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Abstract

Objective—To investigate a role of Vitamin D in the pathogenesis of preeclampsia (PE), and to 

discern any potential benefits of Vitamin D supplementation on hypertension in the RUPP rat 

model of PE.

Study design—Blood and placentas from normal pregnancies (NP) and PE were collected 

following elective cesarean delivery without evidence of infection. Circulating Vitamin D was 

extracted by HPLC and measured via mass spectrometry. Media for placenta explants was 

supplemented with Vitamin D and exposed to hypoxic (1% O2) or normoxic (6% O2) conditions 

for 24 hours. ELISAs were performed on media and normalized to total protein to determine 

cytokine secretion. RUPP rats were supplemented with vitamin D by oral gavage, and blood 

pressure (MAP) and pup weights were measured in NP and RUPP rats with or without Vitamin D 

supplementation. Flow cytometry was used to evaluate CD4+ Tcells in control RUPP rats and 

RUPP rats treated with Vitamin D.

Results—Inflammatory cytokine secretion was higher (p<0.05) while the anti-inflammatory 

cytokine, IL-10, was significantly lower in the media of PE placentas compared to NP (p=0.005). 

Vitamin D supplementation decreased hypoxia stimulated pro-inflammatory cytokine secretion 

(p=0.003) in the media of PE placentas. Vitamin D decreased MAP and circulating CD4+ T cells 

in the RUPP rat model of PE (p<0.05).

Conclusion—Vitamin D supplementation may be useful in the treatment or prevention of 

hypertensive disorders in pregnancy.
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Introduction

Vitamin D levels have been shown to be two fold higher during the third trimester of normal 

pregnancy than in non-pregnant or postpartum women [1].Vitamin D may be obtained from 

the diet, but it can also be synthesized after exposure to UV light. 7-dehydrocholesterol is 

converted to cholecalciferol within the skin after exposure to sunlight. It is then 

hydroxylated to calcidiol (25(OH) D) in the liver and hydroxylated again in the kidneys to 

form calcitriol (1,25-dihydroxycholecalciferol). Calcidiol is the easiest form of Vitamin D to 

measure in serum and calcitriol is the active form of the vitamin. Classical actions of 

Vitamin D have been described in bone and kidney; however, Vitamin D also has important 

effects on the immune system, pancreas, cardiovascular system and brain [2]. Importantly, 

Vitamin D blunts adaptive immune responses while increasing innate immunity. Therefore, 

Vitamin D analogs may be useful in the prevention and treatment of human autoimmune or 

hypertensive disorders [3].

Preeclampsia (PE) is a hypertensive disorder of pregnancy usually diagnosed by new onset 

maternal hypertension and proteinuria after 20 weeks gestation; it is most frequently 

diagnosed in the latter trimester (>28 weeks)of pregnancy [4-5]. The disorder affects 2-7% 

of pregnancies in the United States and is a major of cause of maternal morbidity and 

mortality, intrauterine growth restriction, prenatal death, and preterm birth [6-7]. Although 

the exact mechanism is unclear, PE is postulated to be caused, in part, by uteroplacental 

ischemia, which leads to increased antiangiogenic factors, like sFlt-1 and soluble endoglin, 

as well as T helper 1 (Th1) cells and cytokines, such as tumor necrosis factor-α, 

interleukin-6 (IL-6), interleukin-8, and interleukin-17 (IL-17) [8]. There also is evidence that 

a decrease in T helper 2 (Th2) cells and cytokines occurs in the setting of PE [9].

PE occurs more frequently in the winter months, when days are shorter [10]. The lack of 

sunlight may result in a reduction in the production of sunlight-dependent Vitamin D. A 

subsequent Vitamin D deficiency (less than 32 ng/mL) has been linked with the 

development of chronic immune diseases and possibly PE [11-12]. Although a link between 

Vitamin D deficiency, chronic immune activation and PE is suggested, studies have 

demonstrated no significant difference in circulating Vitamin D between normal pregnancies 

and those affected by PE [13] Furthermore, no studies to date have evaluated the effect of 

Vitamin D supplementation on placental ischemia induced hypertension or the effect it may 

have of placental cytokine secretion.

