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hormone with diabetes risk and associated comorbidities
among U.S. white and black women
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BACKGROUND/OBJECTIVES: There is evidence of black-white differences in vitamin D status and cardiometabolic health. This
study aimed to further evaluate the joint associations of 25-hydroxyvitamin D [25(OH)D] and parathyroid hormone (PTH) with risks
of diabetes and related cardiometabolic comorbidities among white and black women.

SUBJECTS/METHODS: We cross-sectionally and prospectively analyzed data from 1850 black and 3000 white postmenopausal
women without cardiovascular disease or dialysis at baseline from the Women's Health Initiative—Observational Study. Weighted
Cox proportional hazards analyses and weighted logistic regression models were used to examine the joint associations of 25(0OH)D
and PTH with incident diabetes and prevalence of other diabetes-related cardiometabolic comorbidities (including CKD,
hypertension, or obesity).

RESULTS: We identified 3322 cases of obesity (n = 1629), hypertension (n = 2759), or CKD (n = 318) at baseline and 453 incident
cases of diabetes during 11 years of follow-up. Cross-sectionally, lower 25(OH)D and higher PTH were independently associated
with higher prevalence of hypertension [odds ratio (OR) = 0.79; 95% confidence interval (Cl): 0.72-0.87 and OR = 1.55; 95% Cl:
1.39-1.73] among white women only. When stratified by diabetes status, compared to women with 25(OH)D =50 nmol/L and PTH
<6.89 pmol/L (65 pg/mL), women who did not have diabetes with vitamin D deficiency (<50 nmol/L) and PTH excess (>6.89 pmol/L)
had higher prevalence of CKD, hypertension, or obesity (OR = 4.23; 95% Cl: 2.90-6.18) than women who had diabetes (OR = 1.89;
95% Cl: 0.96-3.71). Prospectively, lower 25(OH)D was associated with lower diabetes incidence [hazard ratio (HR) = 0.73; 95% Cl:
0.62-0.86] in white women. Jointly, compared to the group with 25(OH)D >50 nmol/L and PTH <6.89 pmol/L, white women with
25(0OH)D deficiency (<50 nmol/L) had elevated risk for diabetes, regardless of PTH levels.

CONCLUSIONS: Low 25(0OH)D and high PTH were jointly associated with increased risk of diabetes among white women only. Their
joint associations with high prevalence of CKD, hypertension, and obesity were more pronounced among women without diabetes.

Nutrition and Diabetes (2021)11:29; https://doi.org/10.1038/s41387-021-00171-2

INTRODUCTION

There is consistent evidence that black Americans tend to have
lower total 25-hydroxy vitamin D [25(0OH)D] levels than white
Americans, potentially due to reduced cutaneous biosynthesis of
vitamin D [1, 2]. Greater cardiometabolic risk in blacks than whites
has also been documented [3]. The vitamin D and parathyroid
hormone (PTH) endocrine system plays a role in modulating a
myriad of cardiometabolic risk factors through binding to the nuclear
vitamin D receptor in a variety of tissues; regulatory targets include
insulin/glucose metabolism, the renin-angiotensin-aldosterone sys-
tem (RAAS), endothelial function, immune response modulation, cell
differentiation and growth, and vascular and cardiac cell function
[4-7]. Despite inconclusive results from randomized clinical trials

regarding the effect of vitamin D supplementation on risk of
diabetes and its metabolic risk factors [8, 9], data from observational
studies have consistently shown associations between vitamin D
deficiency and diabetes-related cardiometabolic disorders, such as
obesity, hypertension, and chronic kidney disease (CKD) [10-12].

Emerging evidence also suggests the potential synergistic
associations of vitamin D and PTH with cardiometabolic out-
comes [13]. However, few studies have specifically examined the
joint associations of circulating 25(0OH)D and PTH levels with
diabetes or related comorbid cardiometabolic conditions in a
multiethnic cohort.

In the present study, using data from the Women's Health
Initiative—Observational ~ Study (WHI-0S), we specifically
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examined (1) the joint associations of 25(0H)D and PTH with risk
for developing diabetes among U.S. white and black postmeno-
pausal women and (2) the joint associations of 25(0H)D and PTH
with diabetes-related cardiometabolic comorbidities, including
obesity, hypertension, and CKD, among women with diabetes
compared to those without diabetes.

SUBJECTS AND METHODS

Study population

This study used data from an existing case-cohort study that is an ancillary
study of the WHI-OS that enrolled 93,676 postmenopausal women aged
50-79 years from 40 clinical centers throughout the United States from
1994 to 1998 [14]. In the prospective case-cohort study for cardiovascular
endpoints, 4850 women (1850 non-Hispanic black women and 3000 non-
Hispanic white women; referred to hereafter as black women and white
women, respectively) were selected after excluding those with history of
stroke or myocardial infarction or who were receiving dialysis at baseline
and followed up for an average of 11 years. Details of the WHI-OS cohort
and the ancillary study design have been reported elsewhere [14].

Of the 4850 women, 622 women with diabetes and 4228 women
without diabetes were identified at baseline. After removing 37 women
with missing information on newly diagnosed diabetes, data on 4191
women were analyzed to examine the prospective associations between
vitamin D biomarkers and incident diabetes among postmenopausal
women (Supplementary Fig. 1). All participants provided written informed
consent, and the study was approved by institutional review boards at
each participating institution.

Outcomes

Prevalent and incident diabetes. Prevalent diabetes was defined as a self-
report of ever having received a physician diagnosis of diabetes when not
pregnant or fasting plasma glucose levels of =6.99 mmol/L at baseline.
Incident treated diabetes was defined as a self-report of a new physician
diagnosis of diabetes treated with oral drugs or insulin shots during study
follow-up, which has been confirmed to be consistent with medication
inventories [15].

