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OBJECTIVE

Hyperglycemia can increase urinary zinc excretion. We evaluated the association of
higher urinary zinc level with new diagnosis of incident type 2 diabetes mellitus
(T2DM) in adult populations with a high burden of T2DM from AZ, OK, and ND and
SD.We also assessed the cross-sectional association of urinary zinc levels with preva-
lent prediabetes.

RESEARCH DESIGN AND METHODS

We included 1,339 adults free of T2DM at baseline (1989–1991) followed through
1998–1999 in the Strong Heart Study (SHS) and 1,905 family members of SHS partici-
pants followed as part of the Strong Heart Family Study (SHFS) through 2006–2009.

RESULTS

T2DM incidence was 14.7% (mean follow-up 6.6 years) in the SHS and 13.5% (mean
follow-up 5.6 years) in the SHFS. After adjustment for sex, site, education, smoking
status, BMI, and estimated glomerular filtration rate, the hazard ratio of T2DM in
comparing 75th vs. 25th percentiles of urinary zinc distribution was 1.21 (95% CI
1.08, 1.36) in the SHS and 1.12 (0.96, 1.31) in the SHFS. These associations were at-
tenuated but significant in the SHS after adjustment for HOMA of insulin resistance
(HOMA-IR) score.With exclusion of participants with prediabetes at baseline, urinary
zinc remained significantly associated with T2DM in the SHS. In cross-sectional analy-
ses, prediabetes was associated with higher urinary zinc levels.

CONCLUSIONS

Urinary zinc levels were associated with T2DM incidence and prediabetes preva-
lence even after adjustment for HOMA-IR in populations with a high burden of
T2DM. These results highlight the importance of zinc metabolism in diabetes
development.

Zinc is an essential trace element that plays a direct role in insulin homeostasis by
stimulating insulin secretion through a specific transporter (ZnT8) in pancreatic b-cells
(1). In peripheral tissues, zinc inhibits protein tyrosine phosphatase 1B (PTP1B)
leading to net phosphorylation of the insulin receptor and, consequently, activating
insulin signaling (2). Zinc is also a major antioxidant, protecting pancreatic b-cells from
reactive oxygen species (3). Zinc supplementation in an animal model attenuated dia-
betes complications, mainly mediated by its antioxidant effect (4). In a meta-analysis
of eight epidemiological studies (seven prospective and one cross-sectional), dietary
zinc was inversely related to the risk of type 2 diabetes mellitus (T2DM), suggesting
that zinc intake could play a role in diabetes prevention (5). It is known that individuals
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with diabetes versus those without diabe-
tes have blood zinc deficiency and urinary
zinc excess (6,7). However, despite the
potential role of zinc metabolism in the
pathogenesis of insulin resistance, pro-
spective studies investigating the role of
zinc exposure in diabetes development
are largely lacking.

The Strong Heart Study (SHS) is a
community-based participatory cohort
study aiming to improve the prevention
of cardiovascular disease and its risk
factors in American Indian communities,
one of the populations most affected by
diabetes in the U.S. (8). In 1989–1991,
13 American Indian communities from
ND and SD, OK, and AZ were invited to
participate. The prevalence of T2DM was
�50%, and over the next 10 years, 23.4%
participants were newly diagnosed with
T2DM confirming an extremely high bur-
den of T2DM in the SHS communities
(9). In 1998–1999 and 2001–2004, family
members (median age 36 years) of the
original SHS participants were invited to
an SHS expansion called the Strong Heart
Family Study (SHFS).

In this study, we aimed to evaluate
the prospective association of urinary
zinc levels with incident T2DM among
participants free of T2DM at baseline
in the SHS and the SHFS. To evaluate
whether the prospective association was
related to the presence of prediabetes
at baseline, we conducted an additional
analysis in participants free of both T2DM
and prediabetes at baseline. Further, we
evaluated the association of dietary zinc
at baseline with incident T2DM in SHS
and SHFS participants. We also assessed
the association of urinary zinc levels with
the prevalence of prediabetes in cross-
sectional analyses.