Because PE has been associated with immune activation, [2,14-15] we hypothesize that the 

anti-inflammatory properties of Vitamin D could blunt the effects of hypertension in 

response to placental ischemia and placental cytokine secretion. We undertook this study to 

investigate the role of Vitamin D in the pathogenesis of PE, and to discern if there might be 

potential benefits of Vitamin D supplementation in the RUPP rat model PE.

Materials and Methods

NP and PE women scheduled for elective, non-infected cesarean delivery at Women and 

Infants Hospital at the University of Mississippi Medical Center were enrolled in our IRB- 
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approved study for the analysis of Vitamin D in correlation with the prevalence of chronic 

immune activation.

Determination of circulating 1, 25(OH)2D by Mass Spectrometry

Mass spectrometry was used to determine the circulating concentrations of 1, 25(OH)2D 

(Vitamin D) in women with PE (n=7) or with normal pregnancies (NP; n=12) who were 

undergoing cesarean delivery at the Women and Infants Hospital at the University of 

Mississippi Medical Center. Briefly, whole blood was collected and centrifuged to obtain 

plasma. 10μL of 0.2ng/μL 25-OH vitamin D3 was added to 200μL of plasma to serve as an 

internal control, followed by the addition of 500μL of acetonitrile. After centrifugation at 

10,000g for 15min., the organic phase was transferred to recovery vials and evaporated to 

dryness under a stream of nitrogen gas. The residue was re-dissolved in HPLC grade water 

and column (Waters Corp.) purified using ethyl acetate and methanol.

Vitamin D supplementation in placental explants

Placentas were collected from pregnant women with PE and NP (n=3 each) undergoing 

cesarean delivery. Uniform segments of placental tissue weighing approximately 0.5mg 

were plated in matrigel-coated (BD Pharmingen) 6-well plates containing media, DMEM + 

5% Penicillin-Streptomycin) (Invitrogen) with or without Vitamin D at concentrations of 

100μM D2 (Ergocalciferol Oral Solution USP units 0.2mg, County Line Pharmaceuticals, 

LLC Brookfield, WI)and 100μM D3 (Enfamil D-Vi-Sol Vitamin D supplement Drops 400 

IU). Tissue cultures were incubated under hypoxic (1% O2) or normoxic (6% O2) 

conditions for 24 hours. 1mL of cell culture media was saved for inflammatory cytokine 

analysis.

Determination of inflammatory cytokine secretion

Enzyme-linked immunosorbent assays (ELISAs) were performed on cell culture supernatant 

to determine placental explant cytokine secretion. IL-6, sFlt-1, IL-17 and Interleukin-10 

(IL-10) concentrations were determined using 100μL of collected media in commercially 

available ELISA kits from RnD Systems. All assays were carried out in accordance with 

manufacturer's directions. Total protein was measured in the cell culture media, using a 

BCA protein quantitation kit from Pierce. The minimal detectable dose (MDD) for the IL-6 

ELISA was 0.7pg/mL with an intra-assay/inter-assay precision of 3.1% and 2.7% CV 

respectively. The MDD for the sFlt-1 ELISA was 3.5pg/mL with an intra-assay/inter-assay 

precision of CV 3.2% and 7.4%, respectively. The MDD for the IL-17 ELISA was 15 pg/mL 

with an intra-assay/inter-assay precision of 5.5% and 8.4% CV, respectively. The MDD for 

the IL-10 ELISA was 3.9 pg/mLwith an intra-assay/inter-assay precision of 4.6% and 6.6% 

CV, respectively.

Effect of Vitamin D supplementation on blood pressure and chronic elevations in immune 
cells in the RUPP rat model of PE

All animal studies were performed with 250g timed-pregnant Sprague Dawley rats (Harlan, 

Indianapolis, IN). Animals were housed in a temperature controlled room with a 12:12 

light:dark cycle. All experimental procedures in this study were in accordance with the 
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National Institutes of Health guidelines for use and care of animals and were approved by 

the Institutional Animal Care and Use Committee at the University of Mississippi Medical 

Center.

