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OBJECTIVE

To examine the associations of circulating 25-hydroxyvitamin D (25[OH]D) concentra-
tions with cardiovascular disease (CVD) and all-cause mortality in individuals with
prediabetes and diabetes from the large population-based UK Biobank cohort study.

RESEARCH DESIGN AND METHODS

A total of 67,789 individuals diagnosed with prediabetes and 24,311 with diabe-
tes who had no CVD or cancer at baseline were included in the current study.
Serum 25(OH)D concentrations were measured at baseline. Cox proportional haz-
ard models were used to calculate hazard ratios (HRs) and 95% CIs for cardiovas-
cular outcomes and mortality after 10–14 years.

RESULTS

After multivariable adjustment, higher serum 25(OH)D levels were significantly and
nonlinearly associated with lower risk of cardiovascular outcomes and all-cause mor-
tality among participants with prediabetes and diabetes (all P nonlinearity < 0.05).
Compared with those in the lowest category of 25(OH)D levels (<25 nmol/L), partici-
pants with prediabetes in the highest category of 25(OH)D levels (‡75 nmol/L) had a
significant association with lower risk of cardiovascular events (HR 0.78; 95% CI
0.71–0.86), coronary heart disease (CHD) (HR 0.79; 95% CI 0.71–0.89), heart failure
(HR 0.66; 95% CI 0.54–0.81), stroke (HR 0.75; 95% CI 0.61–0.93), CVD mortality (HR
0.43; 95% CI 0.32–0.59), and all-cause mortality (HR 0.66; 95% CI 0.58–0.75). Likewise,
these associations with cardiovascular events, CHD, heart failure, CVD mortality, and
all-causemortality were observed among participants with diabetes, except for stroke.

CONCLUSIONS

These findings highlight the importance of monitoring and correcting vitamin D
deficiency in the prevention of CVD and mortality among adults with prediabetes
and diabetes.
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Diabetes has become a great threat to
global public health. The International
Diabetes Federation estimated that 463
million adults had diabetes and 373.9
million adults had prediabetes world-
wide in 2019 (1). Individuals with predi-
abetes and diabetes have twofold and
two-to fourfold increased risks of car-
diovascular disease (CVD) and mortality
compared with normal controls, respec-
tively (2,3). Furthermore, CVD mortality
accounts for approximately one-half of
all deaths in diabetes (1). It has gained
great importance in identifying modifi-
able cardiovascular risk factors in indi-
viduals with prediabetes and diabetes
for the prevention of diabetes cardio-
vascular complications and premature
death.

Vitamin D status has been linked to
various nonskeletal diseases, such as dia-
betes (4,5), hypertension (6), CVD (7–10),
and cancer (11,12). Numerous epidemio-
logical studies showed that higher serum
25-hydroxyvitamin D (25[OH]D) levels
were associated with lower risk of CVD
and mortality in the general population
(8,13,14). These findings were largely
based on general populations; however,
the evidence regarding the relationships
between vitamin D status and CVD
events and mortality among those with
prediabetes and diabetes is limited and
needs to be clarified in this group of indi-
viduals, in whom vitamin D deficiency is
particularly common (15–22). For ins
tance, one prospective observational
study of 245 women with type 2 diabe-
tes failed to find an association between
vitamin D and all-cause mortality (17). In
contrast, one recent prospective study of
6,329 adults with diabetes from the
Third National Health and Nutrition
Examination Survey (NHANES III) showed
that higher serum 25(OH)D levels were
significantly associated with lower CVD
and all-cause mortality (20). However,
there were always some discrepancies in
these previous studies because of limited
sample size (<5,000), inconsistent defini-
tion of vitamin D deficiency, and insuffi-
cient adjustment of confounding cov
ariates. In particular, to our knowledge,
prospective high-quality evidence focus-
ing on the relationships between vitamin
D and CVD and mortality in the popula-
tion with prediabetes is scarce. There-
fore, data from larger prospective studies
are still needed to fill the knowledge
gaps.

In this large population-based cohort
study from UK Biobank, we aimed to
examine the associations of serum 25
(OH)D concentrations with the incidence
of CVD events, specific CVD events, and
all-cause mortality in individuals with
prediabetes and diabetes.

RESEARCH DESIGN AND METHODS

Study Design and Population
The UK Biobank is a large population-
based prospective cohort study that
recruited >500,000 participants from
the general population between 2006
and 2010 across England, Scotland, and
Wales (23,24). Participants completed
a touchscreen questionnaire containing
health information, took various physi-
cal measurements, and reported medical
conditions. Blood samples were collected
for biochemistry markers assay.

In the current analysis, we excluded
participants who had no available data
on serum 25(OH)D concentrations (n 5
54,153) and those with known cancer
(n 5 31,451) or CVD (n 5 29,402) at
baseline. In total, 67,789 participants
with prediabetes and 24,311 participants
with diabetes were included in the cur-
rent analysis (Supplementary Fig. 1).

The UK Biobank received ethical
approval from the North West Multi-
center Research Ethics Committee,
Manchester, U.K. (REC reference for
UK Biobank 11/NW/0382), and all
participants provided written informed
consent.

Ascertainment of Exposure
Blood samples of participants in the UK
Biobank were collected at the time of
recruitment. Serum 25(OH)D concen-
trations (nmol/L) were measured by
chemiluminescent immunoassay direct
competitive analysis on a DiaSorin, Ltd,
LIASON XL. Details about serum biomarker
measurements and assay performances
have been described in the online UK Bio-
bank Showcase (https://www.ukbiobank.
ac.uk). The assay of serum 25(OH)D was
registered with an external quality assur-
ance scheme, and assay performance was
externally verified via the results returned
from participation in these schemes.
The average coefficients of variation of 25
(OH)D derived from internal quality con-
trol samples were <10%.

Ascertainment of Outcomes
The main outcomes of the current study
included the incidence of CVD events
(i.e., coronary heart disease [CHD], stroke,
heart failure, and ischemic and hemor-
rhagic stroke), CVD mortality, and all-cause
mortality. Data on hospital admissions
were collected regularly through linkages
to Health Episode Statistics, the Patient
Episode Database, and the Scottish Mor-
bidity Records. Information on death was
obtained from National Health Service
Digital for participants in England and
Wales and from the National Health Ser-
vice Central Register, part of the National
Records of Scotland, for participants in
Scotland. At the time of analysis, health
outcome data were available up to 30
November 2020. For the analyses of car-
diovascular outcomes and deaths, we
used this date as the end of follow-up
unless death or admission occurred first.
Follow-up for incident events and mortal-
ity outcomes was defined using the fol-
lowing ICD-10 codes: I20–I25 for CHD, I50
for heart failure, I60–I64 for stroke,
I60–I62 for hemorrhagic stroke, I63 for
ischemic stroke, and I00–I99 for death
resulting from CVD.

