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Abstract
Background: The prevalence of vitamin D deficiency and insufficiency is extremely 
high	 in	pregnant	women	worldwide.	However,	 the	association	between	 single	nu-
cleotide	polymorphisms	 (SNPs)	 in	 vitamin	D	metabolic	 pathway	genes	 and	25-hy-
droxyvitamin	D	(25(OH)D)	concentration	among	Chinese	pregnant	women	is	seldom	
reported.	The	 risk	of	 adverse	neonatal	 outcomes	due	 to	maternal	 vitamin	D	defi-
ciency has not been well investigated.
Methods: A	total	of	815	pregnant	women	and	407	infants	were	enrolled	in	this	study.	
Serum	25(OH)D	concentration	was	detected.	DNA	was	extracted	from	the	maternal	
blood	for	genotyping	genetic	SNPs	 in	vitamin	D	pathway.	An	XGBoost	model	was	
established	based	on	SNPs	combined	with	external	variables.
Results: Mean	serum	25(OH)D	 level	was	15.67	±	7.98	ng/mL	among	the	pregnant	
women.	Seventy-five	percent	of	pregnant	women	had	25(OH)D	deficiency	in	China.	
SNPs	of	GC	(rs17467825,	rs4588,	rs2282679,	rs2298850,	and	rs1155563)	were	sig-
nificantly	associated	with	maternal	25(OH)D	concentration.	The	influence	of	variants	
of	rs17467825,	rs4588,	rs2282679,	and	rs2298850	on	maternal	25(OH)D	might	be	
modified	by	vitamin	D	supplementation	and	sunshine	exposure.	An	XGBoost	model	
was	 established	 for	monitoring	 25(OH)D	 status	 in	 pregnant	women	 and	 provided	
clinical	advice	to	reduce	the	risk	of	25(OH)D	deficiency.	Mothers	with	25(OH)D	defi-
ciency	hinted	a	risk	for	macrosomia.
Conclusion: A	high	prevalence	of	vitamin	D	deficiency	in	China	has	been	confirmed.	
A	clinical	model	was	established	to	guide	pregnant	women	to	supplement	vitamin	D	
according	to	genotype.	Furthermore,	we	suggest	 the	effect	of	maternal	vitamin	D	
status	on	the	risk	of	macrosomia.
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1  | INTRODUC TION

Vitamin D deficiency is widespread among different races world-
wide.1-4	Furthermore,	the	prevalence	of	vitamin	D	deficiency	and	in-
sufficiency	 is	 extremely	 high	 in	 pregnant	women,	 even	 reaching	 up	
to	 about	99%	during	pregnancy.5-7 Due to maternal vitamin D defi-
ciency,	increased	risk	of	malign	effects	on	pregnant	women	and	infants	
happened.	Accumulating	 researches	 have	 indicated	 the	 associations	
of	vitamin	D	deficiency	with	gestational	diabetes,	preeclampsia,	and	
inflammatory disorders in pregnant women.8-10	Besides,	 aberrations	
occurred	in	infants	such	as	abnormal	neurocognitive	functions,	hyper-
tension	susceptibility,	and	macrosomia.11-15 The vital effects of vitamin 
D on infants are due to the role of vitamin D in participating in the 
synthesis	of	hormones	which	is	essential	for	embryo	implantation,	ges-
tation,	and	fetal	development	during	pregnancy.16

Vitamin	D,	a	steroid	derivative,	has	been	proved	to	play	import-
ant roles in lots of physiological processes including regulating the 
metabolism	of	calcium	and	phosphorus,	promoting	skeleton	growth,	
and monitoring cell differentiation.17,18 Vitamin D contains vitamin 
D2 and vitamin D3	 obtained	 from	 plant-based	 and	 animal-based	
foods,	respectively.	Vitamin	D	can	be	synthesized	from	skin	sources	
through	a	series	of	hydroxylations	in	liver	and	kidney	depending	on	
various hydroxylases. The active dihydroxyvitamin D forms bind to 
the	vitamin	D-binding	protein	 (DBP)	encoded	by	GC gene and are 
transported to multiple target organs including the placenta.16,19 
Thus,	 the	25-hydroxyvitamin	D	 (25(OH)D)	concentration,	 the	best	
biomarker	 of	 vitamin	D	 status	measured	 in	 blood,	 is	mainly	 influ-
enced by vitamin D pathway genes involved in vitamin D synthe-
sis	 and	metabolism.	 Researchers	 have	 indicated	 that	 SNPs	 in	GC,	
CYP2R1,	VDR,	CYP24A1,	CYP27B1,	CYP3A4, and LRP2 genes had a 
strong	 relationship	 with	 25(OH)D	 level	 among	 non-pregnant	 per-
sons.20-24 Recent studies have reported that genetic variations in GC,	
CYP2R1,	CYP3A4,	CYP24A1,	and	NADSYN1/DHCR7 involved in vita-
min	D	pathway	were	significantly	related	to	25(OH)D	concentration	
among pregnant women in China.19,25	Additionally,	serum	25(OH)D	
concentration	is	influenced	by	many	environmental	factors,	such	as	
sun	exposure,	dietary	vitamin	D	supplementation,	and	race.26

Previous	 studies	 have	 demonstrated	 that	 25(OH)D	 deficiency	
among pregnant women is a common situation in China.3,27,28 
However,	 the	association	between	SNPs	and	25(OH)D	concentra-
tion	among	pregnant	women	in	China	is	seldom	reported.	Moreover,	
it is of great importance to detect whether environmental factors 
would	modify	 the	 link	between	25(OH)D	concentration	and	SNPs	
during	pregnancy.	Finally,	we	aim	to	construct	an	evaluation	model	to	
guide	pregnant	women	to	elevate	25(OH)D	concentration	properly.