Diabetes-related cardiometabolic comorbidities. Obesity was defined as
body mass index (BMI) =30 kg/m?, calculated based on clinical measure-
ments of height and weight at baseline. Hypertension was defined as
self-report of current treatment for hypertension and/or self-report of
being told by a doctor they had high blood pressure and/or baseline
measurement of systolic blood pressure =140 mmHg or diastolic blood
pressure 290 mmHg. CKD was defined as an estimated glomerular
filtration rate (eGFR) of <60 mL/min/1.73 m? at study baseline. To achieve
adequate statistical power, a composite endpoint of obesity, hyperten-
sion, or CKD was classified as no comorbidity or at least one comorbidity.

Biomarker measurement
A 12-h fasting blood sample was collected at baseline from each
participant and stored at —80 °C until assay. All biochemical assays were
completed by Dr. Nader Rifai's Clinical & Epidemiologic Research
Laboratory. Plasma total 25(0OH)D was assayed using an enzyme
immunoassay with a competitive binding technique from Immunodiag-
nostic Systems Inc. (Fountain Hills, AZ, USA). PTH, creatinine, high-
sensitivity C-reactive protein (hs-CRP), fasting glucose, and fasting insulin
were measured by an electrochemiluminescence immunoassay on the
Roche E Modular system using Roche Diagnostic reagents (Roche
Diagnostics, Indianapolis, IN, USA). Mean intra-assay coefficients of
variation for each analyte were 6.95% for 25(0H)D, 3.46% for PTH, 1.82%
for creatinine, 3.34% for hs-CRP, 3.26% for fasting glucose, and 2.49% for
fasting insulin.

eGFR was calculated using the Chronic Kidney Disease Epidemiology
Collaboration equation, which provides more accurate prognostic informa-
tion in the higher eGFR range than the Modification of Diet in Renal
Disease equation [16].

eGFR (in ml/min/1.73 m2) = 141 x min(creatinine/k, 1) x max(creati-
nine/k, 1)7'2%?x0.9939¢x 1.018 (if female)x 1.159 (if black), where
creatinine = standardized serum creatinine measures in mg/dL; kK =0.7
for females; a = —0.329 for females; min = indicates the minimum of
creatinine/k or 1; max =indicates the maximum of creatinine/k
or 1; Age = years.
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Covariates

Information on age (year), race/ethnicity (white or black), clinical center
(Southern: <35°N, Middle: 35-40°N, and Northern: >40°N), education
(<high school graduate/General Educational Development, post high
school, and college graduate or higher), season of blood draw (Spring,
Summer, Autumn, and Winter), smoking status (never, past, and current),
alcohol consumption (never, past, and current), physical activity levels
(MET-hour/week), family history of diabetes, family history of cardiovas-
cular disease (CVD; yes or no), history of high cholesterol (yes or no),
postmenopausal hormone therapy use (never, past, and current), and
statin use (yes or no) were obtained by self-report questionnaires from
each participant at baseline. BMI (kg/m?) was calculated based on clinical
measurements of height and weight.

Statistical analysis

We compared baseline characteristics of white and black women
according to status of vitamin D biomarkers using Kruskal-Wallis tests or
Chi-square tests. Age-adjusted Spearman correlated coefficients were
calculated to evaluate associations between vitamin D biomarkers and
cardiometabolic biomarkers (i.e., creatinine, hs-CRP, fasting glucose, and
insulin) among women without diabetes, stratified by race/ethnicity.

In the ancillary case-cohort study, a race-stratified probability sampling
of the case and control subcohorts has been used to select the study
samples of white and black women with different sampling fractions. To
reflect the WHI-OS cohort characteristics, we estimated weights using the
inverse of the sampling probability of the subcohort stratified by race
based on the Barlow’s approach [17]. To evaluate the prospective
associations between vitamin D biomarkers and incident diabetes, we
fitted inverse-probability weighted Cox proportional-hazards models in
women without diabetes at baseline. Follow-up time was calculated from
enrollment to self-reported diabetes status at the annual visit, death, or
to the last follow-up as of September 2013, whichever came first. In the
analysis for independent associations, both baseline total 25(0H)D and
PTH levels were modeled as continuous variables and quartiles. An
interaction term between each vitamin D biomarker and race/ethnicity
was added to test racial/ethnic differences in their independent
associations. To assess their joint associations with diabetes, we also
divided the sample into four subgroups by 25(0OH)D (<50 vs. =50 nmol/L)
and PTH (<6.89vs. >6.89 pmol/L; equivalent to 65 pg/mL), with women
having high 25(0OH)D levels (>50 nmol/L) and low PTH levels (<6.89 pmol/
L) as the reference group. We further conducted a race/ethnicity-
stratified analysis to examine the possible black-white differences in the
associations between vitamin D biomarkers and incident diabetes. Our
main models were adjusted for age, race/ethnicity, clinical center, BMI,
education, season of blood draw, smoking status, alcohol consumption,
physical activity levels, family history of diabetes, and postmenopausal
hormone therapy use.

To take into account the sampling strategies (different subcohort
sampling fractions were used for selecting controls and incident cases
among white women and black women) used in the case-cohort study, we
compared the weighted distributions of each vitamin D biomarker
stratified by status of diabetes at baseline between white and black
women, as well as between women with and without any diabetes-related
cardiometabolic comorbidity. All statistics were calculated using the
aforementioned inverse probability weighting method stratified by race.
To cross-sectionally examine the independent and joint associations of
vitamin D biomarkers with diabetes-related cardiometabolic comorbidities
at baseline, weighted logistic regression models of women with and
without prevalent or incident diabetes among all participants and each
racial/ethnic group were constructed for each diabetes-related cardiome-
tabolic comorbidity and the composite endpoint (CKD, hypertension, or
obesity). Similar to the prospective analyses for incident diabetes, weights
were estimated using the aforementioned race-stratified inverse prob-
ability sampling method to reflect the entire WHI-OS cohort. In the main
models for prevalent obesity and the composite cardiometabolic endpoint,
we controlled for age, race/ethnicity, clinical center, education, season of
blood draw, smoking status, alcohol consumption, physical activity, and
postmenopausal hormone therapy use. BMI was additionally adjusted in
the analyses of prevalent CKD and hypertension. We also added
interaction terms between race/ethnicity and each vitamin D biomarker
into the main models to test for black-white differences. Multivariable
weighted logistic regression models were also constructed to assess the
joint associations of 25(0H)D and PTH with the composite endpoint in
women with and without diabetes, separately.

