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Abstract: Vitamin D deficiency during pregnancy is thought to play a role in the development of preeclampsia; how-
ever, the underlying mechanism is not fully understood. In this study, a randomized double-blind placebo-controlled 
clinical trial was performed among 60 pregnant women at risk for pre-eclampsia according to abnormal uterine 
artery Doppler waveform. Subjects were randomly divided into 2 groups to receive a daily dose of 2000 IU vitamin 
D3 supplements (n=30) or receive placebo (n=30) between gestational weeks 20-32 for a total of 12 consecu-
tive weeks. Because vitamin D3 supplementation can induce anti-inflammatory cytokine signaling, peripheral blood 
monocytes were investigated by flow cytometry for expression of toll-like receptor 4 (TLR4), an important mediator 
of innate immune response. The pro-inflammatory cytokines secretion of tumor necrosis factor (TNF)-α, interleukin 
(IL)-6, and IL-1 from monocytes, which are typically upregulated in preeclampsia, was also assessed. The incidence 
of preeclampsia was significantly lower in patients treated with vitamin D3 compared to the placebo group. Both the 
mean fluorescence intensity and the positive percentage of monocytes TLR4 in the vitamin D group were signifi-
cantly lower compared to the placebo group, as well as the concentrations of secreted TNF-α, IL-6, and IL-1, while the 
concentration of IL-10 was higher. In the placebo group, the positive frequency of monocytes TLR4 was negatively 
correlated with the concentration of serum 25-hydroxyvitamin D in preeclampsia patients. Based on these results, 
we conclude that vitamin D3 supplementation for patients at risk of preeclampsia leads to a decrease in the ex-
pression of peripheral blood monocytes TLR4 and a subsequent decrease in pro-inflammatory cytokine secretion. 
Therefore, inhibiting the expression of monocytes TLR4 through vitamin D3 supplement may be a new approach to 
preeclampsia prevention.
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Introduction

Preeclampsia is a systemic disease involving 
multiple organ dysfunction that occurs exclu-
sively during pregnancy. Preeclampsia is char-
acterized by hypertension and proteinuria 
affecting 1.3-6.7% of all human pregnancies 
[1]. Maternal systemic inflammation has been 
implicated as a key determinant in the patho-
genesis of preeclampsia [2]. During normal 
pregnancy, monocytes/macrophages distrib-
ute in the maternal/fetal interface, consisting 
of maternal decidua and placental trophoblast, 
and produce prostaglandin E2, indolamine 
dioxygenase, and interleukin 10 (IL-10) via 
interactions with trophoblast and regulatory T 
cells (Tregs). These immunosuppressant mole-
cules help to establish maternal-fetal tolerance 

and participate in embryo implantation and pla-
centa development. 

If monocytes/macrophages are abnormally 
activated in the fetal and placental circulation 
under hypoxic conditions and may represent an 
important source of proinflammatory cytokines 
such as interleukins (IL)-β, IL-6, and IL-8. The 
differentiation of trophoblasts will be impeded, 
potentially leading to the increased vascular 
resistance and pregnancy failure and/or pre-
eclampsia [3]. Monocytes display toll-like recep-
tor 4 (TLR4) on their surface; this molecule is 
involved in the innate immune response. 
Activated TLR4 can form a complex with myeloid 
differentiation primary response gene 88 
(MyD88) and interleukin-1 receptor associated 
kinases (IRAKs) to activate nuclear factor-κB 
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(NF-κB) and promote the secretion of inflamma-
tory factor, a key contributor in preeclampsia-
related inflammation [4]. 

Many studies have focused on the regulation of 
monocytes TLR4 expression to reduce mater-
nal inflammation. Vitamin D has a well estab-
lished role in immunity [5] and its deficiency 
during pregnancy been shown to up-regulate 
maternal proinflammatory cytokines [6], lead-
ing to increased expression of tumor necrosis 
factor α, interleukin-6, and interfron-γ, and the 
onset of preeclampsia [7], making it a promis-
ing contender for targeting TLR4 signaling. We 
assessed the effects of vitamin D3 supplemen-
tation on patients at risk for developing pre-
eclampsia and observed TLR4 expression in 
peripheral blood monocytes as a step toward 
identifying new targets for preeclampsia 
prevention. 