RESEARCH DESIGN AND METHODS

Study Population
The SHS is a prospective population-based
cohort funded by the U.S. National Heart,
Lung, and Blood Institute. The study includes
adults between 45 and 74 years of age
from 13 tribal communities in AZ, OK, and
ND and SD (10) (n 5 4,549). Participants
were initially recruited in 1989–1991 and
followed during two subsequent visits
between 1993 and 1995 and between
1998 and 1999 (10). For the family mem-
bers recruited in 1998–1999 and 2001–
2004 as part of the SHFS, follow-up visits
were conducted in 2001–2004 (for those

included in 1998–1999) and 2006–2009
(for all). In 2016, one of the tribes de-
clined participating in further research,
resulting in 3,516 participants available
for this study. The SHS protocol was
approved by institutional review boards,
participating tribal communities, and the
respective area Indian Health Service in-
stitutional review boards, and all partic-
ipants provided informed consent. The
present manuscript was reviewed and
approved for submission by the partici-
pating tribes.

Among the 3,516 participants included
in the SHS, we excluded 1,556 with T2DM
at baseline, 99 missing glycated hemoglo-
bin (HbA1c) and 245 urinary zinc, 111 par-
ticipants who died before any follow-up
visits, 130 participants missing T2DM sta-
tus at follow-up, and participants missing
educational level (n 5 1), alcohol intake
(n 5 3), BMI (n 5 1), estimated glomer-
ular filtration rate (eGFR) (n 5 29), and
fasting plasma glucose (FPG) (n 5 2), re-
sulting in 1,339 participants from the SHS
included in this analysis.

Among participants included in the SHFS
(n 5 2,919), we excluded 524 with T2DM
at baseline, 447 missing urine zinc levels
and 45 other variables of interest (9 missing
education status, 2 smoking status, 2 alcohol
intake, 1 eGFR, 7 BMI, and 24 insulin levels).
Finally, 1,903 participants from SHFS were
included in this analysis.

Urinary Zinc, Selenium, and Arsenic
Determination
Spot urine samples at baseline in the SHS
and the SHFS were collected in poly-
propylene tubes, frozen within 1–2 h of
collection, shipped buried in dry ice, and
stored at �70�C in freezers with strict
quality control in the MedStar Health Re-
search Institute, Washington, DC. In 2009–
2010 for the SHS and 2012 for the SHFS,
urine samples were transported to the
Trace Element Laboratory of Graz Univer-
sity (Austria), under strict controls on the
sampling, transport, and storage of urine
(11). The analysis of zinc was performed
with inductively coupled plasma mass
spectrometry (ICPMS) (Agilent 7700x ICP-
MS; Agilent Technologies, Waldbronn,
Germany) using a multielement tech-
nology that also analyzed selenium. The
detection limit was 10 mg/L for zinc and
2 mg/L for selenium, and no samples were
below the limit.

We determined urinary arsenic spe-
cies (inorganic arsenic [iAs], i.e., arsenite

plus arsenate; monomethylarsonate [MMA];
dimethylarsinate [DMA]; and arsenobetaine)
with high-performance liquid chromatog-
raphy (HPLC) ICPMS. We used the sum of
urine concentrations of iAs, MMA, and
DMA as a biomarker of total exposure to
iAs. The limits of detection were 0.1 mg/L
for arsenic species.We imputed samples be-
low the limit of detection (96 for iAs, 13
for MMA, 0 for DMA), dividing the limit of
detection by the square root of 2. The in-
terassay coefficients of variation were
6.0% for iAs, 3.5% for MMA, and 4.4%
for DMA.

Urinary arsenic, selenium, and zinc levels
in mg/L were corrected by urinary creati-
nine (g/L) and reported in mg/g creatinine
to account for urine dilution.

Type 2 Diabetes Status
Fasting blood for 12 h was collected
and stored at �70�C (12). Plasma glucose
concentrations were determined through
enzymatic methods with reagent kits from
Boehringer Mannheim (Indianapolis, IN) on
a chemistry analyzer, and plasma insulin
concentrations were measured by radio-
immunoassay (10). HOMA of insulin resis-
tance (HOMA-IR) score was calculated
from insulin and FPG concentrations,
determined with Accu-Chek II (Baxter
Healthcare, Grand Prairie, TX), with the
computed solved model for HOMA-IR.

In SHS participants with FPG <225 mg/dL
a 75-g oral glucose tolerance test was
performed. Participants with diabetes on
insulin, or with oral medication reporting
two prior random glucoses >250 mg/dL,
were also excluded, independently of
fasting glucose level for safety rea-
sons. HbA1c was measured with high-
performance liquid chromatography at
the laboratory of the National Institute
of Diabetes and Digestive and Kidney
Diseases Epidemiology and Clinical Re-
search Branch, Phoenix, AZ (13).