Nutrition and Diabetes (2021)11:29



To test the robustness of our results, we also performed several
sensitivity analyses by further adjusting for eGFR (for incident diabetes and
prevalence of obesity and hypertension only), history of high cholesterol,
and statin use. All statistical analyses were performed using SAS version 9.4
(SAS Institute, Cary, NC), and a P value < 0.05 was considered statistically
significant.

RESULTS

Table 1 depicts the characteristics of white and black women by
the four subgroups of vitamin D biomarkers at baseline.
Compared to women with non-deficient levels of 25(0OH)D
(=50 nmol/L) and normal PTH levels (<6.89 pmol/L), women with
either deficient 25(0OH)D levels (<50 nmol/L) or PTH excess
(>6.89 pmol/L) had higher BMI, lower physical activity, and higher
fasting glucose and insulin and prevalence of diabetes, obesity,
and hypertension among both white and black women. In
addition, women with PTH excess alone were younger and had
lower eGFR, as well as higher creatinine levels and prevalence of
CKD. Further, among subjects with vitamin D deficiency, white
women were more likely than black women to have a family
history of diabetes. With an average follow-up of 12.1 years, we
identified 453 incident cases of treated diabetes among 4191
women without diabetes at baseline and 3322 prevalent cases of
obesity (n = 1629), hypertension (n =2759), or CKD (n =318). The
incidence rate of diabetes was 9.5 per 1000 person-years.

As expected, total 25(OH)D and PTH were significantly and
inversely correlated across racial/ethnic groups among all
women without diabetes (Table 2). Also, creatinine, hs-CRP,
fasting glucose, and insulin were inversely correlated with 25
(OH)D and positively correlated with PTH. After stratifying by
race/ethnicity, the correlation between 25(0H)D and creatinine
turned from negative to positive, while all others persisted
among white women. Among black women, only the inverse
correlation between 25(0OH)D and fasting insulin remained
significant. The positive correlations between PTH and the
abovementioned CVD biomarkers were consistent across the
two racial/ethnic groups.

In the multivariable-adjusted analysis, as expected, we found
that higher 25(0OH)D levels were significantly and independently
associated with lower risk for incident diabetes in a dose-response
manner among all participants [hazard ratio (HR) =0.78 per-SD
change in 25(0OH)D, 95% confidence interval (Cl): 0.68-0.88; P for
linear trend <0.0001] and among white women (HR = 0.73 per-SD
change in 25(0H)D, 95% Cl: 0.62-0.86; P for linear trend <0.0001).
However, we observed no significant association between PTH
and diabetes in the fully adjusted model (Supplementary Table 1).
Further, the interactions between vitamin D biomarkers and race/
ethnicity were also not statistically significant. When assessed
jointly, compared to those with both non-deficient 25(0OH)D
(=50 nmol/L) and normal PTH (<6.89 pmol/L), having deficient 25
(OH)D levels (<50 nmol/L) was associated with significantly higher
risk for diabetes, regardless of whether they had excess PTH levels
(HR=1.92; 95% Cl: 1.42-2.58) or normal PTH levels (HR=1.32;
95% Cl: 1.12-1.57). The observed joint association of vitamin D
deficiency and PTH excess with incident diabetes remained
significant and became even stronger in white women (Fig. 1).
White women with deficient 25(OH)D (<50 nmol/L) had higher risk
of diabetes, regardless of their PTH level (HR=1.46; 95% ClI:
1.20-1.78 for those with normal PTH; HR = 2.30; 95% Cl: 1.51-3.49
for those with excess PTH). Based on the HR being 1.46 for the
group with vitamin D deficiency alone and 0.88 for the group with
PTH excess only, the excess relative risk (ERR) associated with
deficient 25(0OH)D levels was calculated as 1.46 — 1 = 0.46 and the
ERR related to PTH excess was —0.12, separately. The joint
association of deficient 25(0OH)D and excess PTH levels with
incident diabetes (HR = 2.30) showed a trend toward synergism
on an additive scale [relative excess risk due to interaction =
1.30 — 0.46 — (—0.02) = 0.86] among white women but did not
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reach statistical significance. However, there was no evidence of
such an association among black women.

Weighted distributions of 25(0H)D and PTH differed signifi-
cantly between white and black women when stratified by
diabetes status and diabetes-related cardiometabolic comorbid-
ities (all P values < 0.0001; Fig. 2). We also observed that the
interaction between race/ethnicity and diabetes-related cardio-
metabolic comorbidities was statistically significant for 25(0H)D
(P for interaction = 0.045) among women without diabetes at
baseline.

Individually, lower 25(0OH)D or higher PTH level was associated
with greater prevalence of obesity and the composite endpoint
across racial/ethnic groups, whereas their independent associa-
tions with hypertension were statistically significant in white
women only (Supplementary Tables 2 and 3). In addition, we
found a positive relationship between PTH and CKD among both
white and black women (Supplementary Table 3). These results
were not modified by additional adjustment for history of high
cholesterol, statin use, and eGFR (for obesity and hypertension
only). The interaction term between 25(0OH)D and race/ethnicity
was significant for obesity (P for interaction = 0.007; Supplemen-
tary Table 2). There was also a significant interaction between PTH
and race/ethnicity on hypertension (P for interaction = 0.008;
Supplementary Table 3). When 25(0OH)D and PTH were assessed
jointly (Fig. 3), women with either deficient 25(0OH)D (<50 nmol/L)
alone or excess PTH levels (>6.89 pmol/L) alone had higher
prevalence of obesity, hypertension, or CKD, compared to those
with non-deficient 25(0OH)D (=50 nmol/L) and normal PTH levels
(<6.89 pmol/L), regardless of diabetes status. However, the
combination of deficient 25(OH)D levels and PTH excess was
associated with higher prevalence for at least one cardiometabolic
outcome among women without prevalent or incident diabetes
[odds ratio (OR) =4.23, 95% Cl: 2.90-6.18] but not for those
who had diabetes at baseline or who developed diabetes later
(OR=1.89, 95% Cl: 0.96-3.71).