Definitions of Prediabetes and
Diabetes
Participants with prediabetes were def
ined by the presence of impaired fasting
glucose and/or hemoglobin A1c (HbA1c)
5.7–6.4% (39–47 mmol/mol) according to
the 2021 diagnostic criteria from the
American Diabetes Association guideline
(25). The definition of diabetes included
diagnosed diabetes by a physician during
the touchscreen questionnaire, use of
insulin and hypoglycemic medication, or
presence of HbA1c $6.5% (48 mmol/mol)
at baseline.

Ascertainment of Covariates
Information on sociodemographic fac-
tors (age, sex, ethnicity, and household
income), lifestyle habits (smoking status,
drinking status, and physical activity),
physical measurements (weight, waist
circumference, and BMI), medications
(antihypertensive drug use, cholesterol-
lowering medication, aspirin use, insulin
treatment, and vitamin D supplementa-
tion), and medical history (hyperten-
sion) was obtained from the baseline
questionnaire. Biochemical measurements
including LDL cholesterol and HbA1c were
measured at baseline. Season of vitamin D
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assessment was categorized by the month
that a participant attended assessment:
spring (March, April, or May), summer
(June, July, or August), autumn (Septem-
ber, October, or November), and winter
(December, January, or February). Addi-
tional details of covariate measurements
can be found in the UK Biobank online
protocol (https://www.ukbiobank.ac.uk).

Statistical Analyses
Statistical analyses were performed using
SAS 9.4 (SAS Institute, Inc.). Two-sided P
values <0.05 were considered statisti-
cally significant. Baseline characteristics
were presented as mean ± SD or median
(interquartile range) for continuous varia-
bles and number (percentage) for cate-
gorical variables. Multivariable linear
regression analyses were used to investi-
gate the association between serum
25(OH)D concentrations and cardiovas-
cular risk factors. Multiple imputation
with chained equations was performed
for participants with missing covariate
data, assuming data were conditionally
missing at random.
Participants were divided into four

groups according to baseline serum
25(OH)D concentrations based on the
Endocrine Society Clinical Practice Guide-
lines: severe deficiency (<25.0 nmol/L),
moderate deficiency (25.0–49.9 nmol/L),
insufficient (50.0–74.9 nmol/L), and suffi-
cient (>75.0 nmol/L) (26). The general-
ized linear model was used to examine
the baseline characteristics of partici-
pants among groups.
Cox proportional hazard models

were used to calculate the hazard
ratios (HRs) and 95% CIs for the asso-
ciations between serum 25(OH)D con-
centrations and cardiovascular outcomes
and mortality. The test for linear trend
was based on the variable containing
the median value in each group as a
continuous variable. The multivariable
model (model 1) was adjusted for age
and sex; model 2 was further adjusted
for ethnicity (White, Black, Asian, Chi-
nese, mixed, or other), household
income (<£18,000, £18,000–30,999,
£31,000–51,999, £52,000–100,000, or
>£100,000), season of vitamin D assess-
ment (spring, summer, autumn, or win-
ter), BMI, smoking status (never, former,
or current), drinking status (never, former,
or current), physical activity, antihyperten-
sive drug use (yes or no), cholesterol-

lowering medication (yes or no), aspirin
use (yes or no), LDL cholesterol, vitamin
D supplementation (yes or no), and pre-
valent hypertension (yes or no). For par-
ticipants with diabetes, model 2 was
additionally adjusted for HbA1c level
(<7.0% [<53 mmol/mol] or $7.0%
[$53 mmol/mol]) and insulin treatment
(yes or no). Moreover, the dose-response
associations of baseline serum 25(OH)D
concentrations and cardiovascular out-
comes and all-cause mortality were
examined using restricted cubic spline
regression with three knots, adjusted for
the confounding variables mentioned
above.

Stratified analyses were also per-
formed according to age (#60 or >60
years), sex (male or female), ethnicity
(White or non-White), smoking status
(never, previous, or current), drinking
status (never, previous, or current), prev-
alent hypertension (yes or no), and BMI
(<30 or $30 kg/m2). To investigate
whether the associations between serum
25(OH)D concentrations and cardiovascu-
lar outcomes and mortality differed by
these stratification variables, the potential
effect modification was examined using
the interaction models. Sensitivity analy-
ses were performed by excluding partici-
pants with CVD events or death within 2
years of follow-up.

RESULTS

Characteristics of Study Participants
Among the 67,789 participants with pre-
diabetes, the mean (SD) age was 58.2
(7.5) years, and 36,820 (54.3%) were
women; among the 24,311 participants
with diabetes, the mean (SD) age was
58.5 (7.5) years, and 10,631 (43.7%)
were women. The baseline cardiometa-
bolic biomarker characteristics of the
study population according to serum
25(OH)D levels are also shown in Table
1. Overall, the mean (SD) serum
25(OH)D concentration was 47.0 (20.5)
nmol/L and 43.5 (20.4) nmol/L in partici-
pants with prediabetes and diabetes,
respectively. Of participants with predia-
betes and diabetes, 58.1% and 65.3%
had deficient vitamin D (<50 nmol/L),
respectively. Participants with prediabe-
tes and diabetes who had higher serum
25(OH)D levels were more likely to be
older, women, and White and were less
likely to be obese or current smokers.
Compared with the participants with

lower serum 25(OH)D levels, participants
with prediabetes and diabetes who had
higher serum 25(OH)D levels had sig-
nificantly lower levels of body weight,
waist circumference, BMI, HbA1c, total
cholesterol, triglycerides, and LDL choles-
terol and had higher levels of HDL cho-
lesterol. In the multivariable regression
analyses, serum 25(OH)D levels were
associated with multiple cardiovascular
risk factors (Supplementary Table 1).