In the SHS, incident T2DM was de-
fined according to FPG $126 mg/dL or
a 2-h postload plasma glucose level
$200 mg/dL or HbA1c $6.5% or self-
reported use of insulin or oral diabetes
treatment. Prediabetes was defined ac-
cording to FPG level between 100 and
126 mg/dL or HbA1c level between 5.7
and 6.4%.

For the SHFS participants, HbA1c was
not measured in participants without dia-
betes and therefore T2DM was defined ac-
cording to FPG $126 mg/dL, self-reported
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physician diagnosis, or self-reported use of
insulin or oral diabetes treatment. Predia-
betes was defined according to FPG con-
centrations between 100 and 126 mg/dL.
Follow-up time for incident T2DM

was estimated considering the date of
diagnosis obtained under the assump-
tion that glucose levels increased at a
linear rate between study visits for par-
ticipants based on glucose levels in par-
ticipants from the SHS and SHFS.

Other Variables
Trained staff performed a standardized
questionnaire to participants asking for
sociodemographic (age, sex, site), life-
style (smoking status, alcohol intake and
dietary patterns), and clinical data; a
physical exam; and collection of blood
and urine samples. Smoking status was
defined as never smoking (<100 cigarettes
in their lifetime), former smoking ($100
cigarettes in their lifetime but not smok-
ing at the time of the interview), and
current smoking ($100 cigarettes in their
lifetime and smoking at the time of the
interview). Cigarette pack-years was calcu-
lated by multiplying the average number
of cigarettes smoked per day reported by
the participants by the total years of
smoking, divided by 20. Alcohol intake
was grouped in three categories, never
(no alcohol consumption in their lifetime),
former (alcohol consumer in the past but
not in recent time), and current (alcohol
consumer in the past and in recent time).
In the SHS, dietary data were reported

by the participants during the second
visit through a 24-h dietary recall with
all food and beverages, including fre-
quency and sizes, consumed the previ-
ous day to estimate the mean intake of
nutrients. In the SHFS, dietary intake
was collected at baseline with a Block
119-item food-frequency questionnaire
administered by trained staff including
questions on usual food intake, frequency,
and sizes during the previous year with
the assessment of photographs (14). Par-
ticipants also completed supplemental
questionnaires about the frequency and
size of common foods consumed among
American Indians. The Block database
(Block Dietary Data Systems) was used
to obtain the average daily energy and
macronutrient intakes. The frequency
response for each food was multiplied by
the nutrient content of the documented

portion size of the food and consequently
summed for all foods (15).

BMI was calculated as weight in kilo-
grams divided by the square of height
in meters. Urinary creatinine concentra-
tions were measured with an automated
alkaline picrate reagent method. Kidney
function was determined with the Chronic
Kidney Disease Epidemiology Collaboration
(CKD-EPI) formula to calculate the eGFR (16).

Statistical Analysis
We provide median and interquartile
range (IQR) (for continuous variables)
and frequencies (for categorical varia-
bles) of baseline participant character-
istics by incident T2DM status. We also
provide median and IQR of urinary zinc
levels by sociodemographic, lifestyle,
clinical data, and dietary zinc intake
according to Recommended Dietary
Allowances, 8 mg for women and 11 mg
for men (17).

For answering the question of whether
in adults without impaired glucose toler-
ance or T2DM increased urinary zinc levels
(categorized as having the highest 25% of
urinary zinc concentrations in comparison
with those with the lowest 25% of urinary
zinc concentrations) predict prediabetes
or T2DM, over the follow-up (average
6.6 years in the SHS and 5.6 years in
the SHFS), we used multiadjusted Cox
proportional regression models for the
SHS and the mixed-effects Cox propor-
tional hazards models for the SHFS to
account for the lack of independence
among family members. We used age
as the timescale and individual entry
times (age at baseline) treated as stag-
gered entries among participants who
were free of T2DM at baseline. To answer
the main study question, we included
zinc levels as quartiles, comparing each
quartile 2, 3, and 4 with the 1st quartile,
which was set as the reference. In addi-
tional models, we log transformed uri-
nary zinc, comparing zinc distribution in
the 75th vs. the 25th percentile. For
model building and adjustment for po-
tential confounders measured at base-
line, the following progressive adjustments
were conducted: model 1 was adjusted for
sex and stratified by site (AZ, OK, and ND
and SD); model 2 included model 1 adjust-
ments and was additionally adjusted for
educational level (<12 years completed,
$12 years completed), smoking status
(never, current, former), BMI (kg/m2)