2  | METHODS

2.1 | Participants and blood sample collection

The	study	was	conducted	in	Xiangyang	First	people's	hospital,	Hubei	
province,	 China,	 since	 December	 2017.	 Total	 of	 900	 pregnancy	

women were recruited and assigned to three groups by the number 
of	gestational	weeks:	first	trimester,	1-12	weeks;	second	trimester,	
13-27	weeks;	and	third	trimester,	28-40	weeks	in	this	study.	Clinical	
questionnaire	 including	 age,	 pre-pregnancy	 BMI,	 dietary	 habits,	
times	 of	 physical	 activities,	 sun	 exposure,	 smoking	 and	 drinking	
habits and vitamin D supplementation was filled in. The exclusion 
criteria	were	(a)	a	history	of	any	serious	disease;	(b)	a	history	of	any	
mental	disorder;	 (c)	a	history	of	drug	abuse;	 (d)	a	history	of	use	of	
drugs	 that	 dramatically	 alter	 enzymatic	 expression	 of	 the	 target	
genes;	(e)	abnormal	fetal	development;	and	(f)	lack	of	clinical	infor-
mation.	Thus,	we	enrolled	815	participants	and	their	407	infants	in	
the	analysis.	All	pregnant	women	had	similar	dietary	habits	in	inland	
China.	The	vitamin	D	intake	of	seafood,	milk,	and	eggs	was	evaluated	
by	using	questionnaire.	 Influence	of	 diet,	 including	 seafood	 (three	
groups:	 no	 seafood	 consumption;	 occasional:	 1-2	 meal	 containing	
seafood	per	week	on	average;	and	frequent:	at	least	three	meal	con-
taining	seafood	per	week),	cow	milk	(three	groups:	no	consumption;	
occasional:	1-500	mL	per	week	on	average;	 and	 frequent:	 at	 least	
500	mL	per	week),	and	egg	(three	groups:	no	egg	consumption;	oc-
casional:	1-2	eggs	per	week	on	average;	and	frequent:	at	least	three	
eggs	per	week)	were	recorded	according	to	the	above	classification.	
Research	nurses	were	responsible	for	recording	infants'	birthweight,	
length,	and	femur	length.	The	study	protocol	was	approved	by	the	
Research	Ethics	Committee	(201702170b)	of	Hubei	Medical	College.	
Informed consents were provided for all participants. With the par-
ticipants'	consent,	fasting	blood	sample	(8	hours)	was	drawn	into	a	
serum	separator	tube	and	an	EDTA	anticoagulant	tube.	Serum	sepa-
rator	 tubes	were	centrifuged	 (1509	g,	5	minutes,	4°C)	 to	 separate	
serum	(used	for	measuring	25(OH)D	concentration),	and	EDTA	anti-
coagulant	tubes	were	used	to	extract	DNA.

2.2 | Serum 25(OH)D measurement

The	 serum	 25(OH)D	 concentration	 was	 measured	 by	 Ultra-high	
Performance	 Liquid	 Chromatography-Tandem	Mass	 Spectrometry	
(UPLC-MS/MS;	 UPLC-MS/MS	 ACQUITY	 UPLC	 I-class	 Xevo	 TQD,	
Waters	Corporation)	according	to	the	manufacturer's	protocol.	The	
concentrations	 of	 25(OH)D2	 and	 25(OH)D3 were measured sepa-
rately,	and	the	sum	of	25(OH)D2	and	25(OH)D3 was calculated as the 
total	25(OH)D	concentration.	According	to	the	National	standard,	a	
serum	25(OH)D	level	<20	ng/mL	was	defined	as	25(OH)D	deficiency,	
that	from	20	to	30	ng/mL	was	defined	as	25(OH)D	insufficiency,	and	
that	>30	ng/mL	was	defined	as	25(OH)D	sufficiency.