DISCUSSION

Among a cohort of U.S. black and white postmenopausal women,
deficient 25(0OH)D levels (<50 nmol/L) were significantly asso-
ciated with increased risk of diabetes in white women only,
regardless of PTH levels. Compared to those with non-deficient
levels of 25(0H)D (=50nmol/L) and normal PTH levels
(<6.89 pmol/L), women with either deficient 25(OH)D or excess
PTH levels had higher prevalence of cardiometabolic traits
including obesity, hypertension, or CKD, irrespective of diabetes
status; however, the combination of vitamin D deficiency and
PTH excess was associated with higher prevalence of at least one
of the aforementioned diabetes-related cardiometabolic comor-
bidities among women without diabetes only.

Vitamin D and PTH with incident diabetes

Our findings agree with the results of two recent prospective
population-based cohort studies and our previous meta-analysis
of observational studies that showed independent associations
between deficient vitamin D levels and diabetes [18-20]. Data
from a US. cohort of 903 Caucasian adults aged 74 years on
average and free of diabetes or pre-diabetes at study entry
through a 12.5-year follow-up period suggested that 25(0OH)D was
inversely associated with incidence of diabetes in a dose-response
manner, after adjusting for age, BMI, waist circumference, calcium
supplement intake, triglycerides, and high-density lipoprotein-
cholesterol [18]. A German population study of 7791 initially
diabetes-free subjects aged 50-74 years reported a non-linear
inverse relationship between 25(0OH)D and risk of diabetes with a
threshold of <40 nmol/L in women only after an 8-year follow-up,
accounting for age, sex, season of blood draw, multi-vitamin
supplement intake, frequent fish consumption, BMI, hemoglobin

SPRINGER NATURE



J. Xia et al.

190
oLx 1>
» OLXT
00
€10
OLX 1>

L, OLX 1>
» OLX 1>

oLX1>

o

L0'0

L0'0

yA4V]

o

00

y-OLX 1>
Lo
L0
980
, OLX 1>
,-OLX 1>

anjeA 4

(%0'61) LE

LvZFT€8
(1'ozlL ‘o9v) 0'9L

(09 '6%) €5
(1oL '6'L) v'v

(L'L6 ‘S¥9) €¥L

(6'SL) T8

(z'8€ 'T97) L'Te

(%T¥T) Ly
(%9'02) OF
(%£'12) T
(%S5°€€) S9

(%€TE) €9
(%t'L€) €L
(%€°0€) 65

(%8°C€) ¥9
(%S°8€) SL
(%£'87) 95

(%9°€2) 9v
(%L°£2) ¥S
(%E°LL) T
(%0°19) 611

(%8'CY) €8
(%0°€€) ¥9
(%TV2) Lt

(%S¥1) 8T
(%€°8€) L
(%T'LY) 16

(0'LL '80) TV
(%9'61) LE
(%L°0L) S8
(%t'EY) SL

(7'8€ '8'LT) €'€€
SLFSE9
(s6L=u)

689 <Hld
0s > a(Ho)sT

(%5°07) 8

9'ST¥608
(L'ELL'1'6g) 0°'LL

(9 '6'%) §°S
(88 '€0) Te

(06 '6°19) L'SL

(79 ‘'6'v) 08

(S'€9 "L'€S) L'LS

(%1€2) 6
(%S°07) 8
(%8'0€) T1
(%9'S2) 0L

(%E€E) €1
(%8°0¢€) Tl
(%6°S€) ¥L

(%T'87) LL
(%E€E) €1
(%5'8€) S1

(%5°02) 8
(%T'87) L1
(%t'S1) 9
(%t'99) T
(%5'8€) S1
(%0°L¥) 9L
(%5°02) 8

(%97) L
(%0°LY) 91
(%t'99) T

(8'8 '8'0) S'€
(%t8L) £
(%T'9Y) 81
(%L'1¥) SL

(£'S€ '6'97) S'6T
9LF8L9

(6 =u)

689 <Hld

0S 2 d(HO)sT

(%8'02) SLT
V8L F 6
(£86 ‘0°0) 0'v9
(09 '6%) €5
(08 's'L) '€
(6'9L '1°09) 1'89

(Ts'se) €v
(L'ey 'v'LE) TLE

(%L%T) €5T
(%£781) L6L
(%€°S2) 65T
(%€°L€) 0zE

(%1°S€) €9€
(%8'L€) 62€
(%L°€€) Tre

(%9°T€) LE€E
(%1'6€) YOV
(%€°82) €6

%E L) 8¥L
%0°ST) LST
%STL) 6CL
%8°T9) 9

(%€LY) ¥8Y
(%€€E) Lve
(%t'61) 861

(%6°€L) Ll
(%£°8€) ¥6€
(%S'LY) €8

(€€L ‘50) 0'S
(%€ELL) SLL
(%6'Sh) LLy
(%S°€Y) L0V

(9'v€ '¥'92) 6'6C
€LF079
(rEOL = W)
6895 Hid

0S > a(HO)ST

(0S8L = N) uswom ejg

(%€°81) 0L
6'LL 606
(8'£8 ‘5'8€) €85
(85 ‘8'Y) T
69°'s'L) 8
(#'08 ‘0'L9) £'0L

(9v ‘0°¢) L€
(S'0L°L'¥S) L'19

(%891) S6
(9%9'82) L9L
(%T'1€) 9LL
(%t'€0) TEL

(%T'62) 991
(%6'9€) 01T
(%6°€€) €61

(%0Th) 6€C
(%Ev€) S61
(%£°€0) SEL

(%L'¥1) 08

(%+'82) 191
(%)S'sL 88

(%T'99) 61€

(%6°0S) £8C
(%S°T€) €81
(%L'91) ¥6

(%2'8) 9v
(%S°0¥) 9tT
(%€°LS) 98¢

(861 ‘ST) §
(%EEL) P,
(%6'LY) 0LT
(%L°SY) 9€T

(S'2€ 'v'ST) 9'8¢C
SLFLEY
(695 = u)