Associations of Serum 25(OH)D
Concentrations With Cardiovascular
Outcomes and All-Cause Mortality in
Prediabetes
During a median of 11.5 years of fol-
low-up, 7,421 cardiovascular events,
840 deaths resulting from cardiovascu-
lar events, and 4,534 all-cause death
events were documented among the
67,789 participants with prediabetes,
including 5,453 CHD events, 1,761 heart
failure events, and 1,453 stroke events
(ischemic stroke n 5 966; hemorrhagic
stroke n 5 428). Table 2 shows the
associations of categories of serum
25(OH)D concentrations with the out-
comes. After adjustment for age and
sex, serum 25(OH)D levels were also
inversely associated with incident type
2 diabetes, cardiovascular events, CVD
mortality, and all-cause mortality in a
dose-response fashion (all P for trend <
0.05) (Table 2 and Supplementary Table
2). In the multivariable adjusted models
(model 2), HRs and 95% CIs across catego-
ries of serum 25(OH)D concentrations
(from lowest to highest) were 1.00 (refer-
ence), 0.86 (0.81–0.93), 0.72 (0.67–0.78),
and 0.62 (0.55–0.71) for type 2 diabetes
(P for trend < 0.001); 1.00, 0.85 (0.79–
0.90), 0.83 (0.77–0.89), and 0.78 (0.71–
0.86) for cardiovascular events (P for trend
< 0.001); 1.00, 0.65 (0.54–0.78), 0.61
(0.50–0.74), and 0.43 (0.32–0.59) for
CVD mortality (P for trend < 0.001);
and 1.00, 0.77 (0.71–0.84), 0.65 (0.60–
0.72), and 0.66 (0.58–0.75) for all-cause
mortality (P for trend < 0.001) (Table 2
and Supplementary Table 2).

With regard to subtypes of cardiovas-
cular outcomes, the highest category of
25(OH)D levels was significantly associ-
ated with lower risks of CHD (HR 0.79;
95% CI 0.71–0.89), heart failure (HR
0.66; 95% CI 0.54–0.81), and stroke
(HR 0.75; 95% CI 0.61–0.93) in the
multivariable adjusted models (model
2). Furthermore, the highest category of
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Table 1—Baseline characteristics of participants with prediabetes and diabetes according to serum 25(OH)D concentration

Variable

Serum 25(OH)D concentration, nmol/L

PTotal <25.0 25.0–49.9 50.0–74.9 $75.0

Prediabetes (n = 67,789)
N of patients 67,789 10,105 29,309 21,891 6,484
Age, years 58.2 ± 7.5 56.1 ± 7.9 58.0 ± 7.6 59.2 ± 7.2 59.5 ± 7.1 <0.001
Female sex 36,820 (54.3) 5,269 (52.1) 15,923 (54.3) 12,116 (55.4) 3,512 (54.2) <0.001
Ethnicity <0.001

White 62,470 (92.2) 7,961 (78.8) 26,947 (91.9) 21,176 (96.7) 6,386 (98.5)
Asian 1,879 (2.8) 1,029 (10.2) 682 (2.3) 148 (0.7) 20 (0.3)
Black 1,778 (2.6) 634 (6.3) 865 (3.0) 244 (1.1) 35 (0.5)
Chinese 359 (0.5) 88 (0.9) 204 (0.7) 62 (0.3) 5 (0.1)
Mixed 468 (0.7) 122 (1.2) 207 (0.7) 120 (0.5) 19 (0.3)
Other 835 (1.2) 271 (2.7) 404 (1.4) 141 (0.6) 19 (0.3)

Household income, £ <0.001
<18,000 18,036 (26.6) 3,284 (32.5) 7,851 (26.8) 5,330 (24.3) 1,571 (24.2)
18,000–30,999 18,697 (27.6) 2,587 (25.6) 7,987 (27.3) 6,261 (28.6) 1,862 (28.7)
31,000–51,999 16,800 (24.8) 2,342 (23.2) 7,308 (24.9) 5,535 (25.3) 1,615 (24.9)
52,000–100,000 11,331 (16.7) 1,536 (15.2) 4,896 (16.7) 3,784 (17.3) 1,115 (17.2)
>100,000 2,925 (4.3) 356 (3.5) 1 267 (4.3) 981 (4.5) 321 (5.0)

Weight, kg 80.2 ± 16.6 83.6 ± 18.2 81.6 ± 16.9 78.3 ± 15.4 75.2 ± 14.7 <0.001
Waist circumference (cm) 92.8 ± 13.6 96.3 ± 14.2 94.1 ± 13.7 90.9 ± 12.7 88.1 ± 12.6 <0.001
BMI, kg/m2 28.4 ± 5.1 29.7 ± 5.9 28.8 ± 5.2 27.6 ± 4.5 26.5 ± 4.2 <0.001
Smoking status <0.001

Never 35,882 (52.9) 5,288 (52.3) 15,514 (52.9) 11,794 (53.9) 3,286 (50.7)
Previous 23,135 (34.1) 2,842 (28.1) 9,877 (33.7) 7,907 (36.1) 2,509 (38.7)
Current 8,772 (12.9) 1,975 (19.5) 3,918 (13.4) 2,190 (10.0) 689 (10.6)

Drinking status
Never 3,746 (5.5) 1,112 (11.0) 1,591 (5.4) 833 (3.8) 210 (3.2) <0.001
Previous 2,574 (3.8) 486 (4.8) 1,196 (4.1) 687 (3.1) 205 (3.2)
Current 61,469 (90.7) 8,507 (84.2) 26,522 (90.5) 20,371 (93.1) 6,069 (93.6)

Physical activity, min/week <0.001
<150 39,110 (57.7) 6,824 (67.5) 17,654 (60.2) 11,575 (52.9) 3,057 (47.1)
$150 28,679 (42.3) 3,281 (32.5) 11,655 (39.8) 10,316 (47.1) 3,427 (52.9)

Season of vitamin D assessment <0.001
Spring 20,090 (29.6) 4,247 (42.0) 9,698 (33.1) 5,002 (22.8) 1,143 (17.6)
Summer 18,244 (26.9) 1,080 (10.7) 6,610 (22.6) 7,788 (35.6) 2,766 (42.7)
Autumn 16,037 (23.7) 1,426 (14.1) 6,560 (22.4) 6,108 (27.9) 1,943 (30.0)
Winter 13,418 (19.8) 3,352 (33.2) 6,441 (22.0) 2,993 (13.7) 632 (9.7)

