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Objective This study aimed to investigate the effect of vitamin D deficiency on metabolic syndrome among
shift workers.

Methods This study included 207 756 workers who underwent a comprehensive health examination at a large
South Korean university hospital between 2012 and 2018. We performed multivariate-adjusted logistic regression
analysis and analyzed mediation and exposure-mediator interaction.

Results Overall, 5.5% of the participants had metabolic syndrome. Compared to day work, the odds ratios
(OR) of metabolic syndrome and vitamin D deficiency (<12 ng/mL) for shift work were 1.14 [95% confidence
interval (CI) 1.06-1.22] and 1.63 (95% CI 1.57-1.70), respectively. Among shift workers, the OR of metabolic
syndrome for vitamin D levels of 12-20 and <12 ng/mL, compared with a level of >20 ng/mL, were 1.36 (95%
CI'1.15-1.61) and 1.51 (95% CI 1.26-1.81), respectively. Shift work and vitamin D deficiency showed an addi-
tive interaction; the relative excess risks due to interaction, attributable proportion, and synergy index were 0.26
(95% CI 0.08-0.44), 0.17 (95% CI 0.07-0.28), and 2.09 (95% CI 1.23-3.55), respectively. When vitamin D
deficiency was treated as a mediator, the direct and total effects of shift work on metabolic syndrome were 1.12
(95% CI11.04-1.22) and 1.15 (95% CI 1.07-1.25), respectively. The indirect effect was 1.03 (95% CI 1.02-1.04)

and accounted for 18% of the total effect.

Conclusion Vitamin D is a potential mediator of the impact of shift work on metabolic risk factors.
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Metabolic syndrome is defined as a cluster of clinical
findings that increase the risk of cardiovascular disease
(CVD), such as abdominal obesity, hypertension, diabe-
tes mellitus, and dyslipidemia. Diagnostic criteria have
been established to identify individuals at risk of devel-
oping CVD. The prevalence of metabolic syndrome
has increased over the past three decades, and it was
estimated to impact a quarter of the world’s population
in 2018 (1).

Several recent meta-analyses revealed that shift work
is one of the factors that increases the risk of metabolic
syndrome (2—4). Although the underlying mechanism
is yet to be fully explored, circadian disruption caused
by shift work has been considered as a key factor of
metabolic syndrome (5). The circadian system regulates
lipid and glucose metabolism throughout the secre-
tion of endocrine hormones, such as insulin, glucagon,
growth hormone, and cortisol, as well as the activation

of a number of metabolic enzymes and nuclear receptors
(6). Blood pressure also exhibits a circadian pattern of
nocturnal decrease and diurnal rise, reflecting the circa-
dian rhythmicity of the autonomic nervous activity and
renin-angiotensin-aldosterone system (RAAS) (7). Mela-
tonin, an important marker of circadian rhythm, has a
preventive effect on metabolic syndrome (8—10), and its
secretion might be decreased in night shift workers (11).
Nocturnal food intake can induce metabolic disturbance
and body mass increase, resulting in metabolic syndrome
(12, 13). Another possible factor is short sleep duration
that results from shift work, since it can increase the risk
of metabolic syndrome components, such as hyperten-
sion, diabetes mellitus, and obesity (14).

Recently, the emerging role of vitamin D as an
important metabolic regulator in the pathogenesis of
metabolic syndrome and its components has been high-
lighted. Although the relationship between low serum

1 Department of Occupational and Environmental Medicine, Kangbuk Samsung Hospital, Sungkyunkwan University, School of Medicine, Seoul,

Republic of Korea.

Correspondence to: Dr Soyoung Park, Department of Occupational and Environmental Medicine, Kangbuk Samsung Hospital, Sungkyunk-
wan University, School of Medicine, 29, Saemunan-ro, Jongno-gu, Seoul 03181, Republic of Korea. [E-mail: syoem.park@gmail.com]

