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Abstract

Deficiency of Vitamin D (VD) is associated with preeclampsia (PE), a
hypertensive disorder of pregnancy characterized by proinflammatory immune
activation. We sought to determine if VD supplementation would reduce the
pathophysiology and hypertension associated with the Reduced Uterine
Perfusion Pressure (RUPP) rat model of PE. Normal pregnant (NP) and RUPP
rats were supplemented with VD2 or VD3 (270 IU and 15 |U/day, respectively) on
gestation days 14-18 and mean arterial pressures (MAPs) measured on day 19.
MAP increased in RUPP to 123+2 mmHg compared to 102+3 mmHg in NP and
decreased to 113+3 mmHg with VD2 and 1153 mmHg with VD3 in RUPP rats.
Circulating CD4+ T cells increased in RUPP to 7.90+1.36% lymphocytes
compared to 2.04+0.67% in NP but was lowered to 0.90+0.19% with VD2 and
4.26+1.55% with VD3 in RUPP rats. AT1-AA, measured by chronotropic assay,
decreased from 19.5+0.4 bpm in RUPPs to 8.3+0.5 bpm with VD2 and 15.4+0.7
bpm with VD3. Renal cortex endothelin-1 (ET-1) expression was increased in
RUPP rats (11.6x2.1-fold change from NP) and decreased with both VD2
(3.3x1.1-fold) and VD3 (3.1+0.6-fold) supplementation in RUPP rats. Plasma
soluble FMS-like tyrosine kinase-1 (sFlt-1) was also reduced to 74.2+6.6 pg/ml in
VD2-treated and 91.0+16.1 pg/ml in VD3-treated RUPP rats compared to
132.7£19.9 pg/ml in RUPP rats. VD treatment reduced CD4+ T cells, AT1-AA,
ET-1, sFlt-1, and blood pressure in the RUPP rat model of PE and could be an

avenue to improve treatment of hypertension in response to placental ischemia.
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Introduction

Preeclampsia (PE) is a clinical condition occurring in up to 7% of pregnancies in
the United States commonly manifesting in late-gestation (>20 weeks gestation)
with hypertension, placental ischemia and low birthweight (5, 27, 47, 48, 58).
Current treatment strategies for preeclampsia are targeted at safely lowering

blood pressure and alleviating maternal complications (5, 48).

PE pregnancies are characterized by an abnormal immune profile compared to
that seen in normal pregnancies. PE women exhibit an altered immune balance
favoring proinflammatory factors such as CD4+ T cells, B cells, inflammatory
cytokines and autoantibodies to the angiotensin type | receptor (AT1-AA) which
are known to stimulate production of anti-angiogenic protein soluble FMS-like
tyrosine kinase-1 (sFlt-1) (18, 33, 34, 56, 57). In contrast, anti-inflammatory T
regulatory cells (TREGs) are decreased in PE (22, 53, 56). These immune
alterations are recapitulated in the established experimental model of PE, the
Reduced Uterine Perfusion Pressure (RUPP) rat (1, 20, 21). Adoptive transfer of
CD4+ T cells from RUPP rats induces hypertension, AT1-AA, inflammatory
cytokines and sFlt-1, and ET-1 in normal pregnant rats, indicating the significant
role these cells play in the pathogenesis of this disease (63). Furthermore, AT1-
AA and sFlt-1 play a significant role in the development of endothelial dysfunction
and hypertension in PE and have been found to correlate with PE severity in

patients (15, 25, 30, 43, 60, 64, 65, 67, 69, 71, 72). AT1-AA infusion induces
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5
many pathophysiological characteristics of PE including increased blood
pressure, vascular resistance, ET-1, and sFlt-1 (8, 35). Although the contribution
of immune factors in the pathogenesis of preeclampsia is well established,
immune therapy in preeclamptic women is limited by the potential for teratogenic

effects of many anti-inflammatory and anti-hypertensive drugs.