Antihypertensive drug use 9,169 (13.5) 1,381 (13.7) 4,116 (14.0) 2,891 (13.2) 781 (12.0) <0.001
Cholesterol-lowering medication 12,285 (18.1) 1,736 (17.2) 5,113 (17.4) 3,994 (18.2) 1,446 (22.3) <0.001
Vitamin D supplementation 2,789 (4.1) 160 (1.6) 926 (3.2) 1,227 (5.6) 476 (7.3) <0.001
HbA1c, % 5.7 ± 0.34 5.7 ± 0.35 5.7 ± 0.34 5.7 ± 0.34 5.6 ± 0.34 <0.001
HbA1c, mmol/mol 38.6 ± 3.7 39.1 ± 3.8 38.7 ± 3.7 38.4 ± 3.7 38.2 ± 3.7 <0.001
Fasting glucose, mmol/L 5.46 ± 0.65 5.43 ± 0.66 5.46 ± 0.65 5.48 ± 0.64 5.48 ± 0.65 <0.001
Total cholesterol, mmol/L 5.74 ± 0.99 5.78 ± 0.99 5.78 ± 0.99 5.73 ± 0.98 5.50 ± 0.99 <0.001
Triglycerides, mmol/L 1.64 (1.16–2.34) 1.83 (1.26–2.63) 1.72 (1.21–2.45) 1.57 (1.12–2.20) 1.34 (0.99–1.86) <0.001
HDL cholesterol, mmol/L 1.42 ± 0.37 1.35 ± 0.36 1.40 ± 0.36 1.45 ± 0.37 1.48 ± 0.38 <0.001
LDL cholesterol, mmol/L 3.61 ± 0.76 3.65 ± 0.76 3.65 ± 0.76 3.59 ± 0.76 3.40 ± 0.76 <0.001

Diabetes (n = 24,311)

N of patients 24,311 4,903 10,975 6,561 1,872
Age, years 58.5 ± 7.5 56.6 ± 7.8 58.4 ± 7.5 59.7 ± 7.1 60.0 ± 7.1 <0.001
Female sex 10,631 (43.7) 2,218 (45.2) 4,731 (43.1) 2,849 (43.4) 833 (44.5) 0.07
Ethnicity <0.001

White 21,418 (88.1) 3,666 (74.8) 9,694 (88.3) 6,232 (95.0) 1,826 (97.5)
Asian 1,353 (5.6) 739 (15.1) 493 (4.5) 110 (1.7) 11 (0.6)
Black 847 (3.5) 254 (5.2) 458 (4.2) 114 (1.7) 21 (1.1)
Chinese 104 (0.4) 33 (0.7) 56 (0.5) 15 (0.2) 3 (0.2)
Mixed 165 (0.7) 49 (1.0) 79 (0.7) 34 (0.5) 3 (0.2)
Other 413 (1.7) 156 (3.2) 195 (1.8) 56 (0.9) 8 (0.4)

Household income, £ <0.001
<18,000 7,939 (32.7) 1,953 (39.8) 3,546 (32.3) 1,910 (29.1) 530 (28.3)
18,000–30,999 6,754 (27.8) 1,232 (25.1) 3,032 (27.6) 1,947 (29.7) 543 (29.0)
31,000–51,999 5,343 (22.0) 994 (20.3) 2,411 (22.0) 1,493 (22.8) 445 (23.8)

Continued on p. 1223
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25(OH)D levels was significantly associ-
ated with a lower risk of ischemic stroke
(HR 0.75; 95% CI 0.57–0.97) and hemor-
rhagic stroke (HR 0.66; 95% CI 0.45–0.98).
In addition, nonlinear relationships

were observed for all outcomes after
multivariable adjustment (all P nonlinea-
rity < 0.001) (Fig. 1). Elevated serum
25(OH)D concentrations were inversely
associated with reduced risks of cardio-
vascular events, CHD, and all-cause
mortality, and L-shaped associations
of serum 25(OH)D concentrations with
risk of cardiovascular events, CHD, and
all-cause mortality were observed,
leveling off up to �50–60 nmol/L.

Associations of Serum 25(OH)D
Concentrations With Cardiovascular
Outcomes and All-Cause Mortality in
Diabetes
Over a median of 11.4 years of follow-
up, the following events and deaths

were recorded among the 24,311 par-
ticipants with diabetes: 4,454 cardiovas-
cular events, 646 deaths resulting from
cardiovascular events, and 2,667 all-
cause deaths, including 3,420 CHD
events, 1,308 heart failure events, and
835 stroke events (ischemic stroke n =
605; hemorrhagic stroke n 5 185).
Table 2 shows the associations of cate-
gories of serum 25(OH)D concentrations
with the outcomes. After further adjust-
ment for age and sex, serum 25(OH)D
levels were inversely associated with
the risk of incident cardiovascular
events, CVD mortality, and all-cause
mortality in a dose-response fashion (all
P for trend < 0.05). In the multivariable
adjusted models (model 2), HRs and 95%
CIs across categories of serum 25(OH)D
concentrations (from lowest to highest)
were 1.00 (reference), 0.88 (0.81–0.95),
0.82 (0.75–0.90), and 0.80 (0.70–0.92)

for cardiovascular events (P for trend
< 0.001); 1.00, 0.64 (0.53–0.78), 0.48
(0.38–0.61), and 0.58 (0.41–0.82) for CVD
mortality (P for trend < 0.001); and 1.00,
0.73 (0.66–0.80), 0.59 (0.52–0.66), and
0.60 (0.51–0.71) for all-cause mortality (P
for trend < 0.001).

Likewise, with regard to subtypes of
cardiovascular outcomes, the highest
category of serum 25(OH)D levels was
significantly associated with lower risks
of CHD (HR 0.80; 95% CI 0.68–0.93) and
heart failure (HR 0.70; 95% CI 0.55–0.90)
after multivariable adjustment, but the
associations with incident stroke (HR
0.92; 95% CI 0.69–1.23) and ischemic
and hemorrhagic stroke were not signifi-
cant (HR 0.96; 95% CI 0.67–1.37 and HR
0.71; 95% CI 0.39–1.30, respectively).
Similarly, nonlinear relationships were
observed for all outcomes after multivar-
iable adjustment (all P nonlinearity

Table 1—Continued

Variable

Serum 25(OH)D concentration, nmol/L

PTotal <25.0 25.0–49.9 50.0–74.9 $75.0

52,000–100,000 3,474 (14.3) 581 (11.8) 1,628 (14.8) 980 (14.9) 285 (15.2)
>100,000 801 (3.3) 143 (2.9) 358 (3.3) 231 (3.5) 69 (3.7)

Weight, kg 87.8 ± 19.0 90.4 ± 20.9 89.1 ± 19.0 85.2 ± 17.6 81.6 ± 16.6 <0.001
Waist circumference, cm 100.3 ± 14.9 103.3 ± 15.5 101.5 ± 14.7 97.7 ± 14.2 94.5 ± 14.2 <0.001
BMI, kg/m2 30.7 ± 5.9 32.0 ± 6.7 31.2 ± 5.9 29.7 ± 5.3 28.4 ± 4.9 <0.001
Smoking status 0.007
Never 12,165 (50.0) 2,536 (51.7) 5,536 (50.4) 3,208 (48.9) 885 (47.3)
Previous 9,499 (39.1) 1,600 (32.6) 4,254 (38.8) 2,794 (42.6) 851 (45.5)
Current 2,647 (10.9) 767 (15.6) 1,185 (10.8) 559 (8.5) 136 (7.3)