1 26 Scand J Work Environ Health, vol 49, no 2



vitamin D levels and obesity is most probably due to
volumetric dilution (15). Other proposed mechanisms,
such as vitamin D sequestration or altered vitamin D
metabolism in adipose tissue and impaired hepatic
25-hydroxylation of cholecalciferol, may also con-
tribute to it (16—19). Regarding lipogenesis, vitamin
D and vitamin D receptor interfere in adipocyte mat-
uration by inhibiting the expression of peroxisome
proliferator-activated receptor-gamma (PPARY) and
PPARy-dependent gene expression (20, 21). Vitamin
D is also related to blood pressure, since vitamin D is
a potent suppressor of renin biosynthesis and can affect
regulation of the RAAS (22). In addition, several stud-
ies reported that a low level of vitamin D triggers the
development of insulin resistance by molecular actions,
such as mediating vitamin D-responsive gene transcrip-
tion or inducing chronic inflammation in adipose tissue,
and results in type 2 diabetes mellitus (23-27).

At least 90% of the body’s vitamin D requirement
is achieved through endogenous synthesis in the skin
via exposure to ultraviolet-B (UVB) (28). Since shift
workers are likely to suffer from vitamin D deficiency
due to low exposure to sunlight (29), they might be at
an increased risk of metabolic syndrome. Nevertheless,
there are no previous studies on the effect of vitamin D
deficiency on the association between shift work and
metabolic syndrome. Therefore, this study aimed to
investigate the effect of vitamin D deficiency on meta-
bolic syndrome among shift workers.

Methods

Ethical considerations

The institutional review board of a university hospital
in South Korea approved this study (approval number:
KBSMC 2022-03-028). The requirement for informed
consent was waived owing to the use of de-identified
data.

Study design and participants

This cross-sectional study was conducted at a large
university hospital in South Korea between January
2012 and December 2018. It used data from a cohort of
Korean men and women aged >18 years who underwent
comprehensive health screening examinations at a large
university hospital in South Korea (N=496 817). More
than 80% of the participants were employees or their
dependents who were provided with free annual or bien-
nial health screening examinations guaranteed by the
Occupational Safety and Health Act and the National
Health Insurance Act. The remaining participants were
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those who voluntarily paid for their health screening
exams. In the case of multiple visits, the first visit was
investigated rather than the last visit to prevent an
increase in causal interference.

The exclusion criteria were the following: no mea-
surement of vitamin D level; no occupational informa-
tion; missing data on metabolic syndrome components
or covariates; older than 70 years; and history of can-
cer. In total, 207 756 individuals were included in
the analysis (supplementary material, www.sjweh.fi/
article/4072, figure S1).

Measurement of variables

Data on age, sex, date of visit, smoking status, alcohol
consumption, education level, marital status, leisure time
physical activity level, sleep duration, medication use, and
work schedules were obtained using a self-administered
questionnaire and reviewed during a face-to-face interview
with a doctor. Smoking status was categorized as non-
current or current smoker. Alcohol consumption (grams
per day) was calculated using the frequency and amount of
alcohol consumed per day and categorized into excessive
alcohol consumption (>30 g/day for men and >20 g/day
for women) and moderate alcohol consumption (<30 g/
day for men and <20 g/day for women) (30). Marital sta-
tus was categorized as not married or married. Education
level was categorized into less than college graduate and
college graduate or more. Leisure time physical activity
level was assessed using the International Physical Activ-
ity Questionnaires—Short Form and calculated in terms of
metabolic equivalent of task (MET)-minutes per week.
One MET is defined as the amount of oxygen consumed
while sitting at rest (3.5 mL O, kg'! min™") (31). Sleep
duration was investigated using the question “During the
past month, how many hours did you sleep at night?””. The
use of medications such as antihypertensives, insulin or
oral hypoglycemic agents, medication for dyslipidemia,
and vitamin D supplements were investigated. Work
schedules were investigated using the question “In the
past year, during which time of the day have you worked
the most?”. The following answers were possible: “I
work mostly during the day (06:00-18:00 hours)” and “I
work during other hours.” Participants providing the latter
response were classified as shift workers, while the others
were classified as day workers.