On gestational day (GD) 14,under isoflurane anesthesia normal pregnant rats underwent a 

reduction in uterine perfusion pressure (RUPP) with the application of a constrictive silver 

clip (0.203mm) to the aorta superior to the iliac bifurcation while ovarian collateral 

circulation to the uterus was reduced with restrictive clips (0.100mm) to the bilateral uterine 

arcades at the ovarian end [16-18]. Vitamin D2 100μL/mL as well as Vitamin D3 100μL/mL 

was administered to RUPP rats daily via oral gavage on GDs 14 through 18. On GD18 

indwelling carotid catheters were inserted into all groups for blood pressure measurements. 

On GD19 mean arterial pressure, (MAP) was monitored with a pressure transducer (Cobe III 

Transducer CDX Sema) and continuously recorded for 45 minutes following a one-hour 

stabilization period. Immediately after blood pressure collection, maternal tissues were 

harvested and whole blood was collected. Four groups of pregnant rats were examined: 

Normal pregnant (NP, n=5), Reduced uterine perfusion pressure (RUPP, n=6), RUPP

+Vitamin D2 @100μL/mL (RUPP+100D2; n=5), RUPP+Vitamin D3 @100μL/mL (RUPP

+100D3; n=7).

Determination of CD4+ T lymphocytes

Flow cytometry was used to determine the effect of Vitamin D on CD4+ T helper cells in 

RUPP rats. 1mL of whole blood was prepared for lymphocyte isolation by dilution with 

3mLs of RPMI 1640 (Invitrogen) and layered over a Ficoll-Hypaque gradient 

(Lymphoprep®, Accurate Chemical Corp) according to the manufacturer's directions and 

centrifuged at 1600RPM for 25min. The suspended layer was collected and diluted with 

10mLs of RPMI 1640 and centrifuged at 1600RPM for 10 minutes. The supernatant was 

discarded and the cells were blocked with 250μL mouse and goat blocking buffer (0.5% 

mouse serum + 0.5% goat serum+ FACS buffer) for 15 minutes. After incubation, 1mL of 

FACS Wash (RPMI 1640 + 1% heat-inactivated fetal bovine serum + 5% 0.5M 

ethylenediaminetetraacetic acid) was added to the lymphocytes and centrifuged at 1600RPM 

for 10 minutes. The supernatant was discarded and the lymphocytes were reconstituted with 

FACS buffer (RPMI 1640 + 1% heat-inactivated fetal bovine serum + 5% 0.5M 

ethylenediaminetetraacetic acid + 0.5% Tween20).

Equal numbers of lymphocytes (1 × 106) were incubated for 30min. at 4°C with antibodies 

against mouse CD4. After washing, cells were labeled with secondary antibodies fluorescein 

isothyiocyanate (FITC; Southern biotech) for 30min. at 4°C. Cells were washed and 

suspended in 500μL of FACS fixative (50% FACS Buffer + 50% of 10% buffered formalin). 

As a negative control, for each individual rat, cells were incubated with anti-FITC alone. 

Cells were analyzed for single staining on a Gallios flow cytometer (Beckman Coulter). The 

percent of positive staining cells above the negative control was collected for each 

individual rat and mean values for each group was calculated.
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Statistical analysis

All data are expressed as mean + standard error mean. Differences between multiple groups 

were analyzed via one-way analysis of variance (ANOVA) and post-hoc analyses were 

obtained through Bonferoni. Values of P < 0.05 were considered significant.

Results

Circulating Vitamin D is not significantly different between NP and PE patients

To determine if PE is associated with a decrease in circulating Vitamin D, we examined 

Vitamin D levels via mass spectrometry. As seen in previous studies by Powe et al, [13] 

there were no significant differences in circulating Vitamin D levels in patients with PE 

(n=7) compared to NP (n=12) Vitamin D levels decreased from 6.063±1.243 ng/200μL in 

the NP group to 5.266±0.75 in the PE group (p=0.65).

Vitamin D supplementation blunts hypoxia induced inflammatory cytokine secretion from 
PE placentas

To determine if Vitamin D supplementation could reduce inflammation associated with 

hypoxia and preeclampsia, we cultured placental explants with 100μM D2 or 100μM D3. 

