,
and this association was partly mediated
by fasting glucose, fasting insulin, insulin
resistance, and inflammatory biomarkers.
However, potential physiological mecha-
nisms explaining the association of man-
ganese intakewith diabetes development
requires further research among demo-
graphically diverse populations. Consump-
tion of food groups rich in manganese
could potentially be targets for interven-
tion against type 2 diabetes risk in post-
menopausal women.

Funding. The WHI program is funded by the
NationalHeart, Lung, andBlood Institute,National
Institutes of Health (NIH), and U.S. Department of
Health and Human Services through contracts 330
HHSN268201600018C, 331 HHSN268201600001C,
HHSN2682-01600002C, HHSN268201600003C, and
332 HHSN268201600-004C. S.Liu was supported by
NIH grants R01DK103699 and R01ES029082.
Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. J.H.G. contributed to
the data collection and data analysis and wrote
the manuscript. K.L. contributed to the data
collection and data analysis and wrote the man-
uscript. Q.L. contributed to the data analysis and
reviewed and edited the manuscript. J.L. con-
tributed to the data analysis and reviewed and
edited the manuscript. S.Lai contributed to the
data analysis and reviewed and edited the man-
uscript. A.H.S. reviewed and edited the manu-
script. C.A. reviewed and edited the manuscript.
L.S. reviewed and edited the manuscript. S.Liu
contributed to the data collection and study
design and reviewed and edited the manuscript.
J.H.G. and S.Liu are the guarantors of this work
and, as such, had full access to all of the data in
the study and take responsibility for the integrity
of the data and the accuracy of the data analysis.
The corresponding author attests that all
listed authors meet authorship criteria and
that no others meeting the criteria have been
omitted.

References
1. Kies C (Ed.).Nutritional Bioavailability of Man-
ganese. Washington, DC, American Chemical So-
ciety, 1987
2. U.S. Department of Agriculture (USDA). Food-
Data Central [Internet], 2019. Available from
https://fdc.nal.usda.gov/fdc-app.html. Accessed
25 September 2019
3. Aschner JL, Aschner M. Nutritional aspects of
manganese homeostasis. Mol AspectsMed 2005;
26:353–362
4. Li L, Yang X. The essential element manga-
nese, oxidative stress, and metabolic diseases:
links and interactions. Oxid Med Cell Longev
2018;2018:7580707

5. Liu S, Tinker L, Song Y, et al. A prospective study
of inflammatory cytokines and diabetes mellitus
in a multiethnic cohort of postmenopausal women.
Arch Intern Med 2007;167:1676–1685
6. Song Y, Manson JE, Tinker L, et al. Circulating
levels of endothelial adhesionmolecules and risk
of diabetes in an ethnically diverse cohort of
women. Diabetes 2007;56:1898–1904
7. Lusis AJ. Atherosclerosis. Nature 2000;407:
233–241
8. Ross R. Atherosclerosis–an inflammatory dis-
ease. N Engl J Med 1999;340:115–126
9. Juttukonda LJ, Berends ETM, Zackular JP, et al.
Dietary manganese promotes staphylococcal in-
fection of the heart. Cell Host Microbe 2017;22:
531–542.e8
10. Burlet E, Jain SK. Manganese supplementa-
tion reduces high glucose-induced monocyte
adhesion to endothelial cells and endothelial
dysfunction in Zucker diabetic fatty rats. J Biol
Chem 2013;288:6409–6416
11. Owumi SE, Dim UJ. Manganese suppresses
oxidative stress, inflammation and caspase-3 ac-
tivation inratsexposedtochlorpyrifos.ToxicolRep
2019;6:202–209
12. Du S, Wu X, Han T, et al. Dietary manganese
and type 2 diabetes mellitus: two prospective
cohort studies in China. Diabetologia 2018;61:
1985–1995
13. Heianza Y, Arase Y, Kodama S, et al. Effect of
postmenopausal status and age at menopause
on type 2 diabetes and prediabetes in Japanese
individuals: ToranomonHospitalHealthManage-
ment Center Study 17 (TOPICS17). Diabetes Care
2013;36:4007–4014
14. Doshi SB, Agarwal A. The role of oxidative
stress in menopause. J Midlife Health 2013;4:
140–146
15. AndersonG,CummingsS, FreedmanLS, et al.;
The Women’s Health Initiative Study Group. De-
sign of the Women’s Health Initiative clinical trial
and observational study. Control Clin Trials 1998;
19:61–109
16. vanBuurenS,Groothuis-OudshoornK.Mice:
multivariate imputation by chained equations in
R. J Stat Softw 2011;45:1–67
17. de Boer IH, Tinker LF, Connelly S, et al.;
Women’s Health Initiative Investigators. Calcium
plus vitamin D supplementation and the risk of
incident diabetes in the Women’s Health Initia-
tive. Diabetes Care 2008;31:701–707
18. Culver AL, Ockene IS, Balasubramanian R,
et al. Statin use and risk of diabetes mellitus
in postmenopausal women in the Women’s
Health Initiative. Arch Intern Med 2012;172:144–
152
19. Margolis KL, Lihong Qi, Brzyski R, et al.;
Women Health Initiative Investigators. Validity
of diabetes self-reports in the Women’s Health
Initiative: comparison with medication invento-
ries and fasting glucose measurements. Clin Trials
2008;5:240–247
20. PattersonRE, Kristal AR, Tinker LF, Carter RA,
Bolton MP, Agurs-Collins T. Measurement char-
acteristics of theWomen’s Health Initiative food
frequency questionnaire. Ann Epidemiol 1999;9:
178–187
21. Rivas A, Romero A, Mariscal-Arcas M, et al.
Association between dietary antioxidant quality