Anthropometric measurements, including height,
body weight, waist circumference, and blood pressure
were measured by trained nurses with the participants
wearing a lightweight hospital gown and no shoes. Body
mass index (BMI) was calculated by dividing body
weight in kilograms by height in meters squared. Blood
parameters were measured using venous blood samples
collected from the antecubital vein after >10 hours of
fasting. The vitamin D level was determined by measur-
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ing the 25-hydroxyvitamin D level using a competitive
immunoassay, the Elecsys vitamin D total assay, on a
Modular E170 immunoanalyzer (Roche, Basel, Swit-
zerland). The limit of detection was 2.0 ng/mL. Serum
total cholesterol, high-density lipoprotein cholesterol
(HDL-C), low-density lipoprotein cholesterol (LDL-C),
and triglyceride levels were measured using an enzy-
matic colorimetric assay. Serum fasting glucose levels
were measured using the hexokinase method on a Cobas
Integra 800 apparatus (Roche Diagnostics, Tokyo, Japan).
Hemoglobin Alc (HbAlc) level was measured using an
immunoturbidimetric assay with a Cobas Integra 800
automatic analyzer (Roche Diagnostics, Tokyo, Japan).

Definition of metabolic syndrome

Metabolic syndrome was defined as the presence of >3
of the following specific criteria (i): waist circumference
>88 cm and >102 cm among women and men, respec-
tively (ii); triglyceride level >150 mg/dL or drug treat-
ment for elevated triglyceride levels (iii); HDL-C level
<40 mg/dL and <50 mg/dL among men and women,
respectively, or drug treatment for low HDL-C levels
(iv); systolic blood pressure (SBP) >130 mmHg or
diastolic blood pressure (DBP) >85 mmHg (v); fasting
serum glucose level >110 mg/dL or drug treatment for
elevated glucose levels (32).

Classification of vitamin D levels

The Institute of Medicine (IOM) committee defined
vitamin D levels of <12, 12-20, and >20 ng/mL as
vitamin D deficient, insufficient, and sufficient status,
respectively (33). This study used the IOM classification
for vitamin D levels.

Statistical analysis

For the descriptions of the general characteristics of the
study participants, categorical variables were expressed
as percentages (%) and were analyzed using the chi-
square test. Continuous variables were expressed as
mean values with standard deviation (SD) and were
analyzed using the t-test. Binary logistic regression was
used to determine the association between shift work
and metabolic syndrome. Multinomial logistic regres-
sion was used to determine the following associations
(1): shift work and vitamin D status and (ii) vitamin D
status and metabolic syndrome according to work sched-
ules. For each binary or multinomial logistic regression
model, the results are expressed as odds ratios (OR)
with 95% confidence intervals (CI). Multivariate regres-
sion was used to determine the association between
continuous vitamin D levels (ng/mL) and metabolic
syndrome components. Multivariate regression results
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were expressed as unstandardized regression coefficients
with 95% CI, standardized errors, and standardized
regression coefficients. We adjusted for age and sex in
Model 1. In addition to these variables, we adjusted for
month of visit date, vitamin D supplement use, smoking
status, alcohol consumption, leisure time physical activ-
ity level, marital status, and education in Model 2. In
addition to the variables in Model 2, sleep duration was
adjusted for in Model 3. The interaction effect between
shift work and vitamin D levels on metabolic syndrome
was assessed by calculating the relative excess risk due
to interaction (RERI), attributable proportion (AP), and
synergy index (S) with excessive odds ratios (EOR),
defined as OR — 1, and 95% CI as follows (34):

RERI = EORsw+vpp+ = EORswivpp- ~ EORsw_ypp+

= (ORsw+vpp+ = 1) = (ORswsvpp- = 1) = (ORsw-ypp+ - 1)
= ORsw+vop+ = ORswvpp- = ORsw—vpp+ + 1;

AP = RERI / ORswvpp+;

S = EORsw.vpp+ / (EORswvpp- + EORsw_ypp+)

= (ORsw+vpp+ = 1) / {(EORsw+vop- - 1) + (ORsw-ypp+ - 1}

SW=shift work schedule; VDD=vitamin D deficiency

To determine the mediating effect of vitamin D defi-
ciency on the association between shift work and meta-
bolic syndrome, we used the Paramed module developed
by Emsley and Liu (35) and conducted mediation analy-
sis using the following logit models:

Logit{P(MS = 1|SW,VDD,C)} = 8, + 6,SW + 6,VDD + 6;SW VDD + 6,'C;
Logit(P(VDD = 1|SW,C)} = By + BiSW + B,'C

C=confounders; SW=shift work schedule; VDD=vitamin D deficiency

The direct effect was the effect of shift work on
metabolic syndrome without the effect of vitamin D,
while the indirect effect was mediated by vitamin D. The
total effect was estimated as the product of the direct and
indirect effects. All statistical analyses were performed
using STATA version 16.1 (Stata Corp LP, College Sta-
tion, TX, USA). Two-tailed P<0.05 were considered
statistically significant.