After 24hrs of tissue culture, hypoxia significantly increased IL-6 secretion from 38.41±22.1 

to 114.3±19.61 pg/mg/mL (n=3; p=0.05; Figure 2A) in PE placentas. Addition of Vitamin 

D3 to media of PE tissue explants blunted IL-6 secretion compared to placental explants 

without Vitamin D supplementation (p=0.13; Figure 1A).

Hypoxia significantly increased placental secretion of sFlt-1 from 207.1±78.98 to 

559.3±43.06 pg/mg/mL (p=0.04; (Figure 1B) from PE placentas. Vitamin D 

supplementation significantly decreased sFlt-1 secretion in response to hypoxia from PE 

placentas with both Vitamin D2 (135+47.93pg/mg/mL; p=0.008) and Vitamin D3 

(103.4+32.8pg/mg/mL; p=0.003; Figure 1B) when compared to PE tissue explants without 

Vitamin D. Hypoxia did not significantly increase sFlt-1 secretion from NP placentas 

compared to normoxic NP placentas (p=0.71; Figure 1B), however PE placentas secreted 

significantly more sFlt-1 in response to hypoxia compared to NP placentas exposed to 

hypoxia (p=0.01; Figure 1B).

Importantly, IL-10, an anti-inflammatory cytokine, was significantly decreased in PE 

placental explants (0.57+0.24pg/mg/mL) cultured at normoxic conditions compared to NP 

placental explants 5.95±0.89 pg/mg/mL (p=0.005). Similar results were seen when IL-10 

secretion from PE explants (0.27+0.09pg/mg/mL) was compared to IL-10 secretion from NP 

placental explants (0.69+0.04pg/mg/mL; p=0.05; Figure 1C) under hypoxic conditions. 

Vitamin D supplementation did not significantly increase IL-10 secretion in PE placentas 

exposed to hypoxia (p=0.61; Figure 1C).

Vitamin D supplementation decreases mean arterial pressure (MAP) in RUPP rat model of 
preeclampsia

As we have previously reported, [16,18-19]. MAP was significantly increased in RUPP rats 

(123+3.5mmHg) compared to NP rats (108.8+4.3mmHg; p=0.03; Figure 2A). 

Darby et al. Page 5

Med J Obstet Gynecol. Author manuscript; available in PMC 2014 November 18.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Administration of VitaminD2 did not significantly decrease MAP (117.6+2mmHg; p=0.24) 

compared to RUPPs, however MAP did significantly decrease in response to administration 

of VitaminD3 (111±3.24mmHg; 0.04; Figure 2A). Vitamin D supplementation did not 

prevent the placental ischemia induced decrease in pup weight when compared to RUPP.

Vitamin D supplementation decreases CD4+ T Cells in RUPP rat model of preeclampsia

We have previously reported that placental ischemia in the RUPP rat is associated with 

increased circulating CD4+ T cells similar to what is seen in women with PE [18-19]. To 

determine if Vitamin D supplementation could prevent the RUPP mediated increase in 

CD4+ T cells, we measured circulating CD4+ T cells in rats treated with Vitamin D. As 

previously reported, RUPP significantly increased circulating CD4+ T cells compared to NP 

rats (p=0.009; Figure 2B). Vitamin D3 administration significantly decreased circulating 

CD4+ T cells (p=0.01; Figure 2B) as did administration of Vitamin D2 (0.08; Figure 2B).

Comments

Vitamin D has several known functions within the immune system including down 

regulation of Th1 cytokines as well as induction of the Th2 pathway. Avoiding an imbalance 

between the two is crucial to normal pregnancy [20]. In the adaptive immune system, 

1,25(OH)2D inhibits IgG production, proliferation, and differentiation of B lymphocytes, 

proliferation of T lymphocytes, and proliferation of T helper 1 (Th1) cells and the cytokines 

they produce [15,21-23]. Previous studies have demonstrated that low vitamin D levels 

impair normal Th1 and Th2 cytokine balance, resulting in a higher Th1 cytokine expression. 