2.3 | SNP genotyping

Single	 nucleotide	 polymorphisms	 (SNPs)	 involved	 in	 vitamin	 D	
synthesis and metabolism pathways were selected according 
to	 previous	 studies	 reported	 among	 pregnant	 or	 non-pregnant	
population.	 Besides,	 these	 SNPs	 locate	 in	 the	 functional	 domain	
of genes and play a vital role in vitamin metabolism included in 
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the	 database	 of	 NCBI	 VDR	 (rs10735810,	 rs3847987,	 rs1544410,	
rs7968585,	rs2408876,	rs10783219);	GC	(rs7041,	rs4588,	rs2282679,	
rs1155563,	 rs12512631,	 rs222020,	 rs16847015,	 rs17467825,	
rs2070741,	rs2298849,	rs16846876,	rs842999,	rs222035,	rs3755967,	
rs11939173,	 rs2298850,	 rs12512631);	 CYP2R1	 (rs2060793,	
rs10741657,	 rs1993116,	 rs7116978,	 rs12794714,	 rs1562902,	
rs10766197,	 rs10500804,	 rs10766197,	 rs10877012,	 rs11023374);	
CYP24A1	(rs6013897,	rs927650,	rs2248137,	rs6068816,	rs73913757,	
rs2209314,	 rs2762939,	 rs17470271);	 CYP27B1	 (rs4646536,	
rs703842,	 rs10877012,	 rs118204009);	 CYP3A43	 (rs680055,	
rs2242480);	NADSYN1/DHCR7	(rs3829251,	rs1790349,	rs12785878,	
rs7944926,	 rs12800438,	 rs3794060,	 rs4945008,	 rs4944957);	 and	
RXRA	 (rs9409929,	 rs11185644)	 were	 selected	 as	 candidate	 SNPs.	
DNA	 was	 extracted	 from	 the	 peripheral	 blood	 leukocytes	 using	 a	
Rapid	DNA	Extraction	and	Detection	Kit	(Tiangen)	according	to	the	
manufacturer's	 protocol,	 and	 SNP	 genotyping	 was	 conducted	 and	
analyzed	by	using	the	MassARRAY	iPLEX	Gold	platform	(Sequenom).

2.4 | XGBoost classifier decision trees model

eXtreme	Gradient	Boosting	(XGBoost)	is	a	type	of	gradient	boosting	
decision tree method and is tuned to search for an optimal predic-
tion	solution.	An	XGBoost	Classifier	decision	trees	model	(XGBoost	
0.81)	 was	 established	 to	 assess	 the	 risk	 of	 25(OH)D	 deficiency	
among	pregnant	women.	SNPs	including	rs17467825	(A/G)—rs4588	
(G/T)—rs2282679	 (T/G)—rs2298850	 (G/C)—rs1155563	 (T/C)	 com-
bined	with	 age,	 sun	exposure,	 vitamin	D	 intake,	 gestational	week,	
and	physical	activity	were	taken	into	consideration.	The	score	out-
put	 by	model	was	 negatively	 associated	with	 25(OH)D	 deficiency	
risk.

2.5 | Statistical analysis

Statistical	 analyses	 were	 performed	 by	 using	 Python	 software	
(version	3.6).	Continuous	variables	were	written	as	mean	±	SD,	and	
categorical variables were written as frequency and percentage. 
Body	mass	 index	 (BMI)	 was	 divided	 into	 four	 subgroups	 (<18.5,	
18.5-23.9,	 24-27.9,	 and	 ≥28)	 according	 to	 the	 standard	 in	 China	
(National	Health	and	Family	Planning	Commission	of	the	People's	
Republic	of	China,	2013).	Pregnant	women	were	assigned	to	three	
groups	by	the	number	of	gestational	weeks.	Physical	activity	and	
sun exposure were also grouped according to time. The signifi-
cant	 associations	 between	 selected	 SNPs	 and	25(OH)D	 concen-
tration	 were	 tested	 by	 using	 Kruskal-Wallis	H	 test.	 Association	
between	 clinical	 variables	 and	 25(OH)D	 concentration	was	 ana-
lyzed	 by	 using	 univariate	 and	 multivariate	 analyses.	 Bonferroni	
correction was conducted to avoid false positive in the analysis. 
When	 undertaking	multiple	 hypothesis	 testing	 in	 the	 study,	 the	
type	I	error	rate	should	be	reduced	and	kept	at	approximately	the	
original	critical	level	of	significance	at	0.05	(5%).	Bonferroni's	cor-
rection adjusts the critical level of significance for each test by 

dividing	the	critical	level	of	significance,	typically	0.05	(5%),	by	the	
number of significance tests performed. The aim of the correc-
tion	 is	to	maintain	the	type	I	error	rate	at	about	5%	and	thereby	
reduce the probability of a type I error occurring when multiple 
testing.	For	the	current	study,	we	undertook	six	significance	tests	
for	 “age”	 and	 “pre-pregnancy	 BMI,”	 three	 significance	 tests	 for	
“gestational	 week,”	 and	 one	 significance	 test	 for	 physical	 activ-
ity,	 sun	 exposure,	 sampling	 season,	 and	 vitamin	D	Table	 S2,	 the	
new	critical	level	of	significance	after	Bonferroni's	correction	was	
0.05	÷	6	=	0.008,	0.05	÷	3	=	0.017,	and	0.05	÷	1	=	0.05,	respec-
tively.	In	Table	3,	comparisons	were	between	two	genotypes,	and	
the	critical	level	of	significance	after	Bonferroni's	correction	was	
still	 0.05.	 In	 Table	 S1,	 comparisons	 were	 between	 two	 groups,	
and	 the	 critical	 level	 of	 significance	 after	 Bonferroni's	 correc-
tion	was	0.05.	 In	Table	S3,	 the	critical	 level	of	 significance	after	
Bonferroni's	correction	was	0.05	÷	3	=	0.017.	In	Tables	S5	and	S6,	
6	and	12	variables	were	taken	into	account	using	multivariable	lo-
gistic	 regression	analysis,	 respectively,	 and	 the	new	critical	 level	
of	significance	after	Bonferroni's	correction	was	0.05	÷	6	=	0.008	
and	0.05	÷	12	=	0.004.