Patient and public involvement

Patients and/or the public were not involved in the design,
conduct, reporting, or dissemination plans of this research.

Results

Participant characteristics

The mean age of the participants was 37 (standard devia-



tion 8) years, and the majority (66.3%) of the partici-
pants were men. Most of the participants were married
(72.3%), college graduate or more (83.1%), and worked
mostly during the daytime (87.5%). In total, 5.5% of
the participants met the diagnostic criteria of metabolic
syndrome, while 27.8% were vitamin D deficient (<12
ng/mL) and 73.6% had vitamin D levels of <20 ng/mL.
There were significant differences in age, sex, month of
visit date, smoking status, alcohol consumption, educa-
tion level, marital status, leisure time physical activity
level, sleep duration, vitamin D supplement use, BMI,
waist circumference, systolic blood pressure, diastolic
blood pressure, vitamin D, fasting glucose, HbA lc, total
cholesterol, HDL-C, LDL-C, triglyceride levels, and
proportion of metabolic syndrome between day workers
and shift workers (table 1).
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Effect of shift work on metabolic syndrome

After adjustments for age and sex, the OR of metabolic
syndrome for shift work compared to day work was
1.25 (95% CI 1.17-1.33). Even after adjustment for all
confounders, the association remained significant (OR
1.14, 95% CI 1.06-1.22) (table 2).

Effect of shift work on vitamin D levels

When the reference level of vitamin D was >20 ng/mL,
in the multivariate-fully adjusted model (Model 3), the
OR for levels of 12-20 and <12 ng/mL were 1.22 (95%
CI 1.17-1.27) and 1.63 (95% CI 1.57-1.70) for shift
work compared with day work, respectively (table 3).

Table 1. Baseline characteristics of the participants. Data are presented as number with percentage, N (%) or mean value with standard deviation
(SD). [BMI=body mass index; DBP=diastolic blood pressure; HDL-C=high-density lipoprotein cholesterol; LDL-C=low-density lipoprotein-choles-

terol; METs=metabolic equivalents of task; SBP=systolic blood pressure]

Characteristics Total Work schedule P-value
Day work Shift work
N (%) Mean (SD) N (%) Mean (SD) N (%) Mean (SD)

Overall 207 756 (100) 181692 (87.5) 26064 (12.5)

Age, years 37(8) 37(8) 32(8) <0.001

Sex
Male 137825(66.3) 125025(68.8) 12800 (49.1) <0.001
Female 69931(33.7) 56 667(31.2) 13264 (50.9)

Smoking status
Non-current 160348(77.2) 139074(76.5) 21274(81.6) <0.001
Current 47408(22.8) 42618(23.5) 4790 (18.4)

Excessive alcohol consumption
No 172196 (82.9) 151181(83.2) 21015(80.6) <0.001
Yes 35560(17.1) 30511(16.8) 5049 (19.4)

Education level
<College 35108(16.9) 22936(12.6) 12172(46.7) <0.001
>College 172648(83.1) 158756 (87.4) 13892 (53.3)

Marital status
Not married 57530(27.7) 44851(24.7) 12679 (48.7) <0.001
Married 150226(72.3) 136 841(75.3) 13385(51.3)

Leisure time physical activity level, 1526(3161) 1427 (2778) 2216 (5033) <0.001

METs-min/week

Sleep duration at night (hours)
<5 8728(4.2) 7244 (4.0) 1484(5.7) <0.001
5-6 38036(18.3) 34002(18.7) 4034(15.5)

6-7 83408(40.2) 75511(41.6) 7897(30.3)
27 77584(37.3) 64935(35.7) 12649 (48.5)