and eGFR (mL/min/1.73 m2); model 3
was included model 2 adjustments and
was additionally adjusted for HOMA-IR
score. In sensitivity analyses, we adjusted
for urinary arsenic (mg/g) and urinary se-
lenium (mg/g) levels, in separate models,
as some studies suggest a potential role
of these trace elements in diabetes de-
velopment (9,18,19).

We conducted an additional analysis
excluding participants with prediabetes
at baseline, as impaired FPG could influ-
ence urinary zinc excretion. For this anal-
ysis, we excluded the 417 participants
with prediabetes at baseline leaving
922 participants in the SHS and 484 par-
ticipants with prediabetes at baseline
leaving 1,419 participants in the SHFS.
Moreover, we calculated the Spearman
correlation between dietary and urinary
zinc and evaluated the association be-
tween dietary zinc (milligrams per day)
and incident T2DM in SHS and SHFS
participants.

We ran a cross-sectional analysis for
the association of urinary zinc levels—
as quartiles (comparing zinc distribution
in each quartile with zinc distribution in
the first quartile, the reference), and log
transformed (continuous), comparing the
zinc distribution in the 75th vs. the 25th
percentile—with prevalent prediabetes
using logistic regression models for the
SHS and using logistic regression with
generalized estimated effect models for
the SHFS to account for the lack of inde-
pendence among family members.

The statistical significance level was set
at a 5 0.05. All statistical analyses were
conducted with R software (version 4.1.0).

RESULTS

Participant Characteristics
Median participant age at baseline was
53.9 years in the SHS and 35.9 years in
the SHFS. Participants with incident T2DM
in the SHS and the SHFS were more likely
to be female and have higher BMI and
higher levels of FPG and insulin, had
greater prediabetes prevalence, and were
more likely to have higher HOMA-IR score
compared with participants without T2DM
through the follow-up (Table 1). SHFS
participants had higher urinary zinc
levels compared with SHS participants.
In the SHS, but not in the SHFS, urinary
zinc levels were lower in men compared
with women. Zinc levels were similar by
smoking status and alcohol consumption,
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particularly among participants free of
T2DM at baseline (Fig. 1).

Urinary Zinc and Incident T2DM in
the SHS
Among SHS participants free of T2DM
at baseline (n 5 1,339), 401 (29.9%) de-
veloped T2DM over 8871.1 person-years
of follow-up (incidence of 45.2 per 1,000
person-years). The hazard ratio of T2DM
incidence in comparing 75th vs. 25th
percentiles of zinc distribution was 1.24
(95% CI 1.10, 1.40) and in comparing the
4th vs. 1st quartile of zinc 1.62 (1.21,
2.17) after adjustment for sex, site, edu-
cation, smoking status, BMI, and eGFR
(model 2). In progressive adjustments with
HOMA-IR (model 3) the association of uri-
nary zinc with incident T2DM was slightly
attenuated but remained significant
(Table 2). Models adjusted for fasting

glucose or insulin levels separately in-
stead of HOMA-IR resulted in similar
findings (not shown). Dose-response
models using quadratic splines confirmed
these findings (Fig. 2). Similar results
were detected in sensitivity analysis in-
cluding urinary iAs and selenium levels.
We found no effect modification of the
association between zinc concentrations
and incident T2DM by participant char-
acteristics (Supplementary Table 1).

Dietary Zinc, Urinary Zinc, and
Incident T2DM in the SHS
Median estimated dietary zinc in the
SHS was 8.41 g/day (IQR 6.32, 12.14).
We observed an inverse correlation be-
tween dietary and urinary zinc (r 5
�0.15; P 5 0.03) in participants from
the SHS with estimated dietary zinc data
available (n 5 196). The hazard ratio of

incident T2DM in comparing 75th vs. 25th
percentiles of dietary zinc distribution was
0.53 (95% CI 0.26, 1.09) in models adjusted
for sex, stratified by site, education at
baseline, smoking status, BMI, eGFR and
HOMA-IR score at baseline (model 3).