68'9 5 Hld
0S 2 d(Ho)sT

L OLX 1>

oLx 1>
» OLX 1>
L OLX 1>
L, OLX 1>
oLx1>

L, OLX 1>
» OLX 1>

oLX1>

e OLX1L

600

900

y-OLX 1>

L00

€00

,-OLX 1>
6L0
€00
LU0

» OLX 1>

cOLX1L

anjeA 4

(%6°07) 61
S8LFLLL
(FveL ‘10S) L'LL
(9 1'9) 9
(16 ‘6'L) £
(#'08 ‘T'6S) T'L9

(0oL 'v2) T8
(8'Cr 'S°0€) L'8E

(%€'S2)
(%8'61)
(%6:02) 6
(%L¥€)
(%6°€S) 6V

(%t'97) ¥T
(%8'61) 8L

(%6°LE) 6T
(%L'SY) Lt
(%L€0) LT

(%T¥T)
(%€°9¢) €€
(%£'81)
(%1°St)
(%t7'09) SS
(%6°L€) 6T
(%L2) L

(%6'8) 8
(%'vv) OF
(%L9Y) T

(€01 ‘0)
(%0°02)
(%¥'LE) ¥E
(%8°£9)

(zse ‘Lo TLe
99F L'L9
(Le=u)

689 <Hld
0S > a(Ho)sT

(%L'8) 6

6'6LFTSL
(608 ‘6'LY) 8'€S

(LS'6%) T
(16 ‘'S°L) O
)

(T8 'SLS) TL9

e 'TL LL
(069 ‘6'SS) L'L9

(%9v1) S

(%2'52) 9T
(%L°1L€) €
(%1°62) 0€

(%6°L€) 6€
(%0C€) €€
(%1°0€) L€

(%8°0Y) ¢
(%0°€€) vE
(%T°97) LT

(%EVT) S
(%t'€S) S
(%L°01) L
(%6'S€) LE
(%Z°09) 79
(%T°sT) 9t
(%971) SL

(%8'S) 9
(%S°'8v) 09
(%9'sy) Lt

(091 ‘s’€) 0°0L

(%802) LT
(%€E¥T) ST
(%S°€S) €5

W'LE ‘L'€D) L'LT
L'9F 089
(e0L=u)

689 <Hld
0S 2 d(Ho)sT

(%6°€L) 26
9ELF LS8
(626 ‘T'6€) S'09
(6'S ‘6'%) €
(L9'€l) L
(£0L 'L'SS) 619

(TS 'se) vy
¥'ov ‘T9¢E) 8Ly

(%0'92) ¢/LL
(%StL) O

(%0°12) 6€L
(%1'8€) ¥ST

(%L°LY) €1€
(%£'62) L61
(%C°€T) ¥SL

(%€°8€) ST
(%8'9€) v
(%0°52) 991

(%5'81) €71
(%6'7€) T€ET
(%L91) LLL
(%€'8Y) LTE
(%£'89) €5v
(%€°02) vEL
(%6°01) 2L

(%0'6) 65
(%0TY) SLT
(%0°6¥) LTe

(S'TL'SL0) 9
(%L81) 8LL
(%L°€€) 61T
(%1°99) £S€

(L'ZE v'vT) T8t
9LFLSY

(r99 =u)
68'95 Hld
0S > a(Ho)sT

(%6°S) vTL
VELFOVS
(00L ‘v'Te) €97
(96 '6'7) TS
s “1'L) ¥'T
(9'LL 'S°LS) 9°€9

(¥ '0€) L€
(L'08 ‘T'6S) £'89

(%981) 06€
(%6°€27) €05
(%€°L€E) 859
(%T'927) 0SS

(%9°0v) 958
(%982) 209
(%80¢€) 6v9

(%TTh) 688
(%L°L€E) 18L
(%£°07) LEV

(%8'91) €S€
(%E9Y) SL6
(%8'91) €S€
(%6'9€) LLL

(%1°2L) ¥OSL
(%¥'81) €8¢
(%5°6) 661

(%t'S) LLL
(%5'9%) 296
(%T'8Y) L66

(8'1T ‘Sh) €11
(%S°S1) 0ZE
(%1°82) ¥6S
(%0'95) LLLL

(06T '6'TT) S'ST
€LF¥'S9
(zoLz=u)
68'95 Hld

0S 2 d(HO)ST

(000€ = N) uUswiom auYM

(%) u
ds ¥ uesiy
(4OI) uelpay
(4Ol ueipay
(4OI) uelpay
(4O1) ueipay

(4OI) verpay
(4OI) uelipay

(%) u

(%) u

(%) u
(%) u

(%) u

(4OI) verpsy
(%) u

(%) u

(%) u

(4OI) uelpsy
as ¥ uespy

sa19qelq
LW EL LU/ W Y499
J/10wd ‘uinsuj
J/|oww ‘8sodn|H
/6w gyd-sy
J/lown ‘suluneasy
SJ9xJewolq dljogelswolpied)
T/10wd ‘Hid
7/10wu ‘Q(HO)ST |eloL
siajlewolq g ulwenn
J9IUIM
uwmny
Jawwng
Bunds
MeIp poojq JO uosess
No.OP< :UldyuoN
No.0t—S€ ®IPPIN
NoGE> :uIdyinos

(423udd |ed1UlP)
sapniie| |esiydesboan

13yb1y Jo s1enpeib a63)j0D
[00yds ybiy 1sod
@3o/@ienpesb [ooyds ybiHS
S|9A3| [euoledNpP3
asn uneis
asn uaun)
asn 1sed
asn IASN
asn Adesay) suowoH
N
1sed
JETENN]
uondwnsuod [oyod|y
wauNnd)
1sed
JETENN]
sniels bupjows

[VEEIN
/inoy-13N) Auande [edisAyd

|os2159j0Yd Yb1y jo A103sIH
sa19qelp Jo Aioisiy Ajiwed
and jo Koty Ajweq
(;w/6%) 1Wg

(s1eak) aby

sa|qenen

‘[S]9AS] H1d PUe d(HO)SZ] sniels g ulwelA pue Aydiuyia/ades Agq payliesis salisualdeleyd auldseg  °| ajqe]

29

Nutrition and Diabetes (2021)11

SPRINGER NATURE



i 3y ]
[ = = u
3 XX =
> =l 3 = [a)
Q vV © V E
£
©
E=
B 2
VA X R X
0 —~ < m O [e]
Sl I
I A~ gl 5l S =
Sz S 2w £
MRS ] S n
= ~N
Q
I
Q
{5 ] Q
N 2 2| Z
a® N 9 5 IS
=R O & 0 uT
T AR S0 0
Sz w©o@mn~ 8?2
0= = el
Na S Eg-
> >
= &
C®
2 N 5 ¢
. SR = '
Y8 &R R 9V
agm o o N 9 >
Tve £ © £ ©E
gw- 2 3 03
s Sz T o o . E
= o & < =
® QoS n © L2
- “w 5
I i
<
5° Z.U’
c @ = = c
g Ta SRR o 5%
£ 0 —~ S h & 5&
6 Qg2 =< M g5
= TR S@,&dgn\)
i
¥ 8z g p3gc<
& RJEs a8 T U
4] -UC
9]
c
L R (“E
T L L o2
2 o o o 00O
El N o
S xxx%%
a \VARVARVIE -Na
ow
g c
0.2
o 2 ®
n s 5 5 £9
v Q I ES
a® © 8§ nh §T
(= 6 ~N ¢ O
= n N — Y
g/\m 2= =
— 1n un =
sEl T 828g
Na S w S
2 a
R
= Q
R
a PPN = O
ST oy
A8, L8RS
23 NN L8
=] mn © N
I A~ vvvgc
St e S )
niE o G N S5
~na S S®
=
=
=5
) T S
" s = @
Vo 2R 2
R = n o = 'z v
[~ S o o 8 E
TV e M Inn 9
—~ T wvieo vvvog
g 2! 588 o0
(=] £ N m = O
S ~Na s e
Il B
2 v £
S o 25
g = S5 59
gmm,—: IO\IQ\O\OEQ:
S o%s o 8 ® S
29S| g | SR
g Fun ooom'oqi
£ REL S880¢
= =
Na o ©
= £
E5
S
]
« B
o 2
- = = wn
o\°o\°£35
B QL
S C© <
g
©
Y
«n
@ mg
=4 c
5 oV
Kl g 2%
2 o= 3
el o o ®©
] £ £ 273
S S T g.£
£ < $ S 3
- c
c g og_§
o & 3 2 5
o T _ £ 2w 5
o = 2 0 8§ ¢ 3228
- 8 8 2 X < © =
2 5 ® O I U >SS
IE > a a o

Nutrition and Diabetes (2021)11:29

metabolic equivalent of task, PTH parathyroid hormone.

J. Xia et al.

A1C, family history of diabetes, education, physical activity,
smoking, hypertension, renal dysfunction, C-reactive protein, and
fasting triglycerides [19]. A recent randomized clinical trial in
Canada among 96 individuals with vitamin D insufficiency [mean
25(0OH)D = 51.1 nmol/L at baseline] and at high risk of diabetes or
with newly diagnosed type 2 diabetes found that vitamin
D3 supplementation (5000IU daily) for 6 months significantly
increased peripheral insulin sensitivity and B-cell function [9].
Data on joint associations between vitamin D and PTH with
diabetes and related risk factors are limited. In line with our
findings, a prospective study of 494 postpartum women in Canada
suggested that vitamin D deficiency/insufficiency with PTH in the
highest tertile at 3 months postpartum was associated with
worsening B-cell function and insulin sensitivity and increased
fasting and 2-h glucose 9 months later, after controlling for age,
ethnicity, family history of type 2 diabetes, previous gestational
diabetes, BMI, glucose, duration of breast-feeding, physical
activity, and season of blood draw [21]. Another case—control
study in a Greek cohort of 144 patients aged >65 years with pre-
diabetes and 81 healthy age-matched controls reported that
individuals with 25(OH)D <50 nmol/L and PTH =40 pg/mL had
significantly higher fasting plasma glucose levels than those with
either 25(OH)D =50 nmol/L or PTH <40pg/mL or both, after
adjustment for age, sex, BMI, and season of sampling [22].
However, conflicting findings have also been reported. An
Italian observational study in a cohort of 2227 elderly Caucasians
aged 76.1 years on average age found no association between
baseline 25(0OH)D and incidence of diabetes over 4.4 years follow-
up, potentially due to competing risk of death (22.4% lost to
follow-up due to death) and a likely underestimation of newly
diagnosed diabetes because of relying solely on fasting glucose
[23]. Similarly, a recent large randomized clinical trial (n = 2423)
indicated that intake of 4000 IU daily of vitamin D3 by participants
with pre-diabetes did not significantly lower risk of diabetes onset
through a median follow-up of 2.5 years [8]. The null findings may
be due mainly to adequate vitamin D status at baseline of the trial
participants with mean 25(OH)D levels of 70.5 nmol/L at baseline,
which may have limited the ability of those researchers to detect a
significant effect. Recently, our meta-analysis of 47 randomized
controlled trials involving 44,161 individuals without diabetes
found no effect of vitamin D supplementation on incidence of
type 2 diabetes, but most trials were very small and included
populations with varying levels of 25(0OH)D at baseline
(13.6-61.2nmol/L) [24]. Our overall dose-response analyses
suggested that vitamin D supplementation with a dose
>4000 IU/day may be sufficient to achieve optimal 25(0OH)D levels
(>90 nmol/L) and improve glucose and insulin homeostasis [24].

Vitamin D and PTH with diabetes-related cardiometabolic
comorbidities

Similar to our findings for hypertension in white women, data
from the third National Health and Nutrition Examination Survey
indicated an inverse relationship between 25(0H)D and systolic
blood pressure among white Americans [25]. Conversely, a cross-
sectional study in 1205 adults aged =65 years in the Netherlands
(predominantly Caucasians) reported that higher PTH levels, unlike
25(0H)D, were associated with risk of hypertension with adjust-
ments for age, sex, region, season, waist circumference, physical
activity, smoking, and alcohol intake [26]. Supporting our findings
of an independent, positive association of PTH with CKD but not
with 25(0OH)D, the results from another recent cross-sectional
study in a community population of 4080 adults in Taiwan
suggested that either elevated PTH levels or hyperparathyroidism
was associated with higher risk of CKD after adjusting for age, sex,
25(0OH)D, calcium, and phosphate [27]. In contrast, an inverse
association between 25(0OH)D and risk of incident CKD was
identified in a Chinese elderly cohort (n = 1037), accounting for
potential confounders [28]. While evidence suggests that obesity

SPRINGER NATURE
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Table 2. Correlations between vitamin D biomarkers and cardiometabolic biomarkers among non-diabetic women stratified by race/ethnicity.
Biomarkers Total 25(OH)D PTH Creatinine hs-CRP Glucose Insulin
All non-diabetic women (n =4228)
Total 25(0H)D 1 —0.36** —0.07** —0.09** —0.08** —0.2%*
PTH 1 0.09** 0.08** 0.09%* 0.15**
Creatinine 1 0.02 —0.01 0.09**
hs-CRP 1 0.11** 0.32**
Glucose 1 0.43**
Insulin 1
American white non-diabetic women (n = 2748)
Total 25(0OH)D 1 —0.3%* 0.06** —0.06** —0.14** —0.2%*
PTH 1 0.05* 0.06** 0.1%* 0.12**
Creatinine 1 —0.01 —0.02 0.05**
hs-CRP 1 0.08** 0.29**
Glucose 1 0.44**
Insulin 1
American black non-diabetic women (n = 1480)
Total 25(0OH)D 1 —0.36%* 0.02 —0.03 —0.04 —0.1**
PTH 1 0.07** 0.07** 0.1%* 0.16**
Creatinine 1 0.01 0.02 0.07**
hs-CRP 1 0.16** 0.34**
Glucose 1 0.41**
Insulin 1
Age-adjusted Spearman’s correlation coefficients are shown.
*P < 0.05; **P <0.01.
4 0 White women
o Black women
S 3
]
3
2 2.30
@ 146 (1.51, 3.49)
g 2 (1.20, 1.78)
[=] 0.97
k] (0.70, 1.34) 1.37
£ 1.00 (ref) [ 1,00 (ref) (0.87, 2.14)
1
0.88 T !
(0.51, 1.50) 0.71
(0.22, 2.26)

25(0H)D 250 <50 250 <50
PTH  <6.89 <6.89 >6.89 >6.89

N: 1976 571 93 72

Fig. 1

25(0H)D 250 <50 =250 <50

PTH <6.89 <6.89 >6.89 >6.89

N: 457 802 30 156

Joint associations of 25(OH)D and PTH with incident diabetes. HRs (95% Cls) of diabetes among U.S. white and black women were

estimated. Models were adjusted for age, clinical center, race/ethnicity, BMI, family history of diabetes, educational levels, alcohol intake,
physical activity levels, cigarette smoking status, postmenopausal hormone therapy use, and season of blood draw. N total number of

participants.

is inversely associated with 25(0OH)D and positively associated with
PTH [29], conflicting results also exist [30]. A retrospective study of
316 patients in a Spanish hospital found that neither 25(OH)D nor
PTH was associated with obesity after adjusting for potential
confounding factors [30].

The combined associations we observed between vitamin D
deficiency and PTH excess with at least one cardiometabolic
condition (i.e., obesity, hypertension, or CKD) and their joint

SPRINGER NATURE

association with CVD risk in women without diabetes imply that
the combined assessment of vitamin D and PTH may more
accurately reflect the functional status of vitamin D relevant to
cardiometabolic health compared with assessment of one factor
alone. Our results also indicate that the combined associations of
deficient vitamin D and elevated PTH with the aforementioned
cardiometabolic conditions may vary depending on diabetes
status. Our estimated partial Spearman’s correlations show that

Nutrition and Diabetes (2021)11:29
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a.25(0H)D, nmol/L

OWhite women

@Black women

P for interaction=0.045
r 1

250 P<0.0001
=
200
P for interaction=0.469 P<0.0001
r 1
150 - P<0.0001
P<0.0001

100

50 - EH B

0
no comorbidity 21 comorbidity no comorbidity 2> 1 comorbidity
Diabetic Non-Diabetic
b.PTH, pmoliL
OWhite women
OBlack women
P for interaction=0.643
Go “ r 1
P<0.0001
50 -
P for interaction=0.215
40 - f !
P<0.0001
- r
30 - T
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o ; é EJ é #
0
no comorbidity 21 comorbidity no comorbidity 21 comorbidity
Diabetic Non-Diabetic

Fig. 2 Distributions of vitamin D biomarkers at baseline. 25(OH)D (a) and PTH (b) by diabetes status at baseline and diabetes-related
cardiometabolic comorbidities among U.S. white and black women. All P values were obtained from weighted regression models with an

interaction term between race and comorbidity status.

creatinine and hs-CRP, as well as fasting glucose and insulin, were
inversely correlated with 25(0OH)D and positively correlated with
PTH among individuals without diabetes. Among women with
diabetes, we found that 25(0OH)D was still inversely and
significantly associated with fasting glucose but not with fasting
insulin, while PTH was not associated with either fasting glucose
or fasting insulin in white women with diabetes. Overall, our
findings may help explain inconsistent results regarding the
associations of vitamin D and PTH with cardiometabolic condi-
tions and thus inform the design of future observational and
interventional studies assessing the impact of the vitamin D-PTH
endocrine system on cardiometabolic health.

Potential mechanisms

The mechanisms underlying racial differences in the vitamin D-PTH
axis and their contributions to health outcomes are complex and

Nutrition and Diabetes (2021)11:29

remain elusive. It is well documented that RAAS activation is
associated with hypertension, CKD, diabetes, and CVD through its
crucial role in the regulation of blood pressure, fluid volume, and
electrolyte homeostasis [31, 32]. Blood pressure sensitivity to
aldosterone appears to be population specific, eg, blacks on
average have lower aldosterone levels in the circulation [33].
Mechanistic studies in both animals and humans have shown
vitamin D to be a negative endocrine regulator of the RAAS [4, 34].
Vitamin D deficiency, which is more common in blacks, tends to
upregulate the RAAS by increasing renin and aldosterone production
[34]. A small increase in aldosterone can increase blood pressure,
more so in blacks than in whites. PTH excess itself may stimulate
adrenal aldosterone synthesis directly via binding to PTH receptors
and, in concert with vitamin D, may indirectly stimulate renin release
to increase angiotensin Il [35]. Other possible mechanisms underlying
the complex interplay between vitamin D, PTH, and cardiometabolic

SPRINGER NATURE
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@ 14 0 Non-Diabetic

]
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s 12
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L 10 -
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o X

T8 71

2 5 | 4.23 4.27

5 2.50 (2.90, 6.18) 207 (1.42, 12.89)
2 4 4 (1.82,3.44) (165, 3.17)

3 3 1.54

s 2] (1.36, 1.74) 1.89
2 1.00 (ref) o 1.00 (ref) (0.96,3.71)
(=]

S 1

° 0

25(0H)D 250 <50 250 <50
PTH <6.89 <6.89 >6.89 >6.89

N: 439 934 961 1058

25(0OH)D 250 <50 250 <50

PTH <6.89 <6.89 >6.89 >6.89
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Fig. 3 Joint associations of 25(0OH)D and PTH with prevalence of diabetes-related cardiometabolic comorbidities. ORs (95% Cls) of CKD,
hypertension, or obesity between women with and without prevalent or incident diabetes were estimated. Models were adjusted for age,
clinical center, race/ethnicity, family history of CVD, educational levels, alcohol intake, physical activity levels, cigarette smoking status,
postmenopausal hormone therapy use, and season of blood draw. N total number of participants.

disorders include stimulation of lipogenesis and insulin secretion,
inhibition of lipolysis and pro-inflammatory cytokine production, and
modulation of endothelial functions, through the expression of
vitamin D and PTH receptors in adipocytes, vascular smooth muscle
cells, and endothelial cells [5, 36-41]. There is compelling evidence
demonstrating race/ethnicity-specific thresholds for defining vitamin
D deficiency [14, 42]. Previous studies have also documented
consistent and substantial white-black differences in PTH response
to 25(OH)D levels. Taken together, collective evidence supports
physiological differences between whites and blacks in altered
vitamin D/PTH endocrine system and may explain at least in part the
racial differences in hypertension and other cardiometabolic
disorders associated with 25(0OH)D and PTH.

Strengths and limitations

Our study has several strengths. The large and well-characterized
cohort of white and black postmenopausal women with a long
follow-up allowed us to address racial/ethnic differences in the
associations of total 25(OH)D and PTH with cardiometabolic risk. We
were also able to examine multiple established diabetes-related
cardiometabolic comorbidities, accounting for many potential
confounders. However, our cross-sectional study design did not
allow us to establish a temporal relationship between total 25(0H)D/
PTH and development of these comorbidities or other diabetes-
related cardiometabolic comorbid conditions. Also, random measure-
ment error from single measurement of biomarkers might have
biased our results toward the null. However, this seems unlikely, since
all the coefficients of variation were <10% and were similar to those
reported in the majority of previous population studies. In addition,
residual or unmeasured confounding cannot be ruled out, such as
that derived from sun exposure and dietary or supplemental vitamin
D intake. Lastly, we are unable to generalize our results from
postmenopausal women to men or other populations.

CONCLUSIONS

This prospective population-based cohort study suggests a joint
association of vitamin D deficiency and excess PTH with risk of
developing diabetes among U.S. white postmenopausal women.
Either vitamin D deficiency or excess PTH was significantly associated
with the prevalence of obesity, hypertension, or CKD, irrespective of
diabetes status. Larger longitudinal studies are needed to confirm
our results and to determine race-specific thresholds of both 25(0OH)

SPRINGER NATURE

D and PTH concentrations and their trajectories in relation to future
risk of cardiometabolic diseases. If confirmed, future large-scale
randomized controlled trials among participants with true vitamin D
deficiency are warranted to clarify the preventive dosage of vitamin
D supplementation and to address racial differences of CVD risk
caused by vitamin D/PTH endocrine dysfunction.
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