3  | RESULTS

3.1 | Clinical characteristics of participants

The clinical characteristics of the participants were shown in Table 1. 
A	 total	 of	 815	 pregnant	women	 and	407	 infants	were	 enrolled	 in	
the	study.	The	mean	25(OH)D	concentration	was	15.67	±	7.98	ng/
mL	 among	 the	 pregnant	women.	 The	 prevalence	 of	 25(OH)D	 de-
ficiency	was	 almost	 75%.	Among	 them,	26.9%	was	 seriously	 defi-
cient	(Figure	1).	A	large	part	of	pregnant	women	experienced	fewer	
physical	activity	(≤4	times/wk	and	≤0.5	h/time)	and	less	sunshine	ex-
posure	(≤3	h/wk	and	≤0.5	h/d)	during	pregnancy.	Vitamin	D	supple-
mentation	(>400	IU/d)	was	not	common	(11.90%	vs	88.10%).	There	
was	no	significant	difference	between	25(OH)D	concentration	and	
foods	containing	vitamin	D,	such	as	seafood,	milk,	and	eggs	 (Table	
S1).	The	mean	birthweight	of	 infants	was	3231.05	±	474.65	g,	and	
3.93%	of	the	infants	were	giant	babies	(>4000	g).

3.2 | Association between serum 25(OH)D 
concentration and clinical characteristics

There was statistically significant difference in the respect of sun 
exposure,	 sampling	 season,	 daily	 vitamin	 D	 supplementation,	
and	 maternal	 25(OH)D	 concentration	 (P	 =	 .0419,	 P	 =	 .0007,	 and	
P	=	 .0354,	respectively;	Table	2).	Less	exposure	to	sunshine	(≤3	h/
wk	and	≤0.5	h/d)	and	no	vitamin	D	supplementation	were	associated	
with	lower	25(OH)D	concentration	(15.60	±	7.96	vs	19.74	±	8.74	and	
15.47	±	7.96	vs	17.15	±	8.07	ng/mL).	More	physical	activity	(>4	times/
wk	 and	 >0.5	 h/time)	 was	 associated	 with	 a	 much	 higher	 mean	
25(OH)D	concentration,	but	 it	was	not	of	statistical	significance	in	
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two	groups.	Otherwise,	no	statistically	significant	correlation	of	the	
25(OH)D	concentration	with	age,	gestational	week,	and	BMI	was	ob-
served at the time of sample collection.

3.3 | The significant association between SNPs in 
GC gene and maternal 25(OH)D concentration

After	 adjustment	 for	 covariates,	 five	 SNPs	 in	 GC	 (rs17467825,	
rs4588,	rs2282679,	rs2298850,	and	rs1155563)	were	in	significant	
associations	 with	 serum	 25(OH)D	 concentration	 among	 pregnant	
women	(Table	3).	Pregnant	women	with	their	minor	alleles	had	much	
lower	25(OH)D	concentration	compared	with	those	with	major	al-
leles.	 Genetic	 Risk	 Score	 (GRS)	 was	 calculated	 to	 explore	 the	 as-
sociation	 between	 associated	 SNPS	 with	 the	 outcome	 (25(OH)
D	 deficiency).	 The	 sum	 of	 risk	 alleles	 from	 rs17467825,	 rs4588,	
rs2282679,	 rs2298850,	 and	 rs1155563	 was	 calculated	 as	 GRS,	
and	GRS	was	negatively	 associated	with	25(OH)D	concentrations.	
Individuals	with	GRS	>	5	had	significantly	lower	25(OH)D	concentra-
tions,	compared	to	individuals	with	GRS	≤	5	(Table	S2).	However,	the	
statistically	significant	associations	of	other	selected	SNPs	in	VDR,	
CYP24A1,	CYP27B1,	CYP3A43,	CYP2R1,	NADSYN1, and RXRA with 
25(OH)D	concentration	were	not	observed.

3.4 | The effect of SNPs on 25(OH)D level is 
influenced by diet and sunshine

Owing	to	the	significant	association	between	25(OH)D	concentra-
tion and vitamin D supplementation as well as sun exposure men-
tioned	 above,	 a	 genotype-phenotype	 analysis	 was	 conducted	 to	
investigate the effect of diet and sunshine on the relationships be-
tween	the	25(OH)D	concentration	and	SNPs	(Figure	2).	Associations	
between	SNPs	in	GC	and	25(OH)D	concentration	were	modified	by	
vitamin	D	 intake	 among	 pregnant	women	without	 vitamin	D	 sup-
plementation	since	pregnancy,	but	not	among	those	with	vitamin	D	
supplementation. Pregnant women with two minor alleles in either 
of	the	four	SNPs,	rs17467825,	rs4588,	rs2282679,	and	rs2298850	
had	 much	 lower	 25(OH)D	 concentration	 than	 women	 with	 one	
or	 two	major	 alleles.	 There	was	 a	 significant	 increase	 in	 25(OH)D	
level	 in	women	with	“G”	allele	taking	vitamin	D	supplements	com-
pared to those without supplementation( P	<	.01),	and	daily	vitamin	
D	 intake	 also	 dramatically	 improved	 the	 25(OH)D	 concentration	
of	women	who	 carried	 the	 rs4588	 “T”	 allele,	 or	women	who	 car-
ried	the	rs2282679	“G”	allele	or	rs2298850	“C”	allele	compared	to	
women with the same alleles without vitamin D supplementation 
(P	<	 .0001).	Besides,	higher	sun	exposure	 (>3	hours/w)	showed	an	
impact	on	regulating	25(OH)D	concentration	in	terms	of	some	SNPs.	
Carriers	with	genotype	AG	or	GG	of	rs17467825	and	women	with	
genotype	GT	or	TT	of	rs4588	exposed	to	more	sunshine	showed	el-
evated	25(OH)D	concentration	compared	to	those	with	inadequate	
sunlight exposure (P	 <	 .05),	 while	 high	 sun	 exposure	 significantly	
increased	25(OH)D	concentration	in	 individuals	with	genotype	GG	