Urinary Zinc and Incident T2DM in
the SHFS

Among SHFS participants free of T2DM
at baseline (n 5 1,903), 258 (13.5%)
developed T2DM over 10,676.6 person-
years of follow-up (incidence of 24.2 per
1,000 person-years). The hazard ratio of
T2DM incidence in comparing 75th vs.
25th percentiles of zinc distribution was
1.11 (95% CI 0.95, 1.30) and in compar-
ing 4th vs. 1st quartile of zinc 1.23 (0.84,
1.82) after adjustment for sex, site,
education, smoking status, BMI, and eGFR
(model 2). In progressive adjustments

Table 1—Participant characteristics by diabetes status in the SHS (N = 1,339) and the SHFS (N = 1,903)

No diabetes
in the SHS

Incident diabetes
in the SHS

No diabetes
in the SHFS

Incident diabetes
in the SHFS

N (%) 938 (70.1) 401 (29.9) 1,645 (86.4) 258 (13.6)

Age, years, median (IQR) 54.2 (48.9, 61.0) 53.0 (48.3, 60.5) 35.8 (23.1, 47.0) 37.1 (27.7, 48.1)

Sex, n (%)

Female 514 (55) 239 (60) 999 (61) 146 (57)
Male 424 (45) 162 (40) 646 (39) 112 (43)

Location, n (%)

AZ 72 (8) 33 (8) 147 (9) 52 (20)
OK 420 (45) 176 (44) 720 (44) 90 (35)
ND and SD 446 (48) 192 (48) 778 (47) 116 (45)

Education, years, n (%)

<12 338 (36) 155 (39) 498 (30) 72 (28)
$12 600 (64) 246 (61) 1,147 (70) 186 (72)

Smoking status, n (%)

Never 258 (28) 114 (28) 688 (42) 106 (41)
Former 283 (30) 136 (34) 335 (20) 48 (19)
Current 397 (42) 151 (38) 622 (38) 104 (40)

Alcohol intake, n (%)

Never 110 (12) 57 (14) 184 (11) 32 (12)
Former 367 (39) 173 (43) 412 (25) 75 (29)
Current 461 (49) 171 (43) 1,049 (64) 151 (59)

BMI, kg/m2, median (IQR) 27.8 (24.8, 31.2) 30.5 (27.5, 34.5) 29.0 (25.0, 33.7) 34.4 (30.0, 40.0)

eGFR, mL/min/1.73 m2, median (IQR) 100.3 (92.6, 106.8) 100.9 (91.3,107.5) 118.7 (105.9, 130.7) 118.7 (109.1, 131.4)

FPG, mg/dL, median (IQR) 99 (93, 106) 105 (97, 112) 92 (86, 98) 100 (92, 110)

HbA1c, %, median (IQR) 5.0 (4.7, 5.4) 5.2 (4.9, 5.6) 5.2 (5.1, 5.5) 5.7 (5.5,6.0)

HbA1c, mmol/mol, median (IQR) 31 (28, 36) 33 (30, 38) 33 (32, 37) 39 (37, 42)

Insulin levels, mIU/L, median (IQR) 10.1 (6.6, 15.5) 15.6 (10.1, 23.2) 10.5 (7.2, 16.7) 20.6 (13.1, 31.5)

HOMA-IR score, median (IQR) 2.5 (1.5, 3.8) 4.0 (2.6, 6.2) 2.4 (1.6, 4.0) 5.0 (3.3, 8.2)

Urinary zinc levels, mg/g creatinine, median (IQR) 0.46 (0.33, 0.62) 0.50 (0.36, 0.66) 0.59 (0.40, 0.85) 0.65 (0.45, 0.90)

Dietary zinc, mg/day, median (IQR) 8.46 (6.35, 12.12) 8.39 (6.32, 12.15) 10.70 (6.90, 16.90) 11.16 (7.45, 16.87)
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with HOMA-IR (model 3) the associa-
tion of urinary zinc with incident T2DM
remained consistent (Table 2). Models ad-
justed for fasting glucose or insulin levels

separately instead of for HOMA-IR re-
sulted in similar findings (not shown).
Dose-response models confirmed these
findings (Fig. 2). Additionally, we adjusted

for HOMA2-IR instead of HOMA-IR in sen-
sitivity analysis and the associations
remained similar (data not shown). We
found effect measure modification of

Urinary zinc, mg/g creatinine

Participants free of diabetes 
at baseline in SHS 

Median (IQR)

0.3 0.6 1.0 1.3

Age (years)

Sex

Center

Education, years

Smoking status

Alcohol intake

BMI (kg/m2)

Prediabetes

eGFR (mL/minute per 1.73m2)

Dietary zinc, mg/day

Overall

<55

55 64

≥65

Male

Female

Arizona

Oklahoma

South and North Dakota

<12

≥12

Never

Former

Current

Never

Former

Current

<25

25 30

≥30

No

Yes

>60

≤60

≤RDA

>RDA

732

411

196

586

753

105

596

638

493

846

372

419

548

167

540

632

287

525

527

922

417

1321

18

114

82

1339

N

Urinary zinc, mg/g creatinine

Participants free of diabetes 
at baseline in SHFS 

Median (IQR)

0.3 0.6 1.0 1.3

1636

149

118

758

1145

199

810

894

570

1333

794

383

726

216

487

1200

431

542

930

1419

484

1887

16

714

1090

1903

N

Figure 1—Median and interquartile range (IQR) of urinary zinc levels (mg/g) by participants’ characteristics. eGFR, estimated glomerular filtration
rate; RDA, recommended dietary allowance.
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the association between zinc and inci-
dent T2DM by BMI levels, with a stron-
ger association in participants with lower
BMI (Supplementary Table 3).

Dietary Zinc, Urinary Zinc, and
Incident T2DM in the SHFS
Median estimated dietary zinc in the SHFS
was 10.8 g/day (IQR 6.9, 16.9). We ob-
served an inverse correlation between die-
tary zinc and urinary zinc in participants
from the SHFS (r 5 �0.04; P 5 0.12)
with estimated dietary zinc data available
(n 5 1,804). The hazard ratio of incident
T2DM in comparing 75th vs. 25th percen-
tiles of dietary zinc distribution was 0.98
(95% CI 0.82, 1.17) in models adjusted
for sex, stratified by site, education at
baseline, smoking status, BMI, eGFR, and
HOMA-IR score at baseline (model 3).

Analysis Excluding Participants With
Prediabetes at Baseline
After exclusion of participants with pre-
diabetes at baseline, the association of
baseline urinary zinc levels with incident
T2DM remained significant in the SHS,
while the association was not statistically
significant in the SHFS, although the
magnitude of the association was similar
in both studies (Supplementary Table 2)
compared with the models that included
participants with prediabetes (Table 2).
For instance, the adjusted HRs in compar-
ing the 75th with the 25th percentile of
urinary zinc with incident T2DM (model 2)
excluding and not excluding prediabetes at
baseline was 1.21 and 1.24, respectively,
in the SHS and 1.04 and 1.11 in the SHFS.

Cross-sectional Association With
Prediabetes
We ran a cross-sectional analysis of the
association between urinary zinc and the
prevalence of prediabetes. In the SHS,
417 (31.1%) participants had prediabetes
at baseline. The odds ratio of prediabetes
prevalence in comparing 75th vs. 25th
percentiles of zinc distribution was 1.26
(95% CI 1.08, 1.47) and in comparing the
4th vs. 1st quartile of zinc 1.55 (1.10, 2.19)
after adjustment for age, sex, site, edu-
cation, smoking status, BMI, and eGFR
(model 2).

In the SHFS, 484 (25.4%) participants
had prediabetes at baseline. The odds
ratio of prediabetes prevalence in com-
paring 75th vs. 25th percentiles of zinc
distribution was 1.30 (95% CI 1.05, 1.60)
and in comparing 4th vs. 1st quartile of
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zinc 1.11 (0.99, 1.25) after adjustment for
age, sex, site, education, smoking status,
BMI, and eGFR (model 2) (Supplementary
Table 3). Dose-response models using
splines confirmed the association of
prediabetes with higher urinary zinc lev-
els (Supplementary Fig. 1).

CONCLUSIONS

In this study, higher urinary zinc levels
at baseline were associated with T2DM
incidence in American Indian adult
populations from AZ, OK, and ND and
SD including both the original SHS co-
hort and the younger family expansion.