Vitamin D level (ng/mL) 16.6(7.1) 16.9(7.1) 14.7(6.7) <0.001
<12 57661(27.8) 47074(25.9) 10587 (40.6) <0.001
12-20 95306 (45.9) 84372 (46.4) 10934 (42.0)
>20 54789 (26.4) 50246 (27.7) 4543(17.4)

Metabolic syndrome
No 196 321(94.5) 171408 (94.3) 24913(95.6) <0.001
Yes 11435(5.5) 10284(5.7) 1151(4.4)

Metabolic syndrome components
BMI (kg/m?) 23.6(3.4) 23.6(3.4) 23.3(3.9) <0.001
Waist circumference (cm) 82(10) 83(10) 81(11) <0.001
Fasting glucose level (mg/dL) 94(14) 95(14) 93(13) <0.001
SBP (mmHg) 109(13) 109(13) 108(12) <0.001
DBP (mmHg) 70(10) 71(10) 69(9) <0.001
Total cholesterol level (mg/dL) 193(34) 193(34) 188(33) <0.001
HDL-C level (mg/dL) 58(15) 58(15) 61(16) <0.001
LDL-C level (mg/dL) 121(32) 122(32) 116(32) <0.001
Triglyceride level (mg/dL) 114(80) 116(81) 99(71) <0.001
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Table 2. Odds ratios (OR) of metabolic syndrome for shift work compared with day work. [Ref=reference]

Work schedule N case/exposed OR of metabolic syndrome

Model 12 Model 2° Model 3¢
Day work 10284/181692 1 (Ref) 1(Ref) 1 (Ref)
Shift work 1151/26 064 1.25(1.17-1.33) 1.14(1.06-1.22) 1.14(1.06-1.22)
P-value <0.001 <0.001 <0.001

2 Adjusted for age and sex.

b Adjusted for Model 1 variables plus month of visit date, vitamin D supplement use, smoking status, alcohol consumption, leisure time physical activity level, marital

status, and education level.
¢ Adjusted for Model 2 variables plus sleep duration.

Table 3. Odds ratio (OR) of vitamin D levels? for shift work compared with day work. [Cl=confidence interval; Ref=reference]

Day work Shift work P-value
N OR (95% CI) N OR (95% CI)
N case/exposed (ng/mL)
12-20 4773/84372 518/10934
<12 2134/47074 407/10 587
Model 1°(ng/mL)
12-20 1(Ref) 1.18(1.14-1.23) <0.001
<12 1(Ref) 1.63(1.57-1.69) <0.001
Model 2 ¢(ng/mL)
12-20 1(Ref) 1.21(1.17-1.26) <0.001
<12 1(Ref) 1.62(1.55-1.69) <0.001
Model 3¢(ng/mL)
12-20 1(Ref) 1.22(1.17-1.27) <0.001
<12 1(Ref) 1.63(1.57-1.70) <0.001

2 Reference of Vitamin D level: 220 ng/mL.
b Adjusted for age and sex.

¢ Adjusted for Model 1 variables plus month of visit date, vitamin D supplement use, smoking status, alcohol consumption, leisure time physical activity level, marital

status, and education level.
4 Adjusted for Model 2 variables plus sleep duration.

Effect of vitamin D levels on metabolic syndrome according
towork schedules

In the multivariate-fully adjusted model, there was
significant association between vitamin D levels and
metabolic syndrome regardless of work schedule. In
all workers, the OR of metabolic syndrome were 1.18
(95% CI 1.13-1.24) and 1.35 (95% CI 1.28-1.43) for
vitamin D levels of 12-20 and <12 ng/mL compared
with >20 ng/mL, respectively. In day workers, the OR of
metabolic syndrome were 1.17 (95% CI 1.12-1.23) and
1.33 (95% CI 1.25-1.42) for vitamin D levels of 12-20
and <12 ng/mL compared with a level of >20 ng/mL,
respectively. Among shift workers, the OR of metabolic
syndrome were 1.36 (95% CI 1.15-1.61) and 1.51 (95%
CI 1.26-1.81) for vitamin D levels of 12-20 and <12 ng/
mL compared with a level of >20 ng/mL, respectively.
All P-values for trends were <0.001 (table 4).