Materials and methods

Study design

Sixty pregnant women at risk for preeclampsia 
were selected to participate in a randomized, 
double-blind controlled trial at the People’s 
Hospital of Binghai County from February to 
October 2014. All pregnant women were experi-
encing their first pregnancy, aged between 20 
and 32 years, between 18 and 20 weeks gesta-
tion, and pregnant with a single fetus. Each 
pregnant woman selected for the study showed 
the following abnormalities on uterine artery 
Doppler, qualifying them as high-risk [8]: aver-
age resistance index (RI) > 0.67, pulsatility 
index (PI) > 1.65, and incisura at early diastole 
phase. Pregnant women were excluded from 
the study if they had taken warfarin or other 
drugs, or had any abnormalities of fetal devel-
opment. No participants had a history of auto-
immune disease or recent history of infection. 
There were no significant differences in age, 
body mass index, or gestational week between 
the two study groups. This study was approved 
by the Ethics Committee of the hospital (Ethics 
research 2014-03), and informed consent was 
obtained from all participants. 

Pregnant women were randomized into two 
groups to take either cholecalciferol supple-
ments (n=30) or placebo (n=30). Pregnant 
women in the vitamin D group received a daily 
dose of 2000 IU vitamin D3 (Qingdao Double 

Whale Pharmaceutical Co., Ltd.) from gesta-
tional week 20 through 32, while those in the 
control group received a placebo (containing 
the same excipients, but no vitamin D3) 
(Qingdao Double Whale Pharmaceutical Co., 
Ltd.), for a total of 12 consecutive weeks. 
Placebo pearls were similar in color, shape, 
size, and package to the vitamin D3 ones and 
contained edible paraffin. Subjects were 
requested not to alter their regular physical 
activity or normal dietary intakes throughout 
the study and not to take any supplements 
other than the one provided to them by the 
investigators. 4 mL of peripheral blood were 
collected at baseline and 12 weeks after the 
intervention from the antecubital vein at gesta-
tional week 32 and anticoagulated with hepa-
rin; detection took place within 24 hours in 
room temperature. 

Preeclampsia indicators

C-reactive protein (CRP) and urine microalbu-
min were measured with a BN ProSpec speci- 
fic protein analyzer and matched reagents 
(Siemens, Berlin, Germany). 

Peripheral blood 25-hydroxy vitamin D detec-
tion 

Fasting venous blood samples were collected 
and centrifuged at 500 × g for five minutes  
to collect plasma and immediately stored at 
-80°C. Electrochemiluminescence immunoas-
say (Roche Diagnostics GmbH, Germany) was 
used to detect serum 25-(OH) vitamin D con-
centration according to the manufacturer’s pro-
tocol; the intra-batch and inter-batch coeffi-
cients of variation were less than 5% and 10%.

Detection of TLR4 on peripheral blood mono-
cytes

10 μL FITC mouse anti-human-CD14 monoclo-
nal antibody, 10 μL phycoerythrin (PE) mouse 
anti-human TLR4, and isotype reference mate-
rials (BD Biosciences, Franklin Lakes, NJ) were 
added to 100 μL of peripheral blood and  
incubated in the dark at room temperature  
for 30 minutes. Erythrocyte lysis solution (BD 
Biosciences, Franklin Lakes, NJ) was used to 
destroy red blood cells, followed by a saline 
wash, centrifugation at 500 × g for six minutes, 
and re-suspension in 400 μL PBS. A FACSCanto 
machine (BD Biosciences) was used for detec-
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tion and CD14 positive monocytes were used 
for gating; read mean fluorescence intensity 
(MFI) or the percentage of TLR4 positive of 
monocytes. 