score (DAQs) and bone mineral density in Spanish
women.NutrHosp2012;27:1886–1893[inSpanish]
22. Tur JA, Romaguera D, Pons A. Does the diet
of theBalearicpopulation, aMediterranean-type
diet, ensure compliance with nutritional objec-
tives for the Spanish population? Public Health
Nutr 2005;8:275–283
23. National Institutes of Health. Nutrient Rec-
ommendations: Dietary Reference Intakes (DRI),.
Bethesda, MD, NIHGov, 2017
24. Shikany JM, Patterson RE, Agurs-Collins T,
AndersonG.Antioxidant supplement use inWom-
en’s Health Initiative participants. PrevMed 2003;
36:379–387
25. Matthews DR, Hosker JP, Rudenski AS,
Naylor BA, Treacher DF, Turner RC. Homeostasis
model assessment: insulin resistance and b-cell
function from fasting plasma glucose and insu-
lin concentrations in man. Diabetologia 1985;28:
412–419
26. WormN. Re: “Dietary fat and coronary heart
disease: a comparison of approaches for adjust-
ing for total energy intake and modeling re-
peated dietary measurements”. Am J Epidemiol
2000;151:106
27. Johnson PE, Lykken G. Manganese and cal-
cium absorption and balance in young women
fed diets with varying amounts of manganese
and calcium. J Trace ElemExpMed 1991;4:19–35
28. Finley JW. Manganese absorption and re-
tention by youngwomen is associatedwith serum
ferritin concentration. Am J Clin Nutr 1999;70:37–
43
29. Davis CD, Greger JL. Longitudinal changes of
manganese-dependent superoxidedismutaseand
other indexes of manganese and iron status in
women. Am J Clin Nutr 1992;55:747–752
30. Song Y, Huang YT, Song Y, et al. Birthweight,
mediating biomarkers and the development of
type 2 diabetes later in life: a prospective study
of multi-ethnic women. Diabetologia 2015;58:
1220–1230
31. Vanderweele TJ, Vansteelandt S. Odds ratios
for mediation analysis for a dichotomous out-
come. Am J Epidemiol 2010;172:1339–1348
32. Samuel VT, Shulman GI. Mechanisms for
insulin resistance: common threads and missing
links. Cell 2012;148:852–871
33. Wallace TM, Levy JC, Matthews DR. Use and
abuse of HOMA modeling. Diabetes Care 2004;
27:1487–1495
34. Kresovich JK, Bulka CM, Joyce BT, et al. The
inflammatorypotentialofdietarymanganese ina
cohort of elderly men. Biol Trace Elem Res 2018;
183:49–57
35. Pate RT, Cardoso FC. Injectable trace min-
erals (selenium, copper, zinc, and manganese)
alleviate inflammation and oxidative stress
during an aflatoxin challenge in lactating mul-
tiparous Holstein cows. J Dairy Sci 2018;101:
8532–8543
36. Jackson JM, DeFor TA, Crain AL, et al.
Validity of diabetes self-reports in the Wom-
en’s Health Initiative. Menopause 2014;21:
861–868
37. de Lusignan S, Sadek N, Mulnier H, Tahir A,
Russell-Jones D, Khunti K. Miscoding, misclassi-
fication and misdiagnosis of diabetes in primary
care. Diabet Med 2012;29:181–189

care.diabetesjournals.org Gong and Associates 1351

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/43/6/1344/630153/dc200243.pdf by guest on 19 M
ay 2023

https://fdc.nal.usda.gov/fdc-app.html
http://care.diabetesjournals.org