Drinking status <0.001
Never 1,963 (8.1) 722 (14.7) 838 (7.6) 337 (5.1) 66 (3.5)
Previous 1,491 (6.1) 364 (7.4) 659 (6.0) 375 (5.7) 93 (5.0)
Current 20,857 (85.8) 3,817 (77.9) 9,478 (86.4) 5,849 (89.1) 1,713 (91.5)

Physical activity, min/week <0.001
<150 15,432 (63.5) 3,548 (72.4) 7,138 (65.0) 3,745 (57.1) 1,001 (53.5)
$150 8,879 (36.5) 1,355 (27.6) 3,837 (35.0) 2,816 (42.9) 871 (46.5)

Season of vitamin D assessment <0.001
Spring 7,041 (29.0) 1,939 (39.5) 3,427 (31.2) 1,365 (20.8) 310 (16.6)
Summer 6,640 (27.3) 611 (12.5) 2,679 (24.4) 2,517 (38.4) 833 (44.5)
Autumn 5,819 (23.9) 834 (17.0) 2,608 (23.8) 1,840 (28.0) 537 (28.7)
Winter 4,811 (19.8) 1,519 (31.0) 2,261 (20.6) 839 (12.8) 192 (10.3)

Antihypertensive drug use 3,130 (12.9) 681 (13.9) 1,407 (12.8) 847 (12.9) 195 (10.4) 0.002
Cholesterol-lowering medication 13,420 (55.2) 2,607 (53.2) 6,044 (55.1) 3,601 (54.9) 1,168 (62.4) <0.001
Aspirin use 8,081 (33.2) 1,527 (31.1) 3,594 (32.7) 2,213 (33.7) 747 (39.9) <0.001
Vitamin D supplementation 912 (3.8) 92 (1.9) 347 (3.2) 365 (5.6) 108 (5.8) <0.001
HbA1c, % 6.8 ± 1.3 7.1 ± 1.5 6.8 ± 1.3 6.6 ± 1.2 6.5 ± 1.0 <0.001
HbA1c, mmol/mol 50.5 ± 14.4 53.6 ± 16.2 50.7 ± 14.4 48.7 ± 13.1 47.0 ± 11.3 <0.001
Fasting glucose, mmol/L 7.64 ± 3.13 7.98 ± 3.58 7.67 ± 3.11 7.47 ± 2.89 7.11 ± 2.60 <0.001
Total cholesterol, mmol/L 4.85 ± 1.11 4.98 ± 1.13 4.87 ± 1.11 4.82 ± 1.11 4.54 ± 1.07 <0.001
Triglycerides, mmol/L 1.82 (1.26–2.62) 2.03 (1.40–2.96) 1.89 (1.31–2.70) 1.71 (1.19–2.41) 1.41 (0.99–1.96) <0.001
HDL cholesterol, mmol/L 1.26 ± 0.35 1.22 ± 0.35 1.24 ± 0.33 1.29 ± 0.35 1.34 ± 0.38 <0.001
LDL cholesterol, mmol/L 2.95 ± 0.84 3.05 ± 0.86 2.97 ± 0.84 2.92 ± 0.83 2.69 ± 0.79 <0.001

Data are presented as mean ± SD, n (%), or median (interquartile range).
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Table 2—HRs for cardiovascular events, CVD mortality, and all-cause mortality according to serum 25(OH)D concentration in
participants with prediabetes and diabetes

Serum 25(OH)D concentration, nmol/L

Ptrend<25.0 25.0–49.9 50.0–74.9 $75.0

Prediabetes (n = 67,789) 10,105 29,309 21,891 6,484
Cardiovascular events

n/N of events 1,238/10,105 3,182/29,309 2,345/21,891 656/6,484
Crude model 1.00 0.88 (0.82–0.94) 0.86 (0.81–0.92) 0.81 (0.74–0.90) <0.001
Model 1 1.00 0.78 (0.73–0.84) 0.72 (0.67–0.77) 0.66 (0.60–0.72) <0.001
Model 2 1.00 0.85 (0.79–0.90) 0.83 (0.77–0.89) 0.78 (0.71–0.86) <0.001

CVD mortality
n/N of events 176/10,105 352/29,309 256/21,891 56/6,484
Crude model 1.00 0.69 (0.57–0.82) 0.67 (0.55–0.81) 0.50 (0.37–0.67) <0.001
Model 1 1.00 0.59 (0.50–0.71) 0.53 (0.43–0.64) 0.38 (0.28–0.51) <0.001
Model 2 1.00 0.65 (0.54–0.78) 0.61 (0.50–0.74) 0.43 (0.32–0.59) <0.001

All-cause mortality
n/N of events 810/10,105 1,976/29,309 1,328/21,891 420/6,484
Crude model 1.00 0.84 (0.77–0.91) 0.75 (0.69–0.82) 0.81 (0.72–0.91) <0.001
Model 1 1.00 0.73 (0.67–0.79) 0.60 (0.55–0.65) 0.62 (0.55–0.70) <0.001
Model 2 1.00 0.77 (0.71–0.84) 0.65 (0.60–0.72) 0.66 (0.58–0.75) <0.001

CHD
Number of events 910/10,105 2,343/29,309 1,728/21,891 472/6,484
Crude model 1.00 0.88 (0.82–0.95) 0.87 (0.80–0.94) 0.80 (0.72–0.89) <0.001
Model 1 1.00 0.80 (0.74–0.86) 0.74 (0.68–0.80) 0.66 (0.59–0.74) <0.001
Model 2 1.00 0.86 (0.80–0.93) 0.85 (0.78–0.93) 0.79 (0.71–0.89) <0.001

Heart failure
n/N of events 322/10,105 753/29,309 544/21,891 142/6,484
Crude model 1.00 0.80 (0.70–0.91) 0.77 (0.67–0.88) 0.68 (0.56–0.83) <0.001
Model 1 1.00 0.68 (0.60–0.78) 0.60 (0.52–0.68) 0.51 (0.42–0.62) <0.001
Model 2 1.00 0.77 (0.67–0.88) 0.75 (0.65–0.86) 0.66 (0.54–0.81) <0.001

Stroke
n/N of events 243/10,105 609/29,309 461/21,891 140/6,484
Crude model 1.00 0.86 (0.74–1.00) 0.87 (0.74–1.01) 0.89 (0.72–1.10) 0.34
Model 1 1.00 0.75 (0.64–0.87) 0.69 (0.59–0.81) 0.69 (0.56–0.85) <0.001
Model 2 1.00 0.79 (0.68–0.92) 0.76 (0.65–0.89) 0.75 (0.61–0.93) 0.009