The steroid hormone Vitamin D (VD) is well established as a necessary factor for
healthy calcium homeostasis, however, emerging findings of nonclassical effects
of VD signaling have encouraged studies examining its potential in many disease
states. VD has recently been recognized for its role as a potent factor in immune
regulation in human physiology (6, 29, 31, 41, 44). Vitamin D receptor activation
on immune cells inhibits proliferation of CD4+ T cells, B cell activation and also
increases transcription of FoxP3+ T regulatory cells (TREGs) (10, 29, 31, 39).
Studies in clinical populations vary with regard to the potential benefit of the anti-
inflammatory effects of VD in disorders in which immune activity is known to play
a role, such as hypertension and PE. However, it has been suggested that VD
deficiency (<50 nmol/l) in both mid-term and late-term gestation is associated
with PE in pregnant women (4, 7, 66). Importantly, VD supplementation has been
shown to reduce incidences of PE and improve fetal growth in some clinical
studies, however, there remains a need for large-scale, standardized clinical
trials to confirm these findings (23, 24, 28). There is little experimental data

investigating the role of VD in placental ischemia and the immunoregulatory
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6
effects of VD in rodent models of PE have not been fully evaluated. In order to
examine this, we utilized both forms of VD that are metabolized in humans and
animals, Vitamin D2 (VD2) and Vitamin D3 (VD3), for supplementation to the
RUPP rat model of PE. We recently demonstrated that supplementation of VD2
or VD3 decreased circulating CD4+ T cells and lowered blood pressure in the
RUPP rat model of PE (14). However, hypertensive mechanisms associated with
T cell activation, such as AT1-AA, ET-1, inflammatory cytokines and sFlit-1 in
response to placental ischemia were not determined. Moreover, the effect of
Vitamin D supplementation on fetal growth and survival were not examined.
Therefore, we hypothesized that Vitamin D administration to the RUPP rat model
of placental ischemia would reduce inflammatory T cells, leading to a decrease in

AT1-AA, ET-1, sFit-1 and ultimately blood pressure during pregnancy.

Materials and Methods

All procedures involving animals in this study were performed in accordance with
the National Institutes of Health guidelines for the care and use of laboratory
animals and were approved by the Institutional Animal Care and Use Committee
of the University of Mississippi Medical Center. Animal experiments were
conducted on timed-pregnant Sprague Dawley rats (Harlan, Indianapolis, IN) that
were housed under a 12 hour light/dark cycle and fed standard laboratory chow

diet.
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Vitamin D administration to RUPP rats

For our studies we used an established model of placental ischemia, the
Reduced Uterine Perfusion Pressure (RUPP) rat. The RUPP procedure in
Sprague-Dawley rats has been shown to induce many of the pathological
characteristics of preeclampsia (1, 20, 21). Six groups of rats were utilized for
this study: Normal Pregnant (NP) (N=15), Normal Pregnant + Vitamin D2
(NP+VD2) (N=6) (County Line Pharmaceuticals, Brookfield, WI), Normal
Pregnant + Vitamin D3 (NP+VD3) (N=6) (Enfamil, Glenview, IL), RUPP (N=19),
RUPP + Vitamin D2 (RUPP+VD2) (N=11) and RUPP + Vitamin D3 (RUPP+VD3)
(N=13). The RUPP procedure was performed in pregnant rats under isofluorane
anesthesia on gestational day 14 (GD14) by placing a constrictive silver clip on
the abdominal aorta superior to the bifurcation (0.203 mm) and on both bilateral
uterine arteries at the ovarian end (0.100 mm), as described previously (1, 20,
21). VD2 (ergocalciferol) and VD3 (cholecalciferol) were administered to NP and
RUPP rats on GD14-18 at a dose of 270 IU and 15 IU, respectively, by daily
gavage. Doses were determined based on a concentration:effect experiment our
laboratory previously performed to determine the minimal dose that had an effect
on blood pressure and T cells in RUPP rats. On GD18, indwelling carotid
catheters were inserted and on GD19 blood pressure was assessed consciously
via pressure transducer (Cobe Il Transducer CDX Sema, Birmingham, AL)
followed by sacrifice and collection of whole blood and tissues and weighing of

pups and placentas.
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Determination of CD4+ T cells, CD45+ B cells and FoxP3+CD25+ T regulatory
cells (TREG) by Flow cytometry

Flow cytometry was used to assess the effect of Vitamin D on differentiation of
immune lymphocytes. Whole blood was diluted with RPMI 1640 (Invitrogen,
Grand Island, NY) and layered over Ficoll-Hypaque gradient with Lymphoprep®
commercially available reagent (Accurate Chemical Corp, Westbury, NY). The
isolated lymphocytes were extracted and centrifuged. The lymphocytes were
then blocked in mouse and goat serum blocking buffer and washed with an RPMI
1640/FBS/EDTA solution. Lymphocytes were incubated at 4°C with antibodies
for CD4, CD45R, CD25 (BD Biosciences, San Jose, CA) and FoxP3 (R and D,
Kingstown, RI). Cells were then washed and incubated with fluorescent
secondary antibodies APC (BD Biosciences, San Jose, CA), PE and FITC
(Southern Biotech, Birmingham, AL) and analyzed for expression of CD4, CD45,
FoxP3 and CD25 via Gallios® flow cytometer (Beckman Coulter, Indianapolis,
IN). The resulting data was gated and analyzed for populations of CD4+ (T cells),
CD45R+ (B cells) and CD4+/CD25+/FoxP3+ (TREG cells) with Kaluza® software

(Beckman Coulter, Indianapolis, IN).

Determination of AT1-AA
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9
The effect of Vitamin D on AT1-AA in RUPP rats was quantified using the rat
neonatal cardiomyocyte assay as previously described (16, 17, 64). Briefly, AT1-
AA was isolated by epitope binding and column purification from total IgG and

chronotropic responses were measured and expressed as beats per minute

(bpm).

Analysis of Renal Cortex Preproendothelin-1 Expression
Tissue preproendothelin-1 (PPET) levels were measured in homogenized renal
cortex by real time PCR (qRT-PCR). Total RNA was isolated with the RNeasy
Protect Mini Kit (Qiagen, Germantown, MD) performed according to the
manufacturer provided instructions. cDNA was generated from 1 ug total RNA
with an iScript cDNA Synthesis Kit (BioRad, Hercules, CA). qRT-PCR was
performed using iQ SYBR Green Supermix (BioRad, Hercules, CA) and
fluorescence detected on a CFX96 Touch Real-Time PCR Detection System
(BioRad, Hercules, CA). Life technologies provided primer sequences that were
used for PPET measurement in this study as has been previously described (62):
Forward: ctaggtctaagcgatccttg, Reverse: tctttgtctgcttgge. Levels of mRNA

were calculated using the mathematical formula for 27AACt (23ve- Ctgene of interest - avg

Ct beta acliny \which has been previously recommended by Applied Biosystems

(Applied Biosystems User Bulletin, No. 2, 1997).

Measurement of Circulating 25(0OH) VD
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Plasma isolated by centrifugation of whole blood on day of sacrifice was
analyzed for 25(0OH) VD via LC/MS analysis. 10ul of 0.2ng/ul 25(OH) Vitamin D3
internal control was added to 200ul rat plasma followed by acetonitrile (500ul).
Samples were then centrifuged at 10,000xG and the organic phase extracted
from solution by drying with nitrogen gas. Samples were reconstituted with water
and re-extracted with solid phase extraction (SPE) column (Waters Corp, Milford
MA), washed with methanol and eluted with ethyl acetate prior to analysis. All
samples were analyzed utilizing an autosampler on a Dionex Ultimate 3000 High-
Performance Liquid Chromatography system (Dionex, Banmockburn, IL) prior to
analysis on an ABsciex 4000 Q trap tandem mass spectrometer with

electrospray ionization (ABsciex, Foster City, CA).

Determination of Circulating sFlt-1, Nitrate/Nitrite, TNF-a and IL-6

Commercially available Enzyme-linked Immunosorbant Assay (ELISA) from R &
D systems were utilized to measure sFit-1, TNF-a and IL-6 in rat plasma
(Minneapolis, MN). ELISA to measure plasma nitrate/nitrite for determination of

circulating nitric oxide was obtained from Cayman Chemicals (Ann Arbor, Ml).

Statistical analysis
All data were expressed as mean +/- standard error of the mean. Statistical

analysis was performed in GraphPad Prism® (La Jolla, CA) software utilizing
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11
standard Student’s t-test and/or one-way ANOVA comparing the control and

treated groups. P value <0.05 was considered significant.

Results

VD treatment improved blood pressure in RUPP rats

Mean arterial pressures (MAPs) in NP rats was 102.2+3.2 mmHg and was not
significantly changed in NP+VD2 (92.5t4.4 mmHg, P=0.11) or NP+VD3 rats
(93.3+4.4 mmHg, P=0.14) [Figure 1a]. MAP increased significantly to 122.5+2.0
mmHg (*P<0.0001) in RUPP rats compared to NP rats. VD2 and VD3 treatment
significantly reduced MAP in RUPP rats to 113.4£3.4 (*P<0.05) and 115.4+2.7

mmHg (*P<0.05), respectively.

VD reduced fetal death in RUPP rats and did not cause adverse fetal effects in
NP rats

Intrauterine growth restriction as measured by average pup weight on GD19
decreased to 1.84+0.05 g (*P<0.01) in RUPP rats compared to 2.28+0.12 g in
NP and was unaltered in RUPP+VD2 (1.951£0.09 g) or RUPP+VD3 (1.89+0.10 g)
groups [Figure 1b]. In addition, we observed no differences in pup weight in
NP+VD2 (2.37+0.05 g) or NP+VD3 (2.20+£0.10 g) rats compared to NP, indicating

that VD did not adversely affect pup growth. Reabsorptions were found much



246

247

248

249

250

251

252

253

254

255

256

257

258

259

260

261

262

263

264

265

266

267

12
more frequently in RUPP rats than NP (4.62+1.29 vs 0.07+0.02 reabsorbed/live
pups, respectively, *P<0.001) [Figure 1c]. NP rats treated with VD2 or VD3 did
not have altered reabsorption rates compared to NP (0.06+0.05 vs 0.06+0.03
reabsorbed/live pups, respectively). Importantly, VD2 treatment reduced fetal
death to 1.57+0.57 reabsorbed/live pups (*P=0.05) and VD3 treatment to
1.79+0.46 reabsorbed/live pups (*P<0.05) in RUPP rats, demonstrating that VD
treatment was able to improve fetal survival in the presence of placental
ischemia. Placental weights did not change from NP rats (0.62+£0.05 g) in either
NP+VD2 (0.58+£0.01 g) or NP+VD3 (0.54+0.02 g). RUPP rats had significantly
reduced placental weight (0.50£0.03 g, *P<0.05) compared to NP [Figure 1d].
Neither VD2 (0.51+£0.03 g) nor VD3 (0.54+0.03 g) supplementation in RUPP rats
altered placental weight. Placental efficiency as defined by placenta/fetal weight
ratio was not altered in RUPP rats (0.27+0.01) compared to NP (0.28+0.02)
[Figure 1e]. NP+VD2 (0.24+0.01) nor NP+VD3 rats (0.25+0.01) had altered
placental efficiency compared to NP rats and VD2 (0.26£0.01) and VD3

administration (0.29+0.02) to RUPP rats did not alter this ratio either.

Circulating 25(OH) VD was not altered in RUPP rats or with VD treatment
RUPP rats have increased circulating 25(OH) VD compared to NP, indicating
that placental ischemia did not induce VD deficiency in mid to late gestation (data

not shown). Neither VD2 nor VD3 increased circulating VD levels in RUPP rats.
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CD4+ T cells were decreased in RUPP rats treated with VD
CD4+ T cells were assessed and analyzed as a percentage of total whole blood
lymphocytes. Circulating CD4+ T cells were increased to 7.90%1.36%
lymphocytes (*P<0.01) in RUPP rats compared to 2.04+0.67% lymphocytes in
NP [Figure 2a]. We observed a decrease in CD4+ T cell population to
0.90+£0.19% lymphocytes (*P<0.05) in RUPP+VD2 and a modest decrease in
RUPP+VD3 to 4.26+1.55% lymphocytes (P=0.14). CD4+ T cells were increased
in our NP rat groups treated with VD compared to untreated NP, 4.52+1.86%
lymphocytes in NP+VD2 (P=0.15) and 10.23£6.44% lymphocytes in NP+VD3

(*P<0.05).

CD4+/CD25+/FoxP3+ TREGs were decreased in RUPP rats and unaltered by
VD

TREGs as assessed by CD4+/CD25+ and intracellular FoxP3+ were assessed
as percentage of CD4+/CD25+ lymphocytes. VD treatment increased circulating
TREG populations from 1.87£0.10% CD4+/CD25+ lymphocytes in NP rats to
4.58+2.04% CD4+/CD25+ lymphocytes in NP+VD2 (P=0.17) and 9.5716.76%
CD4+/CD25+ lymphocytes in NP+VD3 (P=0.23) [Figure 2b]. This increase in
TREGs indicates that the increase in total CD4+ T cells seen in these groups
may be the result of increased FoxP3+ TREG cell differentiation. RUPP rats had
significantly less TREGs at 0.65+0.42% CD4+/CD25+ lymphocytes (*P=0.05)

compared to NP rats. In the presence of placental ischemia VD modestly
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14
increased TREGS to 1.76+1.03% CD4+/CD25+ Iymphocytes (P=0.26) in
RUPP+VD2 rats and 4.5412.82% CD4+/CD25+ Iymphocytes (P=0.086) in

RUPP+VD3 rats, although these changes did not reach significance.

Proinflammatory cytokines were reduced with Vitamin D treatment in RUPP rats

We assessed circulating TNF-a and IL-6 levels in our RUPP rats treated with VD.
Although TNF-a increased 5 fold in RUPP rats (103.5+38.05 pg/ml) compared to
NP rats (22.7£9.2 pg/ml, P=0.07), the variation in the RUPP rat group was
greater than observed in previous studies, and therefore did not reach statistical
significance [Figure 3a]. However a lowering of TNF-a levels in RUPP+VD2
(12.645.3 pg/ml, P=0.09) and RUPP+VD3 (52.7+25.7 pg/ml, P=0.29) was
observed. Circulating IL-6 levels were significantly increased in RUPP rats
(253.3+60.6 pg/ml, *P<0.05) compared to NP (93.3+15.1 pg/ml) [Figure 3b].
Importantly, VD2- (62.6x11.4 pg/ml, *P<0.05) and VD3- (98.2+17.5 pg/ml,
*P=0,05) treated RUPP rats had significantly lower plasma IL-6 levels compared

to untreated RUPP rats.

AT1-AA levels were decreased in RUPP rats treated with VD
Serum levels of AT1-AA were significantly decreased in RUPP+VD2 rats to
8.310.5 beats/min (*P<0.0001) and in RUPP+VD3 rats to 15.4+0.7 beats/min

(*P=0.001) compared to untreated RUPP rats (19.5+0.4 beats/min) [Figure 4a].
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B cell populations were increased in RUPP rats and unaltered with VD treatment
B cell populations were assessed by flow cytometry and expressed as a
percentage of total lymphocytes that stained positive for CD45R. VD2 and VD3
treatment increased B cells to 9.7314.85% lymphocytes (*P<0.05) and
8.11£4.30% lymphocytes (P=0.06) compared to NP rats (2.95+0.76%
lymphocytes) [Figure 4b]. RUPP rats exhibited increased B cells compared to NP
rats (11.09+3.12% lymphocytes, *P=0.05). VD2 and VD3 treatment did not
significantly change B cells from RUPP rats with 6.28+1.71% lymphocytes in
RUPP+VD2 and 5.27+1.46% lymphocytes in RUPP+VD3. These data indicate
that B cells were not changed with VD treatment in the presence of placental

ischemia, however their secretion of AT1-AA was decreased.

SFlt-1 plasma levels decreased with VD treatment in RUPP rats

Plasma sFlt-1 levels were assessed with ELISA assay. sFlt-1 levels were
significantly increased in RUPP rats (132.7£19.9 pg/ml, *P<0.05) compared to
NP rats (42.5+8.1 pg/ml) [Figure 5]. VD2 treatment significantly reduced sFlt-1 to
(74.2+6.7 pg/ml, *P<0.05) in RUPP rats and VD3 reduced levels to (91.0+16.1

pg/ml, P=0.15), although this did not reach significance.

Renal cortex preproendothelin-1 expression was decreased with VD treatment in

RUPRP rats while nitric oxide levels were unchanged
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Plasma nitric oxide (NO) levels assessed as nitrate/nitrite were not changed with
VD2 (78.6+23.5 uM) or VD3 treatment (115.3£19.1 uM) in RUPP rats compared
to untreated RUPPs (89.5+9.1 uM) [Figure 6a]. However, vasoconstrictor,
endothelin-1 (ET-1) increased in RUPP rats, and was significantly lowered when
treated with VD. Preproendothelin-1 (PPET) mRNA expression was analyzed as
fold change with NP normalized to 1. PPET was significantly increased in RUPP
rats (11.6+2.1-fold change, *P<0.05) compared to NP rats (1.0+£0.9) [Figure 6b].
VD2 and VD3 treatment in RUPP rats reduced PPET levels to 3.3+1.1-fold

change (*P<0.05) and 3.1+0.6-fold change, respectively (*P<0.05).

Discussion

In this study we present evidence that Vitamin D (VD) supplementation reduces
immune pathogenesis and improves blood pressure and fetal survival in
response to placental ischemia-induced hypertension during pregnancy. At
present, safe therapeutics for immune activation in PE patients are restricted by
potential teratogenic effects of immunosuppressive drugs. While PE has a
complex etiology that at this time is not fully elucidated, immune mechanisms are
suggested to play a significant role in the currently accepted two-stage theory of
the pathogenesis of PE (54). VD is a safe supplement in pregnant women with
no known adverse effects to either mother or neonate and may reduce the

incidence of PE and improve fetal growth (23, 24, 28, 55).
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Insufficient placental perfusion in the RUPP model induces a cascade of events
including immune activation, AT1-AA, ET-1 and sFlt-1 production ultimately
leading to hypertension and decreased fetal weight (1, 20, 21). The potential of
Vitamin D supplementation to reduce immune activation and other pathological
factors that are associated with placental ischemia has not been previously
evaluated prior to the current study. Therefore, we sought to test the hypothesis
that VD improves immune activation, production of AT1-AA, ET-1, sFlt-1, and
subsequently, blood pressure in the RUPP model of PE. Furthermore, we
administered VD to NP rats to evaluate potential adverse fetal effects with VD

administration during pregnancy.

Many proinflammatory cell types, including CD4+ cells, natural killer (NK) cells
and TH17 cells, have been found to play a role in the pathogenesis of placental
ischemia. In particular, the role of CD4+ T cells has been well established.
Adoptive transfer studies have confirmed that CD4+ T cell function in RUPP rats
is altered to promote the production of AT-AA, ET-1 and sFlt-1 in otherwise
healthy pregnant rats as mechanisms of increasing blood pressure during
pregnancy (12, 49, 50). CD4+ T cell population was increased in RUPP
compared to NP rats and TREGs were decreased, consistent with what has been
published previously (3, 11, 14, 49, 63). Data in the literature has shown that VD

reduces proinflammatory CD4+ T cells and increases proliferation of TREGs in
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non-pregnant animals (10, 29, 31, 39). As predicted by these previous findings,
VD treatment to NP rats did increase both CD4+ T cells and TREGs. In this
report we recapitulate a previous study in that VD2 and VD3 supplementation in
RUPP rats reduced total CD4+ T cells (14). Although we did see a decrease in
the total CD4+ T cell number there was no increase in the Treg subpopulation of
CD4+T cells with VD treatment in RUPP rats. Therefore, VD was ineffective in
the presence of placental ischemia-associated CD4+ T cell dysregulation but
under normal conditions was able to sitmulate the percentage of CD4+ Treg cells
in NP rats, which did not lead to adverse effects in the mother or fetus. The
effect of VD treatment in the proliferation of other proinflammatory cell types
known to contribute to the pathogenesis of PE, such as NK and TH17 cells, was
not evaluated in this study and may be assessed in future experiments. A
classical marker of proinfammatory T cell activation is the production of
inflammatory cytokines. We found that VD supplementation into RUPP rats
significantly reduced IL-6 levels and lowered TNF-a. Our lab has shown that
TNF-a or IL-6 infusion into pregnant rats induces AT1-AA and sFIt-1 production
(36, 38, 51). Therefore, VD treatment in rats with placental ischemia altered
activation of CD4+ T cells thereby possibly causing a reduction in

proinflammatory cytokines, and a decrease in both AT1-AA and sFIt-1.

Many studies have confirmed that AT1-AA and sFlt-1 are central mediators of

hypertension in PE women (15, 43, 60, 64). Clinical data has confirmed that
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severe PE in patients is associated with higher circulating AT1-AA and sFlt-1
levels, demonstrating a link between these mediators and pathogenesis of the
disease (59, 60). This study is the first to measure changes in the production of
AT1-AA and sFlt-1 in response to VD supplementation. AT1-AA production is a
fairly unique factor to PE patients and is not found in measurable levels in normal
pregnancy. In the absence of placental ischemia, AT1-AA infusion into pregnant
rats induces hypertension, endothelial dysfunction and sFIt-1 production (8,
51).The cascade of pathological events in PE that induce AT1-AA remain under
investigation, however, it is known that AT1-AA are induced by CD4+ T cells
derived from RUPP rats and that they are produced by B cells (37, 50).
Therefore, we evaluated B cell populations in response to VD supplementation in
NP and RUPP rats and found that B cells were not significantly reduced.
However, B cell production of AT1-AA was reduced in RUPP rats with VD2 and
VD3, which was also associated with decreases in plasma sFlt-1 levels. sFlt-1 is
an anti-angiogenic peptide that acts as a soluble scavenger sequestering
vascular endothelial growth factor (VEGF). sFlt-1 infusion into pregnant rats
increases blood pressure and intrauterine growth restriction (9, 45). Importantly,
there is a strong mechanistic tie between AT1-AA and sFlt-1 as studies have
confirmed that AT1-AA stimulates sFlt-1 production, which is associated with
reduction of blood pressure in pregnant rats (8, 51, 71). In this study, we

observed a similar link as decreased AT1-AA in RUPP rats were parallel with
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sFIt-1 reduction. Therefore, VD reduction of AT1-AA likely led to a decrease in

sFIt-1 production and ultimately, a reduction in blood pressure.

VD has been shown to improve endothelial dysfunction and VDR signaling in
vascular cells (46, 68). Endothelial dysfunction is an observed pathological event
in the RUPP model, evident by vascular impairment, reductions in nitric oxide
(NO) bioavailability and production of endothelin-1 (ET-1) (3, 13, 32, 37, 40).
Interestingly, we did not observe a change in circulating nitric oxide (NO) levels in
RUPP rats treated with VD. ET-1 is a potent vasoconstrictor and is emerging as
an important player in the vascular dysfunction observed in PE (19). VD
supplementation significantly reduced renal production of ET-1 in RUPP rats in
correlation with reduction of AT1-AA. ET-1 has been shown to mediate, at least
in part, the hypertensive responses of RUPP and AT1-AA-infused, Sflt-1 treated
and to RUPP CD4+ T cells in pregnant rats, (19, 52, 62). The observed
improvement of endothelin-1 levels suggest improved function and endothelial
activation with VD supplementation was likely a result of reduced CD4+ T cells,
sFlt-1 secretion and AT1-AA-mediated signaling, all of which could play a role in

the observed reduction of blood pressure.

A significant concern in clinical studies of PE therapeutics is that maternal

symptoms of PE are to be improved without causing adverse effects on the
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growing fetus. NP rats treated with VD had a slight decrease in blood pressure,
although this did not reach significance. However, we have demonstrated that
VD administration reduced blood pressure and fetal death in RUPP rats but did
not negatively affect fetal weight, demise or placental efficiency in NP or RUPP
rats. Therefore, the present study suggests that VD supplementation in NP rats is

not associated with reduced placental blood flow or fetal growth restriction.

We did not observe that circulating 25(0OH) VD levels, the metabolite of VD
measured in clinical assessment, were changed with VD2 or VD3 treatment in
RUPP rats. We believe this could be due to the short duration of
supplementation, as clinical studies have shown that it takes several weeks for
lower doses of VD to be observed as increased circulating 25(0OH) VD levels (2,
70). However, as there were no adverse effects on NP rats and there were
beneficial fetal and maternal improvements in RUPP rats, we believe that a lack
of increasing plasma VD levels demonstrates that VD supplementation is
promising even for patients that do not have a VD deficiency. Although VD2 and
VD3 are commercially available as supplements, clinical data have implicated
that VD3 may be a better therapeutic for humans (42, 61). In contrast, VD2 may
be more efficiently metabolized in rats (26). In accordance with these reports, our
data showed that VD2 lowered blood pressure, AT1-AA and sFlt-1 to a greater
extent than VD3 in RUPP rats. Importantly, the reductions of AT1-AA, sFlt-1 and

blood pressure were all in consistent proportion with regard to VD2 versus VD3,
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further indicating that AT1-AA and sFIt-1 reduction led to the observed

attenuation of blood pressure in RUPP rats.

Our data demonstrate that VD reduces proinflammatory CD4+ T cell population,
inflammatory cytokines, AT1-AA, sFlt-1, ET-1, blood pressure and fetal demise in
RUPP rats, without adversely affecting maternal physiology or fetal development
in NP rats. Therefore, we conclude even in the absence of VD deficiency, VD
supplementation should be considered further as a safe preventative for

preeclampsia in pregnant women.

Perspectives and Significance

The present study demonstrates that VD could be a potential therapeutic to
improve pathological characteristics and hypertension associated with
preeclampsia without adverse fetal effects. Currently, clinical studies
investigating the potential of VD supplementation to improve PE have yielded
inconsistent results. However, as VD supplementation is a low-risk therapeutic, it
could provide an adjunct therapy for the pathogenesis associated with placental
ischemia. Further studies investigating VD supplementation in a large and
diverse population are needed. This study provides evidence that VD may
reduce pathological markers of PE, which will aid these future trials seeking to

comprehensively evaluate its therapeutic potential.



486

487

488

489

490

491

492

493

494

495

496

497

498

499
500
501
502
503
504
505
506
507

508
509

23

Acknowledgements

FUNDING SOURCES
This work was supported by NIH grants HL105324, HL124715, HL78147 and
HL51971 and HD067541. RD is supported by the German Research Foundation

(DFG, DE 631/9-1).

The authors report no conflict of interest



510
511
512
513
514
515
516
517
518
519
520
521
522
523
524
525
526
527
528
529
530
531
532
533
534
535
536

537

24

References

1. Alexander BT, Kassab SE, Miller MT, Abram SR, Reckelhoff JF,
Bennett WA, and Granger JP. Reduced uterine perfusion pressure during
pregnancy in the rat is associated with increases in arterial pressure and
changes in renal nitric oxide. Hypertension 37: 1191-1195, 2001.

2. Aloia J, Dhaliwal R, Mikhail M, Shieh A, Stolberg A, Ragolia L, Fazzari
M, and Abrams SA. Free 25(OH)D and Calcium Absorption, PTH, and Markers
of Bone Turnover. The Journal of clinical endocrinology and metabolism 100:
4140-4145, 2015.

3. Amaral LM, Cornelius DC, Harmon A, Moseley J, Martin JN, Jr., and
LaMarca B. 17-hydroxyprogesterone caproate significantly improves clinical
characteristics of preeclampsia in the reduced uterine perfusion pressure rat
model. Hypertension 65: 225-231, 2015.

4. Baker AM, Haeri S, Camargo CA, Jr., Espinola JA, and Stuebe AM. A

nested case-control study of midgestation vitamin D deficiency and risk of severe



538

539

540

541

542

543

544

545

546

547

548

549

550

551

552

553

554

555

556

557

558

559

25
preeclampsia. The Journal of clinical endocrinology and metabolism 95: 5105-
5109, 2010.
5. Bell MJ. A historical overview of preeclampsia-eclampsia. Journal of
obstetric, gynecologic, and neonatal nursing : JOGNN / NAACOG 39: 510-518,
2010.
6. Bikle D. Nonclassic actions of vitamin D. The Journal of clinical
endocrinology and metabolism 94: 26-34, 2009.
7. Bodnar LM, Catov JM, Simhan HN, Holick MF, Powers RW, and
Roberts JM. Maternal vitamin D deficiency increases the risk of preeclampsia.
The Journal of clinical endocrinology and metabolism 92: 3517-3522, 2007.
8. Brewer J, Liu R, Lu Y, Scott J, Wallace K, Wallukat G, Moseley J,
Herse F, Dechend R, Martin JN, Jr., and Lamarca B. Endothelin-1, oxidative
stress, and endogenous angiotensin Il: mechanisms of angiotensin Il type |
receptor autoantibody-enhanced renal and blood pressure response during
pregnancy. Hypertension 62: 886-892, 2013.
9. Bridges JP, Gilbert JS, Colson D, Gilbert SA, Dukes MP, Ryan MJ,
and Granger JP. Oxidative stress contributes to soluble fms-like tyrosine kinase-
1 induced vascular dysfunction in pregnant rats. American journal of
hypertension 22: 564-568, 2009.
10. Chen S, Sims GP, Chen XX, Gu YY, Chen S, and Lipsky PE.
Modulatory effects of 1,25-dihydroxyvitamin D3 on human B cell differentiation.

Journal of immunology 179: 1634-1647, 2007.



560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

576

577

578

579

580

581

26
11. Cornelius DC, Amaral LM, Harmon AC, Wallace K, Thomas AJ,
Campbell N, Scott J, Herse F, Haase N, Moseley J, Wallukat G, Dechend R,
and LaMarca BD. An Increased Population of Regulatory T Cells Improves the
Pathophysiology of Placental Ischemia in a Rat Model of Preeclampsia.
American journal of physiology Regulatory, integrative and comparative
physiology ajpregu 00154 02015, 2015.
12.  Cornelius DC, Castillo J, Porter J, Amaral LM, Campbell N, Paige A,
Thomas AJ, Harmon AC, Cunningham MW, Jr., Wallace K, Herse F,
Wallukat G, Dechend R, and LaMarca BD. Blockade of CD40 ligand reduces
hypertension, placental oxidative stress, and AT1-AA in response to adoptive
transfer of CD4+ T lymphocytes from RUPP rats. American journal of physiology
Regulatory, integrative and comