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A B S T R A C T

Background. In animal studies, zinc supplementation inhibited
phosphate-induced arterial calcification. We tested the hypoth-
esis that higher intake of dietary zinc was associated with lower
abdominal aortic calcification (AAC) among adults in the USA.
We also explored the associations of AAC with supplemental
zinc intake, total zinc intake and serum zinc level.
Methods. We performed cross-sectional analyses of 2535 par-
ticipants from the National Health and Nutrition Examination
Survey 2013–14. Dietary and supplemental zinc intakes were
obtained from two 24-h dietary recall interviews. Total zinc in-
take was the sum of dietary and supplemental zinc. AAC was
measured using dual-energy X-ray absorptiometry in adults
�40 years of age and quantified using the Kauppila score sys-
tem. AAC scores were categorized into three groups: no AAC
(AAC¼ 0, reference group), mild–moderate (AAC>0–�6)
and severe AAC (AAC>6).
Results. Dietary zinc intake (mean 6 SE) was 10.5 6 0.1 mg/
day; 28% had AAC (20% mild–moderate and 8% severe), 17%
had diabetes mellitus and 51% had hypertension. Higher intake
of dietary zinc was associated with lower odds of having severe
AAC. Per 1 mg/day higher intake of dietary zinc, the odds of
having severe AAC were 8% lower [adjusted odds ratio 0.92
(95% confidence interval 0.86–0.98), P¼ 0.01] compared with
those without AAC, after adjusting for demographics, comor-
bidities and laboratory measurements. Supplemental zinc in-
take, total zinc intake and serum zinc level were not associated
with AAC.
Conclusions. Higher intake of dietary zinc was independently
associated with lower odds of having severe AAC among nonin-
stitutionalized US adults.
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I N T R O D U C T I O N

Patients with chronic kidney disease (CKD) often develop arte-
rial calcification, an important predictor of cardiovascular mor-
tality [1–3]. The development of arterial calcification in CKD is
due in part to disordered mineral metabolism such as hyper-
phosphatemia, which induces phenotypic transformation of
vascular smooth muscle cells into collagen-secreting osteoblasts
[4]. Recently animal studies suggest that zinc may protect
against phosphate-induced arterial calcification by inducing the
production of a zinc-finger protein, tumor necrosis factor
(TNF)-a-induced protein 3, and suppressing the activation of
nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-jB) [5]. Importantly, CKD patients may develop a defi-
ciency in zinc due to decreased dietary intake and intestinal ab-
sorption of zinc [6, 7].

Zinc is essential for the production and function of many
structural proteins, enzymes and transcription factors [7].
Dietary sources of zinc include red meat, poultry, whole grains
and dairy products [8]. Approximately 20% of the world and
10% of the US population are estimated to be at risk of inade-
quate zinc intake [9]. Zinc deficiency can lead to growth retar-
dation, impaired immunity and dysregulation of blood pressure
[10, 11]. Several observational studies show that low intake of
dietary zinc is associated with cardiovascular mortality [12, 13],
but it is unknown whether this association with cardiovascular
disease is due to arterial calcification.

No study has examined the direct relationship between die-
tary zinc intake and arterial calcification in humans. Using
the National Health and Nutrition Examination Survey
(NHANES) cohort 2013–14, we tested the hypothesis that
higher dietary zinc intake is associated with lower abdominal
aortic calcification (AAC) among US adults. AAC is common
in CKD and is an independent predictor of cardiovascular mor-
tality in patients with and without CKD [3, 14]. As exploratory
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analyses, we tested the associations of AAC with supplemental
zinc intake, total zinc intake and serum zinc level.

M A T E R I A L S A N D M E T H O D S

Study population

The NHANES is a nationally representative survey of a non-
institutionalized civilian population in the US using a stratified,
multistage and probability sampling design [15]. The NHANES
protocol was approved by the National Center for Health
Statistics Ethics Review Board and written informed consent
was obtained from all participants. AAC was obtained in partic-
ipants �40 years of age in the 2013–14 cohort. In this cross-
sectional study we included participants with available informa-
tion on both AAC and dietary zinc intake (n¼ 2640; Figure 1).
After excluding those with extreme caloric intake (n¼ 105),
which was defined as >2 standard deviations greater or less
than the mean caloric intake of the cohort (i.e. <300 kcal/day
or >3500 kcal/day), we included 2535 participants in the main
analyses, who represented�125 million Americans.

Independent variables

The main independent variable was dietary zinc intake.
Dietary data were collected using the Automated Multiple-Pass
Method, which provides an efficient and accurate means of col-
lecting dietary data for a large-scale national survey such as
NHANES [16]. Two 24-h dietary recalls were performed by
trained dietary interviewers. The first was conducted in-person
and the second was done via telephone 3–10 days later. Dietary
zinc intake was calculated based on the nutrient values using

the US Department of Agriculture’s Food and Nutrient
Database for Dietary Studies and was averaged from the two
recalls [17].

For exploratory analyses, the independent variables were
supplemental zinc intake, total zinc intake and serum zinc level.
Similar to dietary zinc, supplemental zinc intake was the aver-
age of two recalls for dietary supplement use. Total zinc intake
was the sum of dietary and supplemental intake. After exclud-
ing 665 participants with missing data on supplements, 1870
participants were included in the analyses of supplemental and
total zinc intake (Figure 1). Serum zinc was measured in a one-
third subsample of the NHANES cohort. For the analyses of se-
rum zinc, 800 participants were included.

Outcome variable

The outcome variable was AAC, which is a recognized pre-
dictor of cardiovascular mortality [1–3]. AAC was obtained
from a lateral scan of the lumbar spine (vertebrae L1–L4) using
dual-energy X-ray absorptiometry (DXA; Densitometer
Discovery A, Hologic, Marlborough, MA, USA) and quantified
using the Kauppila score system [2, 18]. Lateral abdominal ra-
diograph is suggested by the Kidney Disease: Improving Global
Outcomes 2017 clinical practice guidelines to detect arterial cal-
cification in patients with CKD [19]. Participants were ineligible
for DXA scan in this study if they were<40 years old, pregnant,
weighed >450 pounds or used barium in the past 7 days
(Figure 1). The Kauppila score ranges from 0 to 24 [2]. We cate-
gorized AAC scores into three groups: no calcification
(AAC¼ 0), mild–moderate calcification (AAC>0–�6) and se-
vere calcification (AAC>6). A Kauppila score>6 is considered

FIGURE 1: Participant flowchart.
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as significant calcification and has been used as a cutoff point in
prior studies [1, 2].

Covariates

Potential covariates included participant demographics,
comorbidities, smoking history, albumin, lipid profile, kidney
function, serum markers of bone mineral metabolism, medica-
tion use and caloric intake. We categorized age in groups of 10
years, because ages �80 years were captured only as ‘80’ in
NHANES. Poverty was defined as having a family income:pov-
erty ratio �1.3 [20]. Smoker was defined as ever smoked �100
cigarettes in a lifetime. Diabetes mellitus (DM) was defined as
taking hypoglycemic medications or having a diagnosis of DM,
a hemoglobin A1c level �6.5%, a fasting plasma glucose
�126 mg/dL or a 2-h plasma glucose �200 mg/dL [21].
Hypertension was defined as taking antihypertensive medica-
tions, having a diagnosis of hypertension or having three consec-
utive systolic blood pressure readings �140 mmHg or diastolic
blood pressure �90 mmHg [22]. Serum albumin was included
because it is a marker of inflammation and zinc is bound to albu-
min [23]. The lipid profile was presented as a ratio of total cho-
lesterol to high-density lipoprotein (HDL) cholesterol [24].

Estimated glomerular filtration rate (eGFR) was calculated
using the Chronic Kidney Disease Epidemiology Collaboration
(CKD-EPI) creatinine equation [25]. Albuminuria was defined
as a urine albumin:creatinine ratio >30 mg/g. CKD groups
were categorized as CKD Stages 1–2 (presence of albuminuria
and eGFR �60 mL/min/1.73 m2), Stage 3 (eGFR�30 and
<60 mL/min/1.73 m2) and Stages 4–5 (eGFR <30 mL/min/
1.73 m2) [26]. Serum markers of bone mineral metabolism in-
cluded total 25-hydroxyvitamin D, serum calcium and phos-
phorus [27–29]. Diuretics included loop diuretics and thiazides
since these diuretics are commonly used and may increase uri-
nary excretion of zinc [30]. Steroids included glucocorticoid,
androgen and anabolic steroids.

Statistical analyses

All analyses were performed using appropriate sampling
weights and accounted for complex multistage cluster survey
design using SAS 9.4 (SAS Institute, Cary, NC, USA). The sig-
nificance level was set as P< 0.05. Participant demographic
and clinical characteristics were tabulated by AAC group.
Associations of covariates with AAC were tested using survey
linear regression or Rao–Scott chi-squared tests. Associations of
covariates with dietary zinc intake were examined using survey
linear regression with dietary zinc intake as the dependent
variable (data are presented in the Supplementary data).
Multinomial logistic regression was used to test the association
between dietary zinc intake (per 1 mg/day) and AAC group.
Participants without AAC were used as the reference group.
We tested the interactions of dietary zinc intake with sex, DM
status and CKD. The associations of dietary zinc with AAC
may differ between men and women [12]. DM and CKD are
risk factors for arterial calcification and may mask the associa-
tion between dietary zinc and AAC [1, 31]. Covariates for the
adjusted models were selected based on a combination of clini-
cal and statistical significance. Covariates were considered

statistically significant if they were associated with both dietary
zinc and AAC group at the level of P< 0.05. Model 1 was ad-
justed for age, sex and race/ethnicity. Model 2 was adjusted for
the covariates in Model 1 plus caloric intake, DM, hypertension,
smoking history, eGFR, albuminuria, albumin, serum phospho-
rus, proton pump inhibitor and diuretic use. Separately we also
explored the associations of supplemental zinc intake, total zinc
intake and serum zinc level with AAC group. These models
were adjusted for the same covariates as in the analyses of die-
tary zinc.

For sensitivity analyses, we repeated the main analyses after
dichotomizing dietary zinc intake, treating the AAC score as a
continuous variable and choosing a different cutoff point for
the AAC score. Dietary zinc was dichotomized using 11 mg as
the cutoff point for men and 8 mg for women since these values
are the recommended dietary allowance of zinc according to
the Institute of Medicine [32]. To analyze the AAC score as a
continuous variable, we log-transformed the AAC score plus 1
[i.e. log (AACþ 1)] and calculated the percentage change in the
AAC score by transforming the b coefficient [i.e. percentage
change in AAC¼ 100� (eb� 1)]. The AAC score was dichoto-
mized at 0 and we compared dietary zinc intake between partic-
ipants with AAC (AAC> 0) and without AAC (AAC¼ 0). In
addition, we repeated the main analyses in the subgroups of
participants with CKD Stages 1–5 (n¼ 526) and with CKD
Stages 3–5 (n¼ 294).

R E S U L T S

Participant characteristics

Among all participants, 28% had AAC (20% mild–moderate
and 8% severe; Table 1), 16.9% had DM, 51% had hypertension
and 18.1% had CKD (7.1% Stages 1–2, 10.3% Stage 3 and 0.7%
Stages 4–5). Compared with those without AAC, participants
with AAC were older and more likely to be smokers and to
have DM, hypertension and CKD. They had lower eGFR and
higher hemoglobin A1c. More participants with AAC were tak-
ing proton pump inhibitors, diuretics, steroids and antihyperli-
pidemic medications. Mean serum phosphorous (mean 6 SE)
was 3.83 6 0.02 mg/dL and it did not differ by AAC group.

Mean dietary zinc intake was 10.5 6 0.1 mg/day. Women
had a lower intake of dietary zinc compared with men
(Supplementary data, Table S1). Compared with those without
CKD, participants with CKD Stages 4–5 had a lower intake of
dietary zinc (7.7 6 0.7 versus 10.5 6 0.1 mg/day, P¼ 0.001).
Participants with less than a high school diploma, hypertension
and those taking proton pump inhibitors and diuretics had a
lower intake of dietary zinc.

Association between dietary zinc intake and AAC

Dietary zinc intake of participants without AAC
(10.6 6 0.1 mg/day) was similar to those with mild–moderate
AAC (10.4 6 0.3 mg/day, P¼ 0.33), whereas those with severe
AAC had a lower intake of dietary zinc (9.5 6 0.3 mg/day,
P¼ 0.003). Sex, DM and CKD did not modify the relationship
between dietary zinc and AAC (P for interaction terms: 0.48,
0.44 and 0.33, respectively). A higher intake of dietary zinc was
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not associated with the odds of having mild–moderate AAC,
but was associated with lower odds of having severe AAC
(Table 2). Per 1 mg/day higher intake of dietary zinc, the odds
of having severe AAC were 5% lower in the unadjusted model
(P¼ 0.01) and were 8% lower in the fully adjusted model {odds
ratio [OR] 0.92 [95% confidence interval (CI) 0.86–0.98],
P¼ 0.01}.

Age, race/ethnicity, diabetes, hypertension, smoking history
and eGFR remained significantly associated with the odds of

having severe AAC in the fully adjusted model (Table 3).
Compared with those ages 40–49 years, participants >69 years
had �50 times higher odds of having severe AAC (P< 0.001).
Compared with non-Hispanic Whites, non-Hispanic Blacks
had 62% lower odds of having severe AAC (P¼ 0.002). The
odds of having severe AAC approximately doubled with the
presence of DM, hypertension or smoking history (P< 0.01 for
all). Per 1 mL/min/1.73 m2 higher eGFR, the odds of severe
AAC were lowered by 2% (P< 0.001).

Table 1. Participant characteristics by AAC group

Characteristics Total (n¼ 2535) No AAC
(n¼ 1764)

Mild–moderate
AAC (n¼ 532)

Severe AAC
(n¼ 239)

P-value

Age group (years), % (SE) <0.001
40–49 27.3 (1.9) 32.8 (1.8) 17.9 (4.0) 1.8 (0.4)
50–59 31.1 (1.8) 33.5 (2.4) 30.4 (5.4) 12.1 (4.1)
60–69 23.5 (1.1) 23.4 (1.4) 24.5 (2.9) 21.7 (5.7)
>69 18.1 (1.4) 10.3 (1.3) 27.2 (4.1) 64.4 (5.1)

Female, % (SE) 53.9 (1.6) 54.1 (1.6) 52.3 (3.0) 56.5 (5.7) 0.75
Race/ethnicity, % (SE) 0.06

Non-Hispanic White 70.5 (3.4) 68.9 (3.6) 73.7 (4.5) 76.1 (4.8)
Non-Hispanic Black 10.3 (1.5) 10.8 (1.7) 10.0 (2.1) 6.4 (2.0)
Hispanic 11.5 (2.2) 12.9 (2.4) 8.5 (2.2) 6.6 (1.8)
Multiracial/other 7.7 (1.0) 7.3 (0.9) 7.8 (1.7) 10.9 (4.3)

Less than high school diploma, % (SE) 13.6 (1.9) 13.3 (2.0) 12.9 (2.4) 17.4 (3.6) 0.39
Poverty, % (SE) 17.6 (2.2) 16.7 (2.4) 20.1 (4.0) 19.1 (3.6) 0.55
Body mass index (kg/m2) 28.6 6 0.1 28.8 6 0.2 28.3 6 0.3 27.4 6 0.7 0.09
Smoker, % (SE) 43.2 (1.7) 39.9 (1.7) 49.6 (4.6) 56.3 (5.6) 0.01
DM, % (SE) 16.9 (1.3) 12.9 (1.3) 22.4 (2.0) 38.0 (5.6) <0.001
Hypertension, % (SE) 51.0 (1.5) 44.9 (1.7) 60.4 (3.0) 81.0 (3.8) <0.001
CKD group, % (SE) <0.001

No CKD 81.9 (1.0) 86.4 (1.0) 79.2 (2.3) 49.6 (4.5)
Stages 1–2 7.1 (0.8) 7.1 (0.9) 5.7 (1.1) 10.0 (2.6)
Stage 3 10.3 (0.8) 5.9 (0.7) 14.2 (2.2) 38.4 (5.9)
Stages 4–5 0.7 (0.2) 0.5 (0.2) 0.9 (0.5) 2.1 (0.9)

eGFR (mL/min/1.73 m2) 83.3 6 0.5 86.0 6 0.7 80.7 6 1.1 65.6 6 1.6 <0.001
Albumin (g/dL) 4.26 6 0.01 4.27 6 0.02 4.26 6 0.02 4.17 6 0.03 0.04
Albuminuria, % (SE) 10.0 (0.9) 8.8 (1.0) 10.7 (1.7) 18.4 (4.0) 0.004
Total 25-hydroxyvitamin D (ng/mL) 30.5 6 0.5 30.2 6 0.5 30.2 6 1.0 33.9 6 1.2 0.007
Serum total calcium (mg/dL) 9.46 6 0.02 9.45 6 0.02 9.47 6 0.03 9.46 6 0.05 0.95
Serum phosphorus (mg/dL) 3.83 6 0.02 3.84 6 0.03 3.78 6 0.02 3.94 6 0.09 0.06
Total cholesterol/HDL 3.87 6 0.04 3.85 6 0.05 4.03 6 0.07 3.69 6 0.09 0.001
Hemoglobin A1c (%) 5.75 6 0.03 5.69 6 0.03 5.84 6 0.05 6.05 6 0.07 0.001
Proton pump inhibitor, % (SE) 14.4 (1.2) 11.3 (1.0) 19.6 (2.6) 29.1 (6.0) <0.001
Diuretic use, % (SE) 14.9 (1.2) 11.3 (1.1) 20.8 (2.5) 31.6 (5.1) <0.001
Antihyperlipidemic medications, % (SE) 28.9 (1.2) 23.6 (1.5) 36.0 (2.3) 56.9 (5.6) <0.001
Steroid use, % (SE) 3.4 (0.6) 3.1 (0.6) 2.0 (0.4) 9.6 (5.6) 0.03
Caloric intake (kcal/day) 1924 6 21 1940 6 25 1916 6 31 1805 6 57 0.07

Values are presented as mean 6 SE unless stated otherwise.

Table 2. Multinomial logistic regression models of AAC group and dietary zinc intake (per 1 mg/day), N¼ 2535

Models Mild–moderate AAC
versus no AAC

Severe AAC
versus no AAC

OR (95% CI) P-value OR (95% CI) P-value

Unadjusted 0.99 (0.96–1.01) 0.34 0.95 (0.91–0.99) 0.01
Model 1 0.98 (0.96–1.00) 0.10 0.94 (0.89–0.99) 0.02
Model 2 0.97 (0.94–1.00) 0.05 0.92 (0.86–0.98) 0.01

Model 1: Adjusted for age, sex and race/ethnicity.
Model 2: Adjusted for variables in Model 1 plus caloric intake, diabetes, hypertension, smoking history, eGFR, albuminuria, albumin, serum phosphorus, proton pump inhibitor and diuretic use.
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Associations of AAC with supplemental zinc intake,
total zinc intake and serum zinc level

The mean intake of supplemental zinc was 6.6 6 0.4 mg/day
and of total zinc was 17.3 6 0.4 mg/day. The mean serum zinc
level was 81.8 6 1.2 lg/dL. A higher serum zinc level was asso-
ciated with higher supplemental zinc intake (Pearson correla-
tion coefficient¼ 0.09, P¼ 0.02) but not with dietary or total
zinc intake. Compared with the participants without AAC,
those with severe AAC had a higher intake of supplemental and

total zinc (supplemental: 10.3 6 1.2 versus 6.1 6 0.5 mg/day,
P¼ 0.01; total: 19.9 6 1.2 versus 16.9 6 0.5 mg/day, P¼ 0.04).
Per 1 mg/day higher intake of supplemental zinc, the odds of
having severe AAC versus no AAC were 3% higher [OR 1.03
(95% CI 1.01–1.04), P¼ 0.002; Table 4]. The result was similar
for total zinc intake, with an OR of 1.02 (95% CI 1.00–1.03,
P¼ 0.01). However, these associations became nonsignificant
after adjusting for demographics in Model 1. Serum zinc level
was not associated with AAC groups in either unadjusted or ad-
justed models.

Table 3. Multinomial logistic regression model of AAC group (n¼ 2535)

Variables Mild–moderate AAC
versus no AAC

Severe AAC
versus no AAC

OR (95% CI) P-value OR (95% CI) P-value

Dietary zinc (mg/day) 0.97 (0.94–1.00) 0.05 0.92 (0.86–0.98) 0.01
Age group (versus 40–49 years)

50–59 years 1.42 (0.74–2.70) 0.29 4.39 (1.35–14.26) 0.01
60–69 years 1.45 (0.74–2.83) 0.28 6.98 (3.45–14.15) <0.001
>69 years 4.41 (2.19–8.89) <0.001 50.59 (21.14–121.05)a <0.001

Female (versus male) 1.00 (0.71–1.42) 0.98 0.93 (0.61–1.43) 0.74
Race/ethnicity (versus non-Hispanic White)

Non-Hispanic Black 0.85 (0.51–1.43) 0.54 0.38 (0.21–0.70) 0.002
Hispanic 0.80 (0.54–1.17) 0.24 0.76 (0.34–1.71) 0.51
Multiracial/other 1.22 (0.71–2.09) 0.47 3.09 (1.00–9.53) 0.05

Caloric intake (kcal/day) 1.00 (1.00–1.00) 0.22 1.00 (1.00–1.00) 0.06
Diabetes (yes versus no) 1.64 (1.24–2.17) <0.001 2.33 (1.32–4.08) 0.003
Hypertension (yes versus no) 1.28 (0.98–1.68) 0.07 2.13 (1.20–3.76) 0.009
Smoker (yes versus no) 1.47 (0.97–2.22) 0.07 2.34 (1.41–3.89) 0.001
eGFR (mL/min/1.73 m2) 1.00 (0.99–1.01) 0.70 0.98 (0.97–0.99) <0.001
Albuminuria (yes versus no) 0.84 (0.53–1.34) 0.47 0.81 (0.38–1.74) 0.59
Albumin (g/dL) 1.48 (0.82–2.68) 0.19 1.07 (0.51–2.26) 0.85
Serum phosphorus (mg/dL) 0.86 (0.68–1.08) 0.20 1.57 (0.87–2.83) 0.13
Proton pump inhibitor (yes versus no) 1.37 (0.93–2.03) 0.11 1.44 (0.71–2.95) 0.31
Diuretic use (yes versus no) 1.42 (0.86–2.35) 0.17 1.46 (0.79–2.69) 0.23

The unit for continuous variables and the reference group for categorical variables are provided next to the variables. The OR of having mild–moderate or severe AAC was per unit in-
crease of continuous variables and compared with the reference group for categorical variables.
aWide CI is due to the small sample size for this comparison.

Table 4. Multinomial logistic regression models of AAC group with supplemental zinc, total zinc intake and serum zinc level

Variables Mild–moderate AAC
versus no AAC

Severe AAC
versus no AAC

OR (95% CI) P-value OR (95% CI) P-value

Supplemental zinc intake (per 1 mg/day; n¼ 1870)
Unadjusted 1.01 (0.99–1.03) 0.20 1.03 (1.01–1.04) 0.002
Model 1 1.00 (0.98–1.01) 0.86 1.00 (0.98–1.02) 0.95
Model 2 1.00 (0.98–1.01) 0.91 1.00 (0.97–1.02) 0.74

Total zinc intake (per 1 mg/day; n¼ 1870)
Unadjusted 1.01 (0.99–1.02) 0.36 1.02 (1.00–1.03) 0.01
Model 1 1.00 (0.98–1.01) 0.53 0.99 (0.97–1.01) 0.42
Model 2 1.00 (0.98–1.01) 0.55 0.99 (0.97–1.01) 0.42