Ischemic stroke
n/N of events 164/10,105 403/29,309 306/21,891 93/6,484
Crude model 1.00 0.84 (0.70–1.01) 0.85 (0.71–1.03) 0.88 (0.68–1.13) 0.37
Model 1 1.00 0.73 (0.61–0.87) 0.67 (0.55–0.81) 0.67 (0.52–0.86) 0.001
Model 2 1.00 0.77 (0.64–0.92) 0.74 (0.61–0.90) 0.75 (0.57–0.97) 0.03

Hemorrhagic stroke
n/N of events 78/10,105 179/29,309 131/21,891 40/6,484
Crude model 1.00 0.78 (0.60–1.02) 0.77 (0.58–1.01) 0.79 (0.54–1.16) 0.20
Model 1 1.00 0.70 (0.53–0.91) 0.63 (0.48–0.84) 0.64 (0.44–0.94) 0.01
Model 2 1.00 0.74 (0.57–0.98) 0.68 (0.51–0.91) 0.66 (0.45–0.98) 0.03

Diabetes (n = 24,311) 4,903 10,975 6,561 1,872

Cardiovascular events
n/N of events 1,002/4,903 2,019/10,975 1,127/6,561 306/1,872
Crude model 1.00 0.88 (0.82–0.95) 0.81 (0.75–0.89) 0.77 (0.68–0.88) <0.001
Model 1 1.00 0.79 (0.73–0.85) 0.67 (0.62–0.74) 0.63 (0.55–0.72) <0.001
Model 2 1.00 0.88 (0.81–0.95) 0.82 (0.75–0.90) 0.80 (0.70–0.92) <0.001

CVD mortality
n/N of events 188/4,903 286/10,975 129/6,561 43/1,872
Crude model 1.00 0.67 (0.56–0.81) 0.50 (0.40–0.63) 0.59 (0.43–0.82) <0.001
Model 1 1.00 0.58 (0.48–0.70) 0.40 (0.32–0.50) 0.46 (0.33–0.64) <0.001
Model 2 1.00 0.64 (0.53–0.78) 0.48 (0.38–0.61) 0.58 (0.41–0.82) <0.001

All-cause mortality
n/N of events 664/4,903 1,203/10,975 617/6,561 183/1,872
Crude model 1.00 0.80 (0.73–0.88) 0.68 (0.61–0.76) 0.71 (0.60–0.84) <0.001
Model 1 1.00 0.69 (0.63–0.76) 0.54 (0.48–0.60) 0.55 (0.47–0.65) <0.001
Model 2 1.00 0.73 (0.66–0.80) 0.59 (0.52–0.66) 0.60 (0.51–0.71) <0.001

CHD
n/N of events 765/4,903 1,559/10,975 868/6,561 228/1,872
Crude model 1.00 0.89 (0.82–0.98) 0.83 (0.75–0.91) 0.76 (0.65–0.88) <0.001

Continued on p. 1225
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< 0.001) (Fig. 2). The L-shaped associa-
tions of serum 25(OH)D concentrations
with risks of cardiovascular events, CVD
mortality, and all-cause mortality leveled
off at �50–60 nmol/L.

Subgroup and Sensitivity Analyses
Stratified analyses were conducted acc
ording to potential CVD risk factors. For
participants with prediabetes, the associa-
tions between serum 25(OH)D concentra-
tions and incident cardiovascular events
were stronger among women (P for inter-
action 5 0.03) and current smokers (P
for interaction <0.001) (Supplementary
Table 3). Likewise, this association was
stronger in older (P for interaction 5
0.04) and obese (P for interaction 5 0.03)
individuals in the group of participants
with diabetes (Supplementary Table 3).
Furthermore, the associations between
serum 25(OH)D concentrations and the
incidence of CVD mortality were stronger
among White individuals (P for interac-
tion 5 0.02) in the group of participants
with prediabetes (Supplementary Table
4). Of note, the significant interactions

were also observed between serum 25
(OH)D concentrations and smoking sta-
tus with regard to risk of all-cause mor-
tality in participants with prediabetes
and diabetes (P for interaction 5 0.03
and 0.04, respectively) (Supplementary
Table 5). Furthermore, no significant
interactions were observed between
serum 25(OH)D concentrations and risk
of progression from prediabetes to type 2
diabetes in participants with prediabetes
(P for interaction > 0.05) (Supplementary
Table 6). In sensitivity analyses, the
results were similar after excluding partici-
pants who developed CVD or death
events during the first 2 years of fol-
low-up (Supplementary Table 7).

CONCLUSIONS

This large prospective cohort study found
that higher serum 25(OH)D concentra-
tions were associated with reduced risk
of incident cardiovascular outcomes and
all-cause mortality in patients with predi-
abetes and diabetes. Furthermore, these
inverse associations were independent of
risk factors, including age, sex, ethnicity,

household income, season of vitamin D
assessment, BMI, smoking status, drinking
status, physical activity, antihypertensive
drug use, cholesterol-lowering medica-
tion, vitamin D supplementation, LDL cho-
lesterol, hypertension, and other con-
founding factors. In addition, we found
that the inverse associations of higher
serum 25(OH)D concentrations with inci-
dent cardiovascular events and all-cause
mortality were significantly modified by
smoking status.

To our knowledge, this is the first
large population-based prospective anal-
ysis to investigate the associations bet-
ween serum 25(OH)D concentrations
and CVD outcomes and all-cause mortal-
ity among individuals with prediabetes.
Numerous epidemiological and prospec-
tive cohort studies have shown that low
serum 25(OH)D concentrations are asso-
ciated with increased risk of CVD events
and mortality in older individuals and
the general population (27–30). Meta-
analysis studies have also shown that
low 25(OH)D levels are associated with
increased risk of ischemic heart disease,

Table 2—Continued

Serum 25(OH)D concentration, nmol/L

Ptrend<25.0 25.0–49.9 50.0–74.9 $75.0

Model 1 1.00 0.81 (0.74–0.88) 0.70 (0.63–0.77) 0.63 (0.54–0.73) <0.001
Model 2 1.00 0.90 (0.82–0.98) 0.84 (0.76–0.93) 0.80 (0.68–0.93) <0.001