Preparation of primary monocytes and their 
activation of TLR4 

The blood samples collected after 12 weeks 
intervention in sterile heparinized tubes were 
diluted with an equal volume of phosphate-
buffered saline (PBS), pH 7.4 and centrifuged 
over Ficoll gradients (Amersham Pharmacia) to 
isolate peripheral blood mononuclear cells 
(PBMCs). The resulting PBMCs were further 
passed over Percoll gradients (Amersham 
Pharmacia) at a concentration of 5 × 107 cells/
mL to deplete lymphocytes. The resulting pri-
mary monocytes were relatively pure (80-90%) 
as determined by CD14+ staining and flow 
cytometry. Finally, the purified monocytes were 
were then re-suspended with complete RPMI-
1640 culture medium (2 mM L-glutamine and 
penicillin-streptomycin) supplemented with 
10% heat-inactivated fetal calf serum (FCS) 
(Gibco, Life Technologies) to a concentration of 
1 × 105 cells/mL and divided into two wells. 
One well received 50 ng/mL lipopolysaccharide 
(LPS) (Sigma-Aldrich, St. Louis, MO). Cells were 
cultured in a 5% CO2 incubator at 37°C for 18 
hours, and then supernatant was collected and 
stored at -80°C.

Cytokine detection 

Two mL of peripheral blood were 
centrifuged at 500 × g for five 
minutes and serum were stored 
immediately in a refrigerator at 
-80°C. Serum cytokines, tumor 
necrosis factor α (TNF-α), inter-
leukin (IL)-6, IL-8, and IL-10  
were measured using detection 
reagents (Bio-Rad Laboratories, 
Inc, Hercules, CA) and a Lumi- 
nex 2000 (Luminex Corporation, 
Austin, TX) according to the man-
ufacturer’s protocol. Each sam-
ple was measured twice and 
concentrations were averaged.

Statistical analysis

Stata7.0 statistical software 
(StataCorp, College Station, TX) 

Table 1. The effect of vitamin D supplementation on pregnancy 
outcome

Placebo group 
(n=30)

Vitamin D group 
(n=30) P-Value

Birth parameters 26.5 ± 5.2 27.0 ± 5.3 > 0.05
Cesarean section (%) 10 (33.3) 4 (13.3 ) < 0.05
Gestational age (weeks) 39.1 ± 1.3 39.4 ± 1.3 > 0.05
Preterm delivery (%) 1 (3.3) 0 (0) > 0.05
Newborn weight (g) 3 141.0 ± 495.9 3 313.6 ± 341.1 < 0.05
Urinary albumin (mg/L) 422.5 ± 70.9 115.1 ± 4.9 < 0.05
CRP (mg/L) 5.78 ± 1.12 3.26 ± 0.82 < 0.05
Monocytes (1 × 109/L) 0.39 ± 0.15 0.55 ± 0.21 < 0.05
1-min Apgar score 8.9 ± 0.2 8.9 ± 0.3 > 0.05
5-min Apgar score 9.9 ± 0.2 9.9 ± 0.3 > 0.05
Preeclampsia rate (%) 13 (43.3%) 6 (20.0%) < 0.05
Low birth weight (%) 2 (6.7) 0 (0) > 0.05
Systolic blood pressure 130.4 ± 8.9 112.0 ± 10.0 < 0.05
Diastolic blood pressure 92.6 ± 4.4 81.5 ± 8.4 < 0.05

was used to conduct a data normality test. 
Normally distributed data were expressed as 
mean ± standard deviation, and comparisons 
between the two groups were done using a 
Student’s t-test. Skewed data were expressed 
as median M (25-75 percentile), and compari-
son between the two groups was done with 
Mann-Whitney U test as a two-sided test. The 
Linear correlation coefficient was calculated 
using the Spearman correlation coefficient. A P 
< 0.05 was considered statistically significant. 

Results 

Vitamin D3 supplementation affects pregnancy 
outcome 

The cesarean section rate, urinary albumin, 
CRP, incidence of preeclampsia [10], systolic 
blood pressure, and diastolic blood pressure in 
the group that received vitamin D supplemen-
tation were significantly lower compared to the 
placebo group. The vitamin D supplementation 
group also gave birth to significantly heavier 
babies (Table 1). 

Vitamin D supplementation decreases TLR4 
expression on monocytes 

After vitamin D3 supplementation for 12 weeks, 
peripheral blood cells were analyzed with flow 
cytometry equipped with forward scattered 
(FS) and side scattered (SS) light to allow for 
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the differentiation of monocytes (Figure 1A). 
Positive frequency and mean fluorescence 
intensity (MFI) of CD14+ monocytes TLR4 were 
also determined (Figure 1D, 1E). Both the posi-
tive frequency and MFI of monocytes TLR4 in 
the Vitamin D group were significantly lower 
than in the placebo group (P < 0.05).