TA B L E  1   General characteristics of the participants

Variables n (%) Mean ± SD

Total pregnancy women 815	
(100.00)

25(OH)D	(ng/mL)

<10 219	(26.87) 15.67	±	7.98

10-19.9 392	(48.10)

20-29.9 154	(18.90)

≥30 50	(6.13)

Age,	years

0-25 182	(22.33) 28.19	±	3.86

26-30 467	(57.30)

31-35 130	(15.95)

>35 36	(4.42)

Gestational	week,	weeks

≤12 179	(21.96) 14.84	±	2.43

13-27 632	(77.55)

≥28 4	(0.49)

Pre-pregnancy	BMI,	kg/m2

<18.5 67	(8.22) 22.16	±	3.24

18.5-23.9 575	(70.55)

24-27.9 137	(16.81)

≥28 36	(4.42)

Physical	activity	(times/wk)

≤4 632	(77.55) 2.88	±	4.13

>4 183	(22.45)

Sun	exposure	(h/wk)

≤3 800	(98.16) 0.60	±	0.86

>3 15	(1.84)

Sampling	season

Winter 650	(79.75)

Spring 165	(20.25)

Smoker

Yes 0	(0.00)

No 816	
(100.00)

Drinker

Yes 801	(98.28)

No 14	(1.72)

Vitamin D supplementation

Yes 97	(11.90)

No 718	(88.10)

Total infants 407	(100)

Infant	weight	(g)

<4000 391	(96.07) 3231.05	±	474.65

≥4000 16	(3.93)

Infant	length	(cm) 49.34	±	1.83

Femur	length	(cm) 7.41	±	0.36

Abbreviations:	BMI,	body	mass	index;	SD,	standard	deviation.
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of	rs2282679	and	CC	of	 rs2298850	 (P	<	 .01).	However,	 there	was	
no	 such	 association	 between	 sunlight	 exposure	 time	 and	 SNPs	 in	
women with one or two major alleles. Even without vitamin D sup-
plementation,	high	sun	exposure	also	significantly	increased	25(OH)
D concentration in pregnant women carrying two minor alleles of 
rs17467825,	rs4588,	rs2282679,	and	rs2298850	(P	<	.05),	while	no	
such effect was observed in women with one or two major alleles of 
such	four	SNPs.

3.5 | A clinical model of monitoring 25(OH)D 
concentration in the pregnant women

We	 constructed	 an	 XGBoost	model	 to	 predict	 the	 risk	 of	 25(OH)
D	deficiency	based	on	the	interaction	of	SNPs	and	exogenous	fac-
tors	 (Figure	3).	Five	significant	SNPs	 including	rs17467825	(A/G)—
rs4588	(G/T)—rs2282679	(T/G)—rs2298850	(G/C)—rs1155563	(T/C)	
combined	 with	 age,	 sun	 exposure,	 vitamin	 D	 intake,	 gestational	
week,	 and	 physical	 activity	 were	 taken	 into	 consideration.	 ROC	
curves were depicted to describe the efficiency of this model. The 
area	under	the	ROC	curve	(AUC)	was	0.828	and	0.807	for	the	train-
ing	(n	=	733)	and	test	sets	 (n	=	82),	respectively.	The	score	output	
by	model	was	negatively	associated	with	the	risk	of	25(OH)D	defi-
ciency.	Participants	with	score	>0.5	had	higher	genetic	risk	of	25(OH)
D	deficiency	compared	to	women	with	score	<0.5.	Four	grades	and	
corresponding measures according to the score were list in Table 4. 
Based	on	the	SNPs,	the	adjustable	parameters	involved	in	this	model	
like	dose	of	vitamin	D	supplementation	or	sun	exposure	time	can	be	
recommended	to	participants	to	help	them	achieve	normal	25(OH)D	
status,	thus	contributing	to	individualized	monitoring	and	intelligent	
adjustment of vitamin D concentration in pregnant women.