Heart failure
n/N of events 325/4,903 581/10,975 318/6,561 84/1,872
Crude model 1.00 0.78 (0.68–0.90) 0.71 (0.61–0.83) 0.66 (0.52–0.84) <0.001
Model 1 1.00 0.67 (0.59–0.77) 0.55 (0.47–0.65) 0.50 (0.39–0.63) <0.001
Model 2 1.00 0.77 (0.67–0.88) 0.72 (0.61–0.84) 0.70 (0.55–0.90) <0.001

Stroke
n/N of events 190/4,903 359/10,975 218/6,561 68/1,872
Crude model 1.00 0.83 (0.70–0.99) 0.84 (0.69–1.02) 0.92 (0.70–1.22) 0.40
Model 1 1.00 0.73 (0.61–0.87) 0.68 (0.56–0.83) 0.73 (0.55–0.96) 0.004
Model 2 1.00 0.82 (0.69–0.98) 0.82 (0.67–1.01) 0.92 (0.69–1.23) 0.38

Ischemic stroke
n/N of events 125/4,903 270/10,975 165/6,561 45/1,872
Crude model 1.00 0.95 (0.77–1.17) 0.97 (0.77–1.22) 0.93 (0.66–1.30) 0.75
Model 1 1.00 0.84 (0.68–1.04) 0.79 (0.62–0.99) 0.73 (0.52–1.03) 0.04
Model 2 1.00 0.96 (0.77–1.19) 0.98 (0.77–1.25) 0.96 (0.67–1.37) 0.90

Hemorrhagic stroke
n/N of events 46/4,903 79/10,975 45/6,561 15/1,872
Crude model 1.00 0.76 (0.53–1.09) 0.72 (0.48–1.08) 0.84 (0.47–1.50) 0.32
Model 1 1.00 0.67 (0.47–0.97) 0.59 (0.39–0.89) 0.67 (0.37–1.21) 0.06
Model 2 1.00 0.69 (0.48–1.00) 0.63 (0.41–0.97) 0.71 (0.39–1.30) 0.13

Data are presented as HR (95% CI) unless otherwise indicated. Crude model: without adjustment. Model 1: adjusted for age and sex.
Model 2: adjusted for model 1 variables as well as ethnicity (White, Black, Asian, Chinese, mixed, or other), household income (<£18,000,
£18,000–30,999, £31,000–51,999, £52,000–100,000, or >£100,000), season of vitamin D assessment, BMI, smoking status (never, former, or
current), drinking status (never, former, or current), physical activity, prevalent hypertension (yes or no), antihypertensive drug use (yes or
no), cholesterol-lowering medication (yes or no), aspirin use (yes or no), vitamin D supplementation (yes or no), and LDL cholesterol. For par-
ticipants with diabetes: adjusted for variables in model 2 as well as HbA1c level (<7.0% [<53 mmol/mol] or $7.0% [$53 mmol/mol]) and
insulin treatment (yes or no).
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myocardial infarction, CVD mortality,
cancer mortality, and all-cause mortal-
ity (12,31). However, prospective high-
quality evidence regarding the rela-
tionships between vitamin D status and
CVD and mortality in the population with
prediabetes is scarce. Although previous
studies have reported that low serum
25(OH)D levels are associated with
increased risk of type 2 diabetes among
adults with prediabetes (5,32), a recent
randomized controlled trial of 2,423 par-
ticipants with prediabetes found no effect
of vitamin D supplementation on diabetes
prevention (33). In this large prospective
study using a nationally representative
sample of adults with prediabetes from
the UK Biobank, we found that high
serum 25(OH)D levels were nonlinearly
associated with low risks of cardiovascular
outcomes, CVD mortality, and all-cause

mortality in the population with predia
betes. Meanwhile, the dose-response
relationship analysis indicated that the
decreasing risk of cardiovascular events,
CHD, and mortality in prediabetes appe
ared to level off at serum 25(OH)D con-
centrations of 50–60 nmol/L. Therefore,
these findings underline the importance
of monitoring vitamin D status and cor-
recting vitamin D deficiency in cardiovas-
cular health in the population with
prediabetes. Future randomized clinical
trials are needed to confirm these find-
ings in adults with prediabetes, especially
with vitamin D deficiency.

Although numerous studies have exp
lored the associations between vitamin D
status and CVD and mortality, the avail-
able results regarding vitamin D status
and CVD and mortality risk in individuals
with diabetes, who are at high risk of

CVD, are insufficient and inconclusive. For
instance, one prospective observational
study of 245 women with type 2 diabetes
failed to find an association between vita-
min D and all-cause mortality (17). In con-
trast, another study from the NHANES III
showed that higher serum 25(OH)D levels
were significantly associated with lower
risk of CVD and all-cause mortality in
patients with type 2 diabetes (20). In
addition, another cohort of 2,607 commu-
nity-dwelling patients with type 2 diabe-
tes also found that serum 25(OH) D levels
were an independent predictor of future
adverse CHD events (34). The discrepancy
across studies may be due to small sam-
ple size, different types of vitamin D sta-
tus assessment, different methods of
categorizing serum 25(OH)D levels, and
lack of dose-response relationship analy-
sis. Moreover, the adjusted covariates

Figure 1—Multivariable adjusted dose-response associations between 25(OH)D and risk of cardiovascular events (A), CHD (B), all-cause mortality
(C), and CVD mortality (D) in prediabetes. Adjusted for age, sex, ethnicity (White, Black, Asian, Chinese, mixed, or other), household income
(<£18,000, £18,000–30,999, £31,000–51,999, £52,000–100,000, or >£100,000), season of vitamin D assessment, BMI, smoking status (never, for-
mer, or current), drinking status (never, former, or current), physical activity, prevalent hypertension (yes or no), antihypertensive drug use (yes or
no), cholesterol-lowering medication (yes or no), aspirin use (yes or no), vitamin D supplementation (yes or no), and LDL cholesterol. All P nonli-
nearity < 0.001.
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were varied across studies, which could
result in different degrees of residual con-
founding. For example, most previous
studies did not adjust for season of vita-
min D assessment, physical activity, use
of vitamin D supplements, and presence
of chronic diseases at baseline, which
may significantly influence vitamin D sta-
tus and CVD outcomes and mortality. In
the current study, we found that higher
serum 25(OH)D levels in the population
with diabetes were significantly associ-
ated with reduced risks of cardiovascular
events and CVD and all-cause mortality.
The dose-response relationship analysis
indicated a nonlinear curve, with decre
ases in cardiovascular events and mortal-
ity among the population with diabetes
risk up to 50–60 nmol/L. These findings
indicate that the associations of serum
25(OH)D with CVD risk and mortality in

participants with prediabetes and diabe-
tes were consistent with those in general
population (28–30,35). Consistently, a
recent nonlinear Mendelian randomiza-
tion analysis conducted in the UK Biobank
with 267,980 participants in the general
population also reported that an L-shaped
association of serum 25(OH)D with CVD
risk was observed, and increased risk of
CVD was largely restricted to individuals
with low vitamin D status (36). In addi-
tion, one randomized placebo-controlled
trial in which �13% participants had dia-
betes was conducted to examine the
effects of vitamin D supplementation and
reported no effect of vitamin D supple-
mentation in the prevention of CVD (37).
A possible reason for the null findings for
vitamin D supplementation is that only
12.7% of participants had vitamin D levels
<50 nmol/L. However, whether a target

of 50 nmol/L can reduce the risk of CVD
events and premature death in patients
with diabetes needs to be confirmed in
future clinical trials.