This adversely affects immunological tolerance of embryo implantation, suggesting that 

Vitamin D deficiency may also be associated with the higher Th1 expression seen in 

preeclampsia [20]. The present study sought to determine if there is, in fact, a link between 

Vitamin D deficiency and preeclampsia, and to determine if Vitamin D supplementation 

would alter Th1 and Th2 cytokine secretion in the placentas removed from patients with 

preeclampsia.

IL-6 and sFlt-1 secretion were increased in the media of PE placentas compared to NP, and 

was further heightened by hypoxia in PE placental explants compared to NP placental 

explants. Importantly, secretion of the anti-inflammatory cytokine IL-10 was significantly 

decreased from preeclamptic placentas compared to healthy NP placentas (Figure 1). 

Additionally, Vitamin D supplementation decreased inflammatory cytokine secretion from 

PE placentas compared to NP placentas.

The RUPP rat model of placental ischemia is a well established model of PE that has 

increased blood pressure, renal dysfunction and importantly an altered immune system 

similar to that seen in women with PE [16,24-28]. To determine if Vitamin D 

supplementation could potentially decrease blood pressure and immune cells in the RUPP 

model of preeclampsia, we administered the two most common forms of Vitamin D to 

pregnant RUPP rats. Vitamin D2 supplementation decreased hypertension in response to 

placental ischemia during pregnancy in the RUPP rat model. However, Vitamin D3 

normalized mean arterial pressure in RUPP rats to the level of NP rats (Figure 2A). A recent 

meta-analysis found that decreased circulating Vitamin D is associated with an increased 
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risk of hypertension in healthy populations [29]. Although circulating Vitamin D is not 

significantly less in PE compared to NP, the current study highlights the need to further 

determine the plausibility of Vitamin D supplementation in not only healthy individuals but 

also for those at risk for PE. Vitamin D supplementation could decrease pro-inflammatory 

events that plague preeclamptic women and have been shown to further stimulate anti-

angiogenic cascade. Therefore, Vitamin D supplementation could benefit these women 

greatly by interacting with multiple pathways.

During placental ischemia Th1 lymphocytes are increased and contribute to inflammatory 

cytokine secretion [30-32]. We recently reported that in the RUPP rat model of placental 

ischemia, there is an increase in CD4+ T helper cells which increases arterial pressure and 

circulating levels of IL-6, IL-17 and sFlt-1[18]. In the current study we determined that 

Vitamin D supplementation in RUPP rats significantly decreased circulating CD4+ T cells. It 

is important to note that both forms of Vitamin D used for supplementation in the current 

study decreased circulating CD4+ T cells and blood pressure in RUPP rats, thereby 

suggesting that one potential mechanism whereby Vitamin D may work to decrease mean 

arterial pressure is through a reduction in inflammatory cytokine secreting CD4+ T cells. 

These findings suggest that Vitamin D supplementation may be useful in the treatment or 

prevention of hypertensive disease in human pregnancy.
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Figure 1. Vitamin D supplementation decreases placental inflammatory response to hypoxia
Hypoxia significantly increased IL-6 secretion from placental explants collected from 

women with preeclampsia (A). Hypoxia increases sFlt-1 secretion from preeclamptic 

placental explants compared to normoxic preeclamptic explants and hypoxic explants from 

women with normal pregnancies. Vitamin D supplementation significantly decreased 

hypoxia induced sFlt-1 secretion in preeclamptic placental explants. (B) IL-10 secretion was 

significantly decreased in preeclamptic placental explants compared to normal pregnancy 

explants under both hypoxic and normoxic conditions. (C) * denotes P <0.05, ** P<0.005 

compared to the indicated groups.
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Figure 2. Vitamin D supplementation decreases mean arterial pressure (MAP) and immune cells 
in an animal model of Preeclampsia
Reduction of uterine perfusion pressure (RUPP) significantly increased MAP compared to 

NP rats when measured on gestational day 19. Administration of Vitamin D on gestational 

days 14-18 to RUPP rats decreased RUPP induced MAP (A) and RUPP induced increases in 

circulating CD4+ T lymphocytes (B) *denotes P<0.05, **P<0.005 compared to the indicated 

groups.
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