3.6 | Relationship between maternal 25(OH)D 
deficiency and neonatal macrosomia risk

Although	the	number	of	macrosomia	is	very	small,	we	found	that	12	
of	the	16	macrosomia's	mothers	were	25(OH)D	deficiency,	and	4	of	

the	16	macrosomia's	mothers	were	non-deficiency	(75%	vs	25.00%;	
Table	S3).	In	Table	S4,	maternal	25(OH)D	concentration	was	divided	
into four different subgroups. We observed the trend that the pro-
portion of macrosomia decreased with the increase in maternal 
25(OH)D	 concentration.	 Multivariable	 logistic	 regression	 analysis	
showed	no	significant	linear	correlation	between	allele	type,	vitamin	
D	status,	and	macrosomia	risk	(Table	S5).	There	was	no	statistically	
significant	difference	 in	 the	association	of	maternal	25(OH)D	con-
centration and the mean length and femur length of the infants.

4  | DISCUSSION

25(OH)D	deficiency	could	cause	multiple	metabolic	disorders	such	
as	 diabetes,	 obesity,	 hypertension,	 depression,	 and	 cardiovascular	

F I G U R E  1  Distribution	of	25-hydroxyvitamin	D	(25(OH)D)	
concentration in total study population. The proportion of pregnant 
women	with	different	25(OH)D	concentration	was	shown	in	the	pie	
chart

TA B L E  2  Serum	25(OH)D	concentration	in	participants	
according to their characteristics

Variables
25(OH)D concentration (ng/mL)
(mean ± SD)

P-
value

Age	(y)

0-25 15.24	±	7.70 .0647

26-30 15.61	±	8.23

31-35 16.95	±	7.73

>35 14.12	±	6.83

Gestational	week	(wk)

≤12 16.29	±	8.28 .4230

13-27 15.52	±	7.92

≥28 12.38	±	4.36

Pre-pregnancy	BMI	(kg/m2)

<18.5 16.18	±	8.26 .9465

18.5-24 15.75	±	8.13

24.1-28.9 15.19	±	7.27

≥29 15.40	±	8.01

Physical	activity	(times/wk)

≤4 15.41	±	7.85 .0524

>4 16.42	±	8.39

Sun	exposure	(h/wk)

≤3 15.60	±	7.96 .0419*

>3 19.74	±	8.74

Sampling	season

Winter 16.14	±	8.01 .0007*

Spring 13.80	±	7.57

Vitamin	D	intake

Yes 17.15	±	8.07 .0354*

No 15.47	±	7.96

*Represented	statistically	significant	difference	(Bonferroni-adjusted),	
Kruskal-Wallis	H	test.	For	“age”	and	“pre-pregnancy	BMI,”	statistically	
significant	difference	set	as	.008;	“gestational	week,”	statistically	
significant	difference	set	as	.017;	others,	statistically	significant	
difference	set	as	.05.	
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syndromes.29	Recent	studies	demonstrated	that	25(OH)D	deficiency	
or insufficiency was prevalent among pregnant women world-
wide.5-7	 In	China,	a	great	majority	of	pregnant	women	had	25(OH)
D	 deficiency	 was	 reported,3,19,30,31 indicating the prevalence of 
25(OH)D	 deficiency	 in	 pregnant	 women	 was	 extremely	 high.	
The	 present	 study	 indicated	 that	 the	 mean	 serum	 25(OH)D	 level	
was	15.67	±	7.98	ng/mL	 among	 the	 recruited	 pregnant	women	 in	
Xiangyang,	 Hubei	 province.	 More	 than	 93%	 of	 pregnant	 women	
had	25(OH)D	insufficiency.	Moreover,	75%	of	pregnant	women	had	
25(OH)D	deficiency.	Though	different	dietary	habits,	geographical	
position,	 and	 genetic	 background	 could	 influence	 25(OH)D	 status	
in	pregnant	women	in	different	areas,	there	is	a	similar	trend	toward	
25(OH)D	deficiency	or	insufficiency	among	pregnant	women	glob-
ally.	Because	of	the	25(OH)D	deficiency,	the	incidence	of	abnormal	
infant and fetus increased.32-34

In	the	present	study,	we	genotyped	SNPs	across	key	genes	that	
encode	protein	to	participate	in	the	bioavailability	of	25(OH)D	me-
tabolism.35	Five	maternal	SNPs	in	GC were found to be closely as-
sociated	with	25(OH)D	concentration	among	pregnant	women.	GC 
gene	encodes	DBP,	 and	previous	 researches	have	demonstrated	
that	DBP	concentration	regulates	the	transport	of	25(OH)D	to	tar-
get organs and vitamin D metabolism.36,37 GC	SNPs	are	reported	
to	be	associated	with	DBP	levels	and	bioactivity,	suggesting	that	
SNPs	 in	 GC	 could	 influence	 serum	 25(OH)D	 status.38,39 In this 