Notably, evidence regarding vitamin D
status with specific subtypes of CVD,
such as heart failure and stroke, was rel-
atively limited, especially in the popula-
tion with prediabetes and diabetes. In a
cross-sectional study, higher circulating
vitamin D concentrations were associ-
ated with better left ventricular systolic
function and smaller left ventricular
end-systolic diameter at baseline (38). A
cohort study of 13,131 participants
from NHANES III indicated that adults
with inadequate serum 25(OH)D levels
had a significantly higher risk of heart
failure in the general population (39).
Inconsistently, another prospective study
of 3,731 men age 60–79 years showed

Figure 2—Multivariable adjusted dose-response associations between 25(OH)D and risk of cardiovascular events (A), CHD (B), all-cause mortality
(C), and CVD mortality (D) in diabetes. Adjusted for age, sex, ethnicity (White, Black, Asian, Chinese, mixed, or other), household income
(<£18,000, £18,000–30,999, £31,000–51,999, £52,000–100,000, or >£100,000), season of vitamin D assessment, BMI, smoking status (never, for-
mer, or current), drinking status (never, former, or current), physical activity, prevalent hypertension (yes or no), antihypertensive drug use (yes or
no), cholesterol-lowering medication (yes or no), aspirin use (yes or no), insulin treatment (yes or no), vitamin D supplementation (yes or no), LDL
cholesterol, HbA1c level (<7.0% [<53 mmol/mol] or$7.0% [$53 mmol/mol]). All P nonlinearity < 0.001.
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no significant association of serum
25(OH)D levels with incident heart failure
(40). Our results indicate that higher
serum 25(OH)D levels both in the popula-
tion with prediabetes and in that with
diabetes were significantly associated
with lower risk of heart failure. Similarly,
a significant inverse relationship between
serum 25(OH)D levels and CHD was also
observed both in prediabetes and in dia-
betes, which was consistent with the pre-
vious study (34). In addition, our data
showed that 25(OH)D levels were signifi-
cantly associated with the incidence of
stroke (ischemic and hemorrhagic stroke)
in participants with prediabetes. Although
the results did not reach statistical signifi-
cance because of a relatively limited sam-
ple size of patients with diabetes, a
similar relationship between serum
25(OH)D levels and stroke was observed
in patients with diabetes. These findings
might have implications for the preven-
tion of stroke in clinical practice, espe-
cially in the population with prediabetes.

In addition, we found that the rela-
tionships between serum 25(OH)D lev-
els and cardiovascular events and all-
cause mortality were modified by smok-
ing status in the populations with predi-
abetes and diabetes. Likewise, the
significant relationships between serum
25(OH)D levels and major cardiovascu-
lar events were observed in older and
obese patients with diabetes. Therefore,
given the global burden and role of
smoking and obesity in the prevention
of CVD, monitoring vitamin D status and
correcting vitamin D deficiency among
those individuals may be particularly
noteworthy.

Several potential mechanisms could
explain the observed relationships bet-
ween serum 25(OH)D levels and inci-
dence of CVD and mortality. Vitamin D
status is significantly related to multiple
CVD risk factors, including obesity and
hypertriglyceridemia (41). Furthermore,
evidence has indicated that vitamin D is
a negative regulator of the renin-angio-
tensin-aldosterone system in vivo (42).
In addition, previous studies found that
vitamin D can reduce inflammation,
suppress matrix metalloproteinase 2/9
formation, inhibit foam cell formation,
and suppress macrophage cholesterol
uptake (43,44). These data suggest a
protective role of vitamin D in the devel-
opment of CVD and are consistent with
results from previous clinical studies.

However, future studies are needed to
illuminate the mechanisms of vitamin D
in the improvement in cardiovascular
health and mortality among individuals
with prediabetes and diabetes.

Our study has several strengths. First,
the UK Biobank study is a well-estab-
lished population-based prospective co
hort that has a large sample size, and the
number of cardiovascular events and
deaths over a long-term follow-up pro-
vided sufficient power for the analyses in
the current study. Second, abundant
information was available on socioeco-
nomic characteristics, lifestyle habits, vita-
min supplementation, comorbidity, medi
cation, season of vitamin D status assess-
ment, and other covariates, which may
enhance the validity of the conclusions
through adjustment for a multitude of
potential confounding factors in this
study. Finally, serum 25(OH)D concentra-
tions in the UK Biobank were measured
by a standard reliable method, which
allowed us to conduct detailed dose-
response analyses in this study.

Our study also has some potential
limitations. First, potential reverse cau-
sality might exist in the current study.
However, participants with CVD events
or death at baseline or within 2 years of
follow-up were excluded from the anal-
ysis, and the results did not change
materially, which supports the robust-
ness of our findings. Second, although
many potential confounding factors
were adjusted for in the analyses, we
cannot exclude the role of residual con-
founding resulting from errors in the
measurement of covariates and other
factors (i.e., medication) that were not
assessed in the cohort. Third, partici-
pants without vitamin D measurements
at baseline were excluded from this
study, which may affect the generality
of our findings. Fourth, a small number
of patients with prediabetes and diabe-
tes would be excluded in this analysis
because of lack of available data on 2-h
postprandial glucose in the UK Biobank.
Finally, we were unable to analyze the
role of parathyroid hormone in the rela-
tionship between vitamin status and
CVD and the relationship between
dynamic 25(OH)D levels and cardiovas-
cular events and mortality because of
the lack of parathyroid hormone and
repeated 25(OH)D measurements.

In conclusion, our results indicate that
higher serum 25(OH)D levels were

significantly associated with lower risks of
cardiovascular events and mortality in
adults with prediabetes and diabetes. Fur-
thermore, these associations were partly
modified by smoking status. These find-
ings highlight the importance of monitor-
ing and assessing vitamin D status and
correcting vitamin D deficiency in the pre-
vention of CVD and mortality among
adults with prediabetes and diabetes.
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