Serum zinc level (per 1 lg/dL; n¼ 800)
Unadjusted 1.01 (1.00–1.03) 0.07 1.00 (0.97–1.04) 0.76
Model 1 1.02 (1.00–1.03) 0.06 1.01 (0.98–1.04) 0.50
Model 2 1.01 (1.00–1.03) 0.11 1.01 (0.98–1.03) 0.71

Model 1: Adjusted for age, sex and race/ethnicity.
Model 2: Adjusted for variables in Model 1 plus caloric intake, diabetes, hypertension, smoking history, eGFR, albuminuria, albumin, serum phosphorus, proton pump inhibitor and
diuretic use.
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Sensitivity analyses

Approximately 55% of participants had a high intake of die-
tary zinc, defined as zinc intake�11 mg for men and�8 mg for
women [32]. Compared with those with low intake, participants
with high intake of dietary zinc had 56% lower odds of having
severe AAC [adjusted OR 0.44 (95% CI 0.25–0.76), P¼ 0.003].
Per 1 mg/day higher intake of dietary zinc, the AAC score was
lowered by 1.43% [percent change: �1.43 (95% CI �2.22 to
�0.63), P¼ 0.002] and the odds of having AAC> 0 versus
AAC¼ 0 were 4% lower [OR 0.96 (95% CI 0.93–0.99),
P¼ 0.007]. In participants with CKD Stages 1–5 or CKD Stages
3–5, the odds of having severe AAC were lower with higher in-
take of dietary zinc after adjusting for demographics in Model
1. Per 1 mg/day higher intake of dietary zinc, the OR was 0.93
(95% CI 0.88–0.99, P¼ 0.02) for those with CKD Stages 1–5
and 0.94 (95% CI 0.89–0.99, P¼ 0.01) for those with CKD
Stages 3–5 (Supplementary data, Table S2). However, these
associations were not significant in the fully adjusted models.

D I S C U S S I O N

To our knowledge, we are the first to examine the association
between dietary zinc intake and arterial calcification in humans.
Using a nationally representative cohort, we found that AAC
was prevalent among noninstitutionalized US adults and that
higher intake of dietary zinc was independently associated with
lower odds of having severe AAC. After adjusting for covariates
including demographics, comorbidities, kidney function and
serum phosphorous level, the odds of having severe AAC were
8% lower per 1 mg/day higher intake of dietary zinc. Examining
AAC score as a continuous variable and using a different cutoff
point of the score yielded similar results.

As elegantly demonstrated by Voelkl et al. [5] in a series of
in vitro and animal experiments, zinc supplementation pro-
tected against phosphate-induced arterial calcification. Using
cultured human aortic vascular smooth muscle cells, zinc sul-
fate blunted phosphate-induced calcification and decreased the
messenger RNA expression of osteogenic markers by inducing
zinc-finger protein TNF-a-induced protein 3 and suppressing
the activation of NF-jB. Activation of the NF-jB pathway is
critical for phosphate-induced arterial calcification, and the in-
hibition of NF-jB reduces phosphate-induced arterial medial
calcification in mice with CKD [33, 34].

In the same research article, Voelkl et al. demonstrated that
the addition of zinc sulfate in drinking water ameliorated arte-
rial calcification in ‘klotho’ knockout mice as well as mice with
CKD and cholecalciferol overload, which were murine models
of arterial calcification [5]. In our study, higher intake of dietary
zinc was associated with lower odds of having severe AAC after
adjusting for serum phosphorous, which is associated with arte-
rial calcification even within a normal range [28, 29]. Our find-
ings are consistent with the results from animal studies and
support the potential effect of dietary zinc intake on arterial
calcification.

Although no prior studies have examined the association be-
tween dietary zinc intake and arterial calcification in humans,

several observational studies have examined the relationship be-
tween dietary zinc intake and cardiovascular morbidity/mortal-
ity, where cardiovascular disease was mostly defined as having
coronary heart disease or stroke [35]. We identified six of these
publications, which included cohorts from multiple countries
[12, 13, 36–39]. With a higher intake of dietary zinc, three stud-
ies showed a decreased risk [12, 13, 37], two showed an in-
creased risk [36, 39] and one showed no association with
cardiovascular morbidity or mortality [38]. The discrepancy in
the conclusions of these studies could be partly explained by the
difference in the sources of dietary zinc. In Japan, the major
source of dietary zinc is rice [40], and higher dietary zinc intake
was associated with lower mortality due to coronary heart dis-
ease [12]. In the USA, the major source of dietary zinc is red
meat [8]. In a study using the US Multi-Ethnic Study of
Atherosclerosis cohort, 14% of dietary zinc intake was from red
meat, and higher zinc intake from red meat, but not other sour-
ces, was associated with a higher risk of cardiovascular disease
[39]. High consumption of red meat is associated with cardio-
vascular morbidity [41], and other constituents of red meat
might have confounded the association between dietary zinc
and cardiovascular morbidity. For future studies, examining the
relationship between different sources of dietary zinc and arte-
rial calcification may provide further insight into the patho-
physiology of zinc and arterial calcification.

We found that the serum zinc level was positively associated
with supplemental zinc intake but not associated with dietary
zinc intake. This is consistent with prior studies that showed
the serum zinc level was elevated by zinc supplementation [42],
but serum zinc level was poorly correlated with dietary zinc in-
take due to the differences in bioavailability and metabolism
from dietary sources [43, 44]. In our study, AAC was not associ-
ated with supplemental zinc intake, total zinc intake or serum
zinc level after adjusting for demographics. Prior studies also
found no association between supplemental zinc intake and
cardiovascular morbidity [45, 46]. For the relationship between
blood zinc level and cardiovascular morbidity/mortality, we
identified six publications [13, 47–51]. Among these studies,
two of them showed a decreased risk with high zinc level,
whereas the rest showed no association [48, 49]. Compared to
our study and the studies that showed no association [13, 47,
50, 51], the study population from the studies that showed a de-
creased risk with high zinc level had higher cardiovascular risk
at baseline (e.g. the need for coronary angiography) [48, 49].

Our study has limitations. First, given the cross-sectional na-
ture of the study, we cannot infer causation between dietary
zinc and arterial calcification; however, together with the find-
ings from the animal studies and biological plausibility [5], our
findings provide support for conducting further studies in
humans to examine the relationship between dietary zinc intake
and arterial calcification. Second, only a small portion of the
study population had advanced CKD. In the subgroup analyses
of participants with CKD, dietary zinc intake was not associated
with AAC in the fully adjusted model. The lack of association
could be due to low statistical power from the small sample size
(n¼ 526 for participants with CKD Stages 1–5 and n¼ 294 for
those with CKD Stages 3–5). The low prevalence of CKD in our
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study population limits the generalizability of our findings to
people with CKD, who have a high prevalence of arterial calcifi-
cation [1]. Consistent with the published literature [6, 7], we
found that participants with advanced CKD (i.e. Stages 4–5)
had lower dietary zinc intake compared with those without
CKD, suggesting that participants with advanced CKD could be
a practical population for future interventional studies involv-
ing the modification of dietary zinc intake.

Our study has several strengths. First, this is the first study in
humans to examine the relationship between dietary zinc and
arterial calcification. Second, dietary data in NHANES were
obtained by trained interviewers in two 24-h dietary recalls us-
ing a validated method [16]. By using the average of two recalls,
we had a relatively accurate assessment of participants’ usual di-
etary intake. Third, while our primary independent variable
was dietary zinc intake, we also studied supplemental zinc in-
take and serum zinc level. Few cohorts have all the parameters
of zinc status [35]. We found that AAC was associated with die-
tary zinc intake, but not with supplemental zinc intake or serum
zinc level. These findings suggest that not all sources of zinc in-
take are equivalent with regard to their association with arterial
calcification. These relationships are comparable to that of cal-
cium and cardiovascular risk, in which dietary calcium may re-
duce cardiovascular risk while supplemental calcium may
increase it [52].

In conclusion, we found that with every 1 mg/day higher in-
take of dietary zinc, the odds of having severe AAC versus hav-
ing no AAC were 8% lower among noninstitutionalized US
adults. Together with the findings from animal studies [5], our
findings suggest potential beneficial effects of dietary zinc on ar-
terial calcification. Further studies are needed to confirm this
relationship.
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