In the SHS, this association was attenu-
ated but remained significant in mod-
els adjusted for HOMA-IR score and
even after exclusion of participants
with prediabetes at baseline. In the
SHFS, the association was not signifi-
cant. Higher urinary zinc levels were
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Figure 2—Hazard ratios of incident diabetes by urinary zinc levels (mg/g) in participants free of diabetes at baseline in the SHS (N 5 1,339) and in
the SHFS (N 5 1,903) and participants free of diabetes and pre-diabetes at baseline in the SHS (N 5 922) and in the SHFS (N 5 1,419). Lines with
shaded areas represent the hazard ratios (95% CI) of incident diabetes, based on restricted quadratic splines for hazard regression models (SHS) and
cubic splines for mixed effects hazard regression models (SHFS) for log-transformed zinc distribution with knots at the 10th, 50th, and 90th percentiles
(0.26, 0.47, and 0.82 mg/g in the SHS and 0.29, 0.60, and 1.32 mg/g in the SHFS, respectively, in participants free of diabetes at baseline, 0.26, 0.46,
and 0.78 mg/g in the SHS and 0.28, 0.58, and 1.30 mg/g in the SHFS in participants free of diabetes and prediabetes at baseline). The reference value
was set at the 10th percentile of zinc distribution. Blue lines (blue-shaded areas) represent the estimated hazard ratios in models stratified by study region
and adjusted for sex, baseline education (<12 years,$12 years), smoking status (never, former, and current), BMI (kg/m2), and eGFR (mL/min/1.73 m2).
Orange lines (orange-shaded areas) represent the estimated hazard ratios in the same model used previously but adjusted by HOMA-IR score. The histo-
gram represents the frequency distribution of zinc in the study sample. The extreme tail of the histograms in the SHS is truncated because 2 participants
among 1,339 participants free of diabetes at baseline and one participant among 922 free of diabetes and prediabetes at baseline had levels higher than
4 mg/g. The extreme tails in the SHFS are truncated because 8 participants in both populations (free of diabetes at baseline and free of diabetes and pre-
diabetes at baseline) presented lower levels than 0.1 mg/g and 3 among them had levels higher than 6 mg/g.
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associated with prevalence of predia-
betes at baseline.

These findings suggest that changes
in zinc metabolism are detected in early
stages of T2DM pathogenesis and could
even play a key role in its progression.
The association between zinc levels and
T2DM could be partly explained by the
role of zinc in insulin homeostasis. Zinc
is an essential element whose levels are
critical for insulin secretion, signaling, and
regulation. In pancreatic b-cells, where
high zinc levels are stored, a specific
transporter (ZnT8) allows the entrance
of zinc into the insulin secretory gran-
ules triggering insulin release (1). In a
clinical trial investigators observed that
insulin response to zinc supplementation
depended on genotype of SLC30A8, which
is the gene that encodes ZnT8, suggesting
a dependence on insulin metabolism by
this transporter (20). Insulin receptors are
regulated by multiple enzymes, including
tyrosine phosphatase 1B (PTP1B), which
dephosphorylates the subunit b of the
insulin receptor blocking insulin-dependent
signals, allowing the phosphorylation of
the insulin receptor and consequently ac-
tivating its functionality (2). Moreover,
the insulin-mimetic activity of zinc can
promote glycolysis, lipogenesis, and pro-
tein synthesis and inhibit gluconeogenesis
(21) and has been explained by the activa-
tion of protein kinase B (PKB), which ulti-
mately leads to increase in the availability
of GLUT-4 transport increasing glucose
uptake in cells (22).

There is mounting evidence from eval-
uations of the role of zinc concentrations,
measured in different biospecimens, in
T2DM status but mainly from cross-
sectional studies (23–26). For instance,
increased urinary excretion of zinc (hyper-
zincuria) and decreased zinc blood levels
(hypozincemia) are well-known in individ-
uals with diabetes (6,7). In participants
from Wuhan, China, urinary zinc levels
>41 mg/dL were positively associated
with FPG levels (26). In postmenopausal
women with T2DM from Moscow, Russia,
serum zinc (mean �100 mg/dL) was neg-
atively corrected with FPG (r 5 �0.32)
and HbA1c (r 5 �0.34) (27). In individu-
als with T2DM from Sao Paulo, Brazil,
HbA1c levels were inversely associated
with plasma zinc (mean 83.3 mg/dL) and
positively associated with urinary zinc
(mean 899 mg zinc/24 h) (25). Few
epidemiological studies, however, have
assessed urinary zinc levels in diabetes

status prospectively or in individuals with
prediabetes. Our results are consistent
with the positive association of urinary
zinc (median �37 mg/dL) with incident
T2DM in a multiethnic study of women
across the U.S. (28).