Effect of vitamin D levels on metabolic syndrome components

In the multivariate regression analysis, there were inverse
associations between vitamin D levels and BMI, waist
circumference, fasting glucose, DBP, and triglycerides.
The regression coefficients were -0.012 (95% CI -0.014—
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-0.010), -0.062 (95% CI -0.067— -0.056), -0.040 (95%
CI -0.048- -0.032), -0.008 (95% CI -0.014— -0.003),
and -0.472 (95% CI -0.519—-0.424), respectively. SBP
(mmHg) and HDL (mg/dL) were positively associated
with vitamin D levels (ng/mL) and the regression coef-
ficients were 0.014 95% CI (0.007-0.021) and 0.192
(95% CI 0.184-0.201), respectively (supplementary
table S1). All the variance inflation factor (VIF) values
of variables in the regression model were <10, and the
VIF value of vitamin D level was 1.14.

Interaction between shift work and vitamin D deficiency in
metabolic syndrome

There was an additive interaction between shift work
and vitamin D deficiency in the development of meta-
bolic syndrome. In the fully adjusted model, the EOR
for the combined effect of shift work and vitamin D
deficiency was greater by 0.26 (95% CI 0.08-0.44) and
2.09 (95% CI 1.23-3.55) times larger than the sum of the
EOR for individual effects. The additional effect due to
the interaction accounted for 17% (95% CI 0.07-0.28)
of the combined effect (supplementary table S2).
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Table 4. Odds ratios (OR) of metabolic syndrome for vitamin D levels according to work schedules. [Ref=reference]

Vitamin D N case/exposed OR of metabolic syndrome
Model 12 Model 2° Model 3¢
All workers (ng/mL)
220 3603/54 789 1 (Ref) 1 (Ref) 1(Ref)
12-20 5291/95 306 1.12(1.07-1.17) 1.19(1.13-1.24) 1.18(1.13-1.24)
<12 2541/57 661 1.22(1.15-1.29) 1.36(1.28-1.43) 1.35(1.28-1.43)
P for trend <0.001 <0.001 <0.001
Day workers (ng/mL)
220 3377150 246 1 (Ref) 1(Ref) 1(Ref)
12-20 4773/84 372 1.11(1.05-1.16) 1.17(1.12-1.23) 1.17(1.12-1.23)
<12 2134/47074 1.19(1.12-1.26) 1.34(1.26-1.42) 1.33(1.25-1.42)
P for trend <0.001 <0.001 <0.001
Shift workers (ng/mL)
220 226/10587 1(Ref) 1(Ref) 1(Ref)
12-20 518/10934 1.33(1.12-1.57) 1.36(1.15-1.61) 1.36(1.15-1.61)
<12 407/10 587 1.44(1.20-1.72) 1.50(1.25-1.81) 1.51(1.26-1.81)
P for trend <0.001 <0.001 <0.001

# Adjusted for age and sex.

b Adjusted for Model 1 variables plus month of visit date, vitamin D supplementation, smoking status, alcohol consumption, leisure time physical activity level, mari-

tal status, and education level.
¢ Adjusted for Model 2 variables plus sleep duration.

Mediating effect of vitamin D deficiency on the relation-
ship between shift work and metabolic syndrome

There was significant mediating effect of vitamin D
deficiency on the association between shift work and
metabolic syndrome. The natural direct effect of shift
work on metabolic syndrome without the effect of vita-
min D deficiency was 1.12 (95% CI 1.04—1.22), while
the indirect effect mediated by vitamin D deficiency was
1.03 (95% CI 1.02—1.04). The total effect was 1.15 (95%
CI 1.07-1.25), and the indirect effect accounted for 18%
of the total effect (figure 1).

Discussion

In this study, we found that vitamin D partially medi-
ated the relationship between shift work and metabolic
syndrome. Shift workers were more likely to be vitamin
D deficient than day workers, and vitamin D deficiency
increased the risk of metabolic syndrome among shift
workers. In addition, there was an additive interaction
between shift work and vitamin D deficiency in the
development of metabolic syndrome.