25-hydroxy vitamin D concentration in periph-
eral blood

After 12 weeks of vitamin D supplementation, 
the concentration of serum 25-hydroxy vitamin 
D was significantly higher compared to the 
serum levels before supplementation. As 

Figure 1. Analysis of monocytes TLR4 by flow cy-
tometry. A. Representative flow cytometry plot 
showing forward and side scatter characteristics 
with gating used to identify monocytes (R1); B. 
Percentage of TLR4 positive monocytes. C. Mean 
fluorescence intensity (MFI) of monocytes TLR4; D. 
Comparison of the percentage of monocyte TLR4+ 
between Vitamin D and placebo groups. E. Com-
parison of the MFI monocyte TLR4+ between Vi-
tamin D and placebo groups. Note: Statistical sig-
nificance was determined by Mann-Whitney U test. 
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expected, the vitamin D group had significantly 
higher 25-hydroxy vitamin D levels after supple-

mentation compared to the placebo group 
(Figure 2A). The concentration of 25-hydroxy 

Figure 2. The concentration of serum 25-hydroxy vitamin D in pregnant women. A. The concentration of 25-hydroxy 
vitamin D in peripheral blood. B. The correlation of 25-hydroxy vitamin D and monocyte TLR4+.

Figure 3. LPS stimulation alters cytokine secretion of monocytes from patients supplemented with vitamin D.
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vitamin D in peripheral serum of placebo-treat-
ed patients was negatively correlated with 
monocytes TLR4 levels, with a correlation coef-
ficient of -0.532 (P=0.0025) (Figure 2B).

LPS stimulation alters monocytes cytokine 
secretion

After stimulation with 50 ng/mL LPS, mono-
cytes from patients supplemented with vitamin 
D had significantly lower secretion of TNF-α, 
IL-6, and IL-8 compared to the placebo-treated 
group, while the concentration of IL-10 was sig-
nificantly higher (Figure 3).

Comparing concentrations of cytokines in se-
rum

Concentrations of serum TNF-α, IL-8, and IL-6 
were significantly lower after vitamin D supple-
mentation compared to the placebo group, 
while serum IL-10 was significantly higher (P < 
0.05) (Figure 4).

Discussion 

Vitamin D is a fat-soluble steroid hormone that 
exists in several forms within the human body, 
mainly as vitamin D2 (ergocalciferol) and vita-
min D3 (cholecalciferol). The chemically active 
form of 25-hydroxy vitamin D [25-(OH)D] circu-
lates in the bloodstream and regulates calcium 
and phosphorus metabolism to maintain bone 
health, and regulates immune function, glu-
cose metabolism, cell proliferation and differ-
entiation, and angiogenesis. Vitamin D defi-
ciency has been linked to a three-fold increase 
in preeclampsia risk [11, 12], and during weeks 
24-26 of pregnancy, women with serum levels 
of 2-5(OH)D < 50 nmol/L have been found to 
have significantly increased risk of preeclamp-
sia [13]. 

In this study, pregnant women at risk of devel-
oping preeclampsia received 2,000 IU vitamin 
D3 over the course of twelve weeks. This dose is 

Figure 4. Comparison of the concentrations of cytokines in serum between vitamin D supplementation and placebo 
group.
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higher than the recommended daily dose of 
400 IU for pregnant women, but much lower 
than the dose advised by the Institute of 
Medicine (IOM) [14] and this is no problem in 
this short study of 12 weeks. In a meta-analysis 
study it has been shown that pregnant women 
who received vitamin D supplements in early 
pregnancy had lower odds of pre-eclampsia 
[15]. Vitamin D supplementation in healthy nul-
liparous women did affect pregnancy outcome 
with regard to pre-eclampsia [16]. But there is 
little known about the underlying mechanism. 