study,	 variants	 of	 rs17467825,	 rs4588,	 rs2282679,	 rs2298850,	
and	 rs1155563	 in	GC	 were	 significantly	 associated	with	 25(OH)
D	concentration,	consistent	with	previous	identification.20	For	ex-
ample,	the	T	allele	of	GC	rs4588	was	associated	with	much	lower	
25(OH)D	 concentration,	 whereas	 the	 T	 allele	 of	 GC	 rs2282679	
was	 associated	 with	 higher	 25(OH)D	 concentration.19,40 Other 
significant	 link	of	SNPs	 in	GC	and	25(OH)D	concentration	 in	this	
study was also consistent with previous studies among different 
races.19,41-44 CYP2R1	encodes	25-hydroxylase	which	can	convert	
vitamin	D	into	25(OH)D.45	Multiple	evidences	indicated	that	SNPs	
in	the	CYP2R1	gene	might	affect	25(OH)D	concentration	and	in-
duce disease occurrence and development caused by vitamin D 
deficiency.20,24,41,46	 Though	 polymorphisms	 in	 rs10766197	 were	
reported	 to	be	closely	 linked	 to	vitamin	D	deficiency	 in	multiple	
ethnic	 populations,47,48	 the	 25(OH)D	 level	 in	 this	 study	was	 not	
strongly	associated	with	pregnant	women	carrying	the	rs10766197	
“G”	allele	and	“A”	allele.	However,	there	was	a	significant	relation-
ship	 between	 increased	 25(OH)D	 level	 with	 rs10766197	 when	
the	pregnant	women	were	homozygous	for	the	rs10766197	major	
allele	 (“GG”	 genotype)	 compared	 with	 the	 no-risk	 genotype	 “A”	
allele.	 This	 different	 finding	 was	 due	 to	 different	 genetic	 back-
ground	 and	 limited	 sample	 size.	Another	 reasonable	 explanation	
might	be	that	the	location	of	rs10766197	in	the	intron	region	de-
termined its synonymous mutations would not change the protein.

Studies	 have	 proved	 that	 there	 was	 a	 significant	 relation-
ship	 between	 the	 sunshine	 duration	 and	 25(OH)D	 concentra-
tion.49,50	For	example,	the	vitamin	D	concentration	was	lower	in	
some populations with less sunshine due to geographical envi-
ronment.51,52	 In	 addition,	 higher	25(OH)D	concentration	during	
the	summer	compared	with	lower	25(OH)D	concentration	during	
the winter further proves the importance of sun exposure.53,54 
As	 expected,	 sunshine	 duration	 was	 strongly	 associated	 with	
25(OH)D	concentration	in	our	study.	Pregnant	women	with	more	
sun	exposure	had	higher	25(OH)D	concentration.	Although	 the	
sampling	season	was	concentrated	 in	the	winter	and	spring,	we	
found	that	the	serum	25(OH)D	concentration	 in	the	winter	was	
significantly	higher	than	that	 in	the	spring	group,	which	may	be	
due to the fact that pregnant women in inland preferred sun-
bathe	 outside	 in	 the	winter.	 Besides	 the	 duration	 of	 sun	 expo-
sure,	 vitamin	 D	 supplementation	 was	 also	 closely	 linked	 with	
25(OH)D	 concentration.	 The	 universal-recommended	 vitamin	
D	 intake	 for	pregnant	women	 is	400	 IU/d,	while	 recent	 studies	
have suggested better effect of supplementation with 2000 or 
4000	 IU/d	 on	 improving	 25(OH)D	 concentration.55	 Scientists	
have also demonstrated that daily supplementation of vitamin D 
is more efficient than interval supplementation. In the present 
study,	 there	was	 statistically	 significant	 difference	 in	 25(OH)D	
concentration	with	or	without	vitamin	D	intake.	Women	with	no	
vitamin	 D	 supplementation	 had	 lower	 25(OH)D	 concentration	
(15.47	 ±	 7.96	 vs	 17.15	 ±	 8.07	 ng/mL).	 Thus,	 a	 dose	 of	 at	 least	
400	IU/d	was	recommended	to	ensure	enough	vitamin	D	support	
for	Chinese	pregnant	women	when	taken	into	consideration	lim-
ited sun exposure and outdoor activities. We also observed that 

TA B L E  3  Association	between	SNPs	and	serum	25(OH)D	levels

Genotype n

25(OH)D levels 
(ng/mL)
(mean ± SD) P-value

GC	(DBP)

rs17467825

AA 418 16.63	±	8.10 AA:AG	.003*

AG 324 15.09	±	7.97 AG:GG	.029*

GG 73 12.80	±	6.40 AA:GG	.000*

rs4588

GG 409 16.83	±	8.07 GG:GT .000*

GT 334 14.85	±	7.89 GT:TT	.048*

TT 72 12.92	±	6.71 GG:TT .000*

rs2298850

GG 401 16.84	±	8.20 GG:GC .000*

GC 338 14.89	±	7.79 GC:CC .047*

CC 76 13.01	±	6.67 GG:CC .000*

rs2282679

TT 482 16.30	±	8.02 TT:TG .024*

TG 270 15.20	±	8.12 TG:GG	.050

GG 63 12.89	±	6.38 TT:GG .024*

rs1155563

TT 223 16.59	±	7.81 TT:TC .122

TC 431 15.88	±	8.21 TC:CC	.005*

CC 161 13.86	±	7.38 TT:CC .000*

*Statistically	significant	difference	set	at	.05,	Kruskal-Wallis	H test. 
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external	factors	would	influence	the	effects	of	SNPs	on	25(OH)
D	 status.	 rs17467825	 “G”	 allele,	 rs4588	 “T”	 allele,	 rs2282679	
“G”	 allele,	 and	 rs2298850	 “C”	 allele	were	 in	 significant	 relation	
with	declined	25(OH)D	concentration	at	baseline,	but	they	were	
associated	with	elevated	25(OH)D	concentrations	after	vitamin	
D supplementation and/or more sun exposure regardless of sea-
sonal influence.