The prevalence of vitamin D deficiency varies in
different regions of the world since UVB absorption can
be affected by geographic latitude, ethnic differences in
skin pigmentation, and cultural factors such as clothing
(36, 37). Regionally representative population-based
studies from the US, Canada, and Europe reported
that the prevalence of vitamin D deficiency, defined as
vitamin D levels <12 ng/mL (30 nmol/L), was 5.9%,
7.4%, and 13%, respectively, whereas the prevalence of
vitamin D deficiency was 27.8% in this study (38—40).

This was consistent with previous findings that Asia is
one of the regions with the highest prevalence of vita-
min D deficiency (36). A recent nationwide study from
South Korea reported that 71.8% of the participants
had vitamin D levels of <20 ng/mL, which is a similar
proportion to our findings (73.6%) (41).

Shift work might be an occupational risk factor
for vitamin D deficiency since approximately 90% of
vitamin D is synthesized through the exposure of skin
to sunlight and shift workers can plausibly be expected
to have less exposure to sunlight than day workers (28).
Sowah et al (29) evaluated vitamin D levels in different
occupations (indoor and outdoor workers, shift workers,
lead and smelter workers, and healthcare workers); the
results showed that shift workers had the lowest average
levels of serum vitamin D (13.5, SD 4.0, ng/mL), and
80% of shift workers had vitamin D levels <20 ng/mL,
which are similar results to our findings among shift
workers (mean levels: 14.7, SD 6.6, ng/mL; 82.6% of
shift workers had levels <20 ng/mL). The slight dif-
ference might be due to individual factors, such as the
actual amount of direct exposure to sunlight, supplemen-
tation of vitamin D, and the detailed nature of work such
as occupation-specific tasks and types of shift work (42).
Although we considered vitamin D supplement use in
our study’s analysis, quantitative estimation of sun expo-
sure and detailed work schedules, such as shift work
type, were not performed. Further studies are needed to
confirm the association between shift work and vitamin
D deficiency by considering all of these factors.

Recent meta-analyses support a significant dose-
response association between serum vitamin D level and
metabolic syndrome. Hajhashemy et al. (43) showed that
each 25 nmol/L (10 ng/mL) increase in serum vitamin D
levels was significantly associated with 15% decreased
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Figure 1. Mediating effect of vitamin D
deficiency on the relationship between shift
work and metabolic syndrome. Vitamin D
deficiency was defined as a vitamin D level
<12ng/mL.Thecovariatesincludedwereage,

| Vitamin D deficiency |
b=0.072, p<0.001 b=0.167, p<0.001
(95% CI: 0.066-0.078) (95% CI: 0.115-0.219)

| Metabolic syndrome

| Shift work

sex, monthofvisitdate, vitaminDsupplement
use, smoking status, alcohol consumption,

Natural direct effect (=] : OR=1.12, p=0.003 (35% Cl: 1.04-1.22)
Natural indirect effect (=) : 0R=1.03, p<0.001 (95% CI: 1.02-1.04)
Total effect (=» &=) : OR=1.15, p<0.001 (5% CI: 1.07-1.25]

odds of metabolic syndrome (OR 0.85; 95% CI 0.80—
0.91) in 23 cross-sectional studies in representative pop-
ulations. Another recent dose-response meta-analysis
that was conducted through February 2020 showed that
a 25 nmol/L increase in serum vitamin D concentration
was associated with a 19% (OR 0.81; 95% CI 0.77-0.85)
lower risk of metabolic syndrome in 19 cross-sectional
and four cohort studies (44). Our study also showed that
vitamin D was associated with metabolic syndrome in
a dose—response manner regardless of work schedules.
The magnitude of the association was higher among
shift workers than among day workers, and it implied
an additive interaction between shift work and vitamin
D levels in metabolic syndrome.

From a mechanistic perspective, a number of differ-
ent physical characteristics of metabolic syndrome can
be related to vitamin D level status. In our study, vitamin
D levels were inversely associated with BMI, waist
circumference, fasting glucose, DBP and triglyceride,
whereas positively associated with HDL as expected.
However, the positive correlation between vitamin D
levels and SBP in our study was not consistent with the
hypothesis that vitamin D deficiency would increase
blood pressure by stimulating RAAS activity (22). Some
studies showed a U-shaped relationship between vitamin
D levels and SBP rather than a linear inverse correlation.
Tomaino et al. showed a U-shaped relationship of vita-
min D levels with SBP, while inverse J-shaped relation-
ships with DBP and mean arterial pressure among Peru-
vian adolescents (45). In an animal study, Mirhosseini et
al (46) showed both high and low vitamin D levels can
increase SBP through feeding test in normal rats. Further
studies are needed to determine the relationship between
high vitamin D levels and blood pressure.