Toll-like receptor is a biological pattern recogni-
tion receptor that initiates the immune 
response by recognizing and binding pathogen-
related molecular patterns (PAMP). It is an 
important transmembrane receptor and signal 
transduction receptor in the innate immune 
response [17]. TLR4 can bind to LPS, teichoic 
acid, respiratory syncytial virus F protein, 
endogenous ligands such as heat shock pro-
tein, high mobility group protein-l, hyaluronic 
acid, fibrinogen, and fibronectin, among other 
molecules, on the surfaces of Gram-negative 
bacteria [18]. Many studies have suggested a 
link between the TLR4 signaling pathway and 
preeclampsia, but it is not known which of 
these ligands is involved. Analysis of the TLR4 
signaling pathway in placenta revealed that 
TLR4, MyD88, and NF-κB are highly expressed 
in placental tissues from preeclampsia 
patients, resulting in localized and systematic 
inflammatory reaction and oxidative damage 
[19]. Monocytes from preeclampsia patients 
express significantly increased levels of TLR4, 
have abnormal reactivity to LPS ligand activa-
tion, and produce pro-inflammatory cytokines 
at high concentrations [20]. 

We found that vitamin D3 supplementation in 
patients at risk of developing preeclampsia led 
to significantly lower detection of TLR4 on 
peripheral blood monocytes. This is consistent 
with previous in vitro findings showing that 1, 
25-dihydroxy vitamin D could block TLR2 and 
TLR4 activation by LPS in human monocytes 
THP-1 [21]. However, other studies suggest that 
vitamin D only affects TLR2 in monocytes, and 
has no effect on TLR4 [22]. This may be due to 
differences in the cell types used. 

After TLR4 activation by LPS, monocytes pro-
duce a surplus of pro-inflammatory cytokines. 
LPS first binds to lipopolysaccharide binding 

protein (LBP) in the plasma, which then pro-
motes binding to CD14 and MD-2 on the mono-
cytes membrane [23]. The resulting complex is 
recognized by TLR4 and activates intracellular 
signaling pathways, including the tyrosine 
kinase pathway, protease C pathway, and NF-κB 
pathways [24]. The activation of a variety of 
transcription factors serves to regulate the 
expression of cytokines at the transcriptional 
level, synthesizing effector cells and secreting 
large amounts of inflammatory mediators or 
chemokines [25].

In our study, monocytes were activated with 
LPS and the levels of secreted cytokines were 
measured. Monocytes from pregnant women 
who received vitamin D3 supplementation 
secreted a significantly lower amount of the 
proinflammatory cytokines TNF-α, IL-6, and IL-8 
compared to cells derived from women given 
the placebo, while the inflammatory cytokine 
IL-10 was significantly higher. Consistent with 
this finding, women treated with vitamin D3 had 
significantly lower peripheral serum TNF-α, IL-8, 
and IL-6, with an increase in IL-10. This is con-
sistent with previous findings in which 1,25-
(OH)D was used to treat adipose tissue and IL-6 
and IL-8 were decreased [26]. Furthermore, 
monocytes TLR4 was negatively correlated with 
the concentration of 25-hydroxy vitamin D in 
peripheral serum in the placebo group. 

Previous studies have suggested that pre-
eclampsia patients have high concentrations of 
TLR4 ligands that produce an inflammatory 
reaction through the activation of TLR4 in the 
peripheral circulation. Fibrinogen concentra-
tions in preeclampsia patients have been 
shown to be significantly higher than in normal 
pregnant women and to activate mononuclear 
cell TLR4 [27]. Similarly, high concentrations of 
heat shock protein 70, which can be detected 
in early-onset preeclampsia patients, are able 
to activate TLR4 signal pathways and are cor-
related with concentrations of TNF-α, IL-1β, 
IL-12, and soluble TNF receptor-I [28, 29]. 

Here, we show that patients at risk of develop-
ing preeclampsia can significantly lower their 
risk by taking a daily dose of 2,000 IU vitamin 
D3 during gestational weeks 20-32. Vitamin D 
supplementation served to decrease the 
expression of TLR4 in peripheral blood mono-
cytes and significantly reduce the pro-inflam-
matory cytokines TNF-α, IL-8, and IL-6 secreted 
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by monocytes. It can be presumed that vitamin 
D3 can inhibit the TLR4 signaling in the periph-
eral blood monocytes, thereby down-regulating 
inflammatory pathways and reducing endothe-
lial cell damage. Future clinical studies will 
focus on establishing appropriate vitamin D 
supplement doses for pregnant women of dif-
ferent populations, regions, and races.
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