The	risk	of	adverse	neonatal	outcomes	was	higher	in	pregnant	
women	with	 25(OH)D	 deficiency	 than	 in	women	with	 adequate	
25(OH)D.	Wen	et	al	reported	that	maternal	vitamin	D	deficiency	
was	 associated	 with	 the	 risk	 of	 delivering	 a	 macrosomic	 infant,	
and	 they	 suggested	 that	 serum	25(OH)D	 concentration	must	 be	
monitored during pregnancy.14	Some	researchers	found	that	mac-
rosomic	infants	had	lower	25(OH)D	concentration,	suggesting	the	
necessity of vitamin D supplementation for pregnant women to 
prevent macrosomia.15	 Controversially,	 other	 studies	 have	 indi-
cated	 the	 association	 between	 low	 25(OH)D	 concentration	 and	
low birthweight.32,56	In	this	study,	a	high	risk	of	macrosomia	was	
observed	 when	 the	 pregnant	 women	 had	 25(OH)D	 deficiency.	
We	emphasized	 the	 influences	of	25(OH)D	 status	on	 the	 risk	of	
macrosomia and suggested that clinical nutrition interventions are 
necessary	during	pregnancy	for	 infant	health.	However,	no	stan-
dard	guideline	on	vitamin	D	intake	for	pregnant	women	has	been	
granted.	Moreover,	metabolism	in	vivo	and	environmental	factors	
in vitro are different for each pregnant woman. Whether the rec-
ommended dose is proper should be evaluated with better indica-
tors such as an ideal model.

Vitamin D concentration is affected by various factors including 
SNPs	and	clinical	factors.	A	model	based	on	multiple	variables	is	bet-
ter	than	a	single	risk	factor	in	predicting	25(OH)D	deficiency	(Table	
S6).	A	clinical	model	was	constructed	to	predict	the	genetic	risk	of	

F I G U R E  2  The	association	of	rs17467825,	rs4588,	rs2282679,	and	rs2298850	with	25-hydroxyvitamin	D	(25(OH)D)	concentration	
modified	by	vitamin	D	supplementation	and	sun	exposure.	Total	serum	25(OH)D	and	(A),	rs17467825	(B),	rs4588	(C),	rs2282679	(D),	and	
rs2298850	exhibited	interactions	among	SNPs	with	or	without	vitamin	D	supplementation	and	sun	exposure.	The	top	row	represented	
the	correlation	between	25(OH)D	concentration	and	alleles	in	response	to	vitamin	D	intake.	The	middle	row	represented	the	correlation	
between	25(OH)D	concentration	and	alleles	in	response	to	sun	exposure	time.	The	bottom	row	represented	the	correlation	between	25(OH)
D	concentration	and	alleles	in	response	to	sun	exposure	time	when	vitamin	D	is	not	supplemented.	*,	p<0.05;	**,	p<0.01;	***,	p<0.001

F I G U R E  3  An	XGBoost	model	of	monitoring	25-hydroxyvitamin	
D	concentration	among	pregnancy	women.	The	AUC	was	0.828	in	
the	training	set	(n	=	733)	and	0.807	in	the	test	set	(n	=	82)
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serum	 25(OH)D	 deficiency	 in	 pregnant	 women	 and	 provide	 clini-
cal	 advice.	 SNPs,	 age,	 sun	 exposure,	 vitamin	D	 intake,	 gestational	
week,	and	physical	activity	were	input	in	the	model	as	variables,	and	
clinical guidance such as increasing sun exposure or vitamin supple-
mentation,	and	the	corresponding	intensity	and	dose	can	be	output	
according	to	the	risk	range.	Moreover,	an	AUC	>	0.8	in	both	training	
set and test set suggested that the model could serve as a better on-
line	system	to	ultimately	help	us	to	identify	individualized	functional	
variants on vitamin D endocrine system and provide suggestions 
suitable for individuals.

5  | LIMITATIONS

Limitations	 including	 ethnicity,	 sampling	 season,	 and	 sample	 size	
should be mentioned. The sample of both pregnant women and in-
fants was relatively fewer. There is a big difference in the propor-
tion of macrosomia and normal weight infants which may affect the 
statistical	 power	of	 the	 study.	Besides,	 the	 sunshine	 exposure	 and	
activity duration were collected by questionnaire. The cutoff hours 
for	physical	activities	and	sun	exposure	were	set	by	the	hospital	lack	
of international references. Time bias might influence the statistical 
results.	In	future	studies,	it	is	necessary	to	further	expand	the	sample	
size,	especially	for	newborns,	to	study	the	association	between	SNP's	
in	vitamin	D-binding	protein	gene	and	neonatal	macrosomia	risk.

6  | CONCLUSIONS

This study provided evidence for the universality of vitamin D defi-
ciency	among	pregnant	women	in	China.	Accordingly,	maternal	GC 
gene	polymorphisms	do	 influence	on	maternal	vitamin	D	status.	A	
model	was	constructed	to	predict	the	genetic	risk	of	serum	25(OH)D	
deficiency in pregnant women and provide clinical advice to reduce 
the	risk	of	maternal	vitamin	D	deficiency.
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