Some studies have suggested that hy-
perglycemia influences zinc status in di-
abetes pathogenesis by hindering renal
zinc reabsorption and, in turn, raising
urinary zinc excretion and decreasing
blood zinc (29). In our prospective study,
we excluded participants with diabetes
at baseline. However, it is possible that
even the hyperglycemia levels observed
during prediabetes might be sufficient
to alter zinc metabolism and its urinary
excretion. A meta-analysis documented
that blood zinc concentrations in patients
with T2DM drop progressively over time
compared with healthy participants (30).
Although it is clear that zinc plays a main
role in insulin metabolism and therefore
in diabetes pathogenesis, the precise
mechanisms involved remain a major gap
in current knowledge. Another relevant
role of zinc in diabetes may be related
to its antioxidant properties, which may
protect the pancreatic b-cells from reac-
tive oxygen species (2).

Low blood zinc levels due to hyper-
zincuria could aggravate insulin resistance
status in diabetes development, and it is
possible that zinc could delay the devel-
opment of diabetes by preventing early
continuous hyperglycemic status. This
could provide potential new targets for
treatment and diabetes prevention. Some
studies propose ZnT8 transporter and
tyrosine phosphatase as diabetes thera-
peutic targets underlining the influence
of zinc on insulin metabolism (31). In
the SHS, dietary zinc was negatively cor-
related with urinary zinc, suggesting
that zinc excretion does not properly re-
flect zinc intake, but zinc metabolism
and dysfunctional loss could be exacer-
bated by low zinc intake. Dietary zinc
could indicate a protective role in insu-
lin resistance. Several experimental stud-
ies in humans show the potential benefit
of zinc supplementation improving glyce-
mic control and reducing diabetes com-
plications (32,33). Two meta-analyses of
clinical trials in patients with diabetes
found that zinc supplementation alone
(32) or as cosupplement decreased FPG
levels compared with placebo. In a
randomized clinical trial of 200 partici-
pants with prediabetes, investigators

found that those treated with zinc sup-
plementation were less likely to develop
incident diabetes than those untreated
(11% vs. 25%, respectively) after a year
of follow-up (34). Another randomized
clinical trial with 20 participants with
prediabetes showed statistically signif-
icant reductions of FPG levels after
6 months of zinc supplementation, com-
pared with baseline and with a control
group untreated (35).

Regarding what could be considered
a healthy urinary zinc level, that is not
related to increased T2DM risk and
that could be used as a reference
point clinically, more research across
diverse populations is needed. Our re-
sults, together with findings from
other studies, however, suggest that
zinc homeostasis is relevant for diabe-
tes development and that controlling
the loss of zinc through the urine
could contribute to diabetes preven-
tion, which could expand current pre-
ventative targets and further add to
the clinical relevance of our findings.

Strengths of the study include the
evaluation of two adult population-based
cohorts with different ages; the prospec-
tive follow-up and highly standardized
protocols for recruitment, interviewing,
and examining study participants; the
community-based participatory approach;
and the laboratory methods for zinc anal-
yses. Among the limitations, we had no
data on blood zinc, which would allow us
to better study zinc homeostasis, and
information on dietary zinc was avail-
able only in a small sample of partici-
pants from the SHS. Also, we cannot
discard misclassification of some partic-
ipants with diabetes at baseline among
the SHFS participants due to the lack of
HbA1c measurement.

In conclusion, in the original popula-
tion of the SHS and the family expan-
sion in AZ, OK, and ND and SD, urinary
zinc levels were associated with incident
diabetes after exclusion of participants
with diabetes at baseline and after ad-
justment for HOMA-IR. Higher urinary
zinc levels were associated with preva-
lence of prediabetes. These results sug-
gest that urinary zinc can serve as a
biomarkers for diabetes risk, indepen-
dently of HOMA-IR. Research is needed
for an understanding of the role of zinc
metabolism in diabetes physiopathology
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and evaluation of the potential of zinc-
related therapeutic targets for diabetes
prevention, in particular in individuals
with prediabetes.
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