Many studies have shown associations of shift work
with metabolic syndrome (2-5). Since shift workers
were more likely to be vitamin D deficient than day
workers and vitamin D deficiency was associated with
metabolic syndrome, the mediating effect of vitamin
D deficiency in the relationship between shift work
and metabolic syndrome can plausibly be expected.
However, to the best of our knowledge, no studies have

1 32 Scand J Work Environ Health, vol 49, no 2

leisure time physical activity level, marital
status, education level, and sleep duration.
[Cl=confidenceinterval; NDE=natural direct
effect; NIE=natural indirect effect; OR=odds
ratio; TE=total effect]

investigated the role of vitamin D in the association
between shift work and metabolic syndrome. Our study
newly suggests that vitamin D deficiency among shift
workers might contribute to the association between
shift work and metabolic syndrome. Although some
researchers have pointed out that most studies indicat-
ing a significant association between shift work and
metabolic syndrome lack the consideration of a sleep
duration parameter, which can significantly confound
the association, our study results were consistent even
after adjustment for sleep duration (47). The effect size
of shift work for metabolic syndrome was not large in
our study. Since metabolic syndrome is characterized as
a cluster of cardiovascular risk factors, it can be devel-
oped by a number of similarly influential factors rather
than very deterministic factor. Therefore, a small effect
size of shift work alone is an inevitable result.

In our study, an additive interaction between shift
work and vitamin D deficiency in the development of
metabolic syndrome was observed as well as a mediat-
ing effect of vitamin D deficiency in the association
between shift work and metabolic syndrome. Some in
vivo studies showed that melatonin and vitamin D have
synergistic inhibitory action to adipogenesis compared
with the effect elicited by each individual molecule (48,
49). Conversely, it can be expected that reduced secre-
tion of melatonin due to shift work and vitamin D defi-
ciency might have a synergistic effect on adipogenesis
and thus, metabolic syndrome.

Our study has some limitations. First, its cross-
sectional design made it difficult to determine causality.
In an effort to minimize reverse causality, we adjusted
for potential confounding factors such as lifestyle habits
and leisure time physical activity level, and thus reduced
the unexpected effects of metabolic syndrome caus-
ing decrease in outdoor activity and vitamin D levels.
Further longitudinal studies are required to confirm
the causality of the relationship between shift work,
vitamin D deficiency, and metabolic syndrome. Sec-
ond, participants in our study were classified into day
worker or shift worker through a single questionnaire
regarding whether they worked mostly during the day



(06:00—18:00 hours) or during other hours in the past
year. Therefore, work-related factors, such as shift work
type and working environment, were not considered
in adequate detail. Further research needs to consider
more specific and concrete occupational factors to ana-
lyze the effects of shift work. Third, since our study
was retrospectively designed using the results of past
health examinations, we could not further analyze the
effect of correction of vitamin D deficiency through
interventions such as supplementation of vitamin D or
increasing the duration of sunlight exposure. Fourth,
our study was conducted on relatively young and well-
educated Korean men and women, and almost all areas
of South Korea are located between the latitudes 33°N
and 38°N (41). Therefore, despite the large sample size,
the generalizability of our findings to other populations
needs to be verified.

Nonetheless, we believe that our study has remark-
able novelty, as to the best of our knowledge, this is the
first large-scale study to evaluate the role of vitamin D
in the association between shift work and metabolic syn-
drome. In addition, our study effectively controlled for
potential confounding factors by adjusting for multiple
demographic and clinical factors.

Concluding remarks

This cross-sectional study verified the mediating role
of vitamin D in the association between shift work and
metabolic syndrome, showing a synergistic interaction
between shift work and vitamin D deficiency in meta-
bolic syndrome. Further prospective studies are required
to confirm the effect of vitamin D deficiency on meta-
bolic syndrome among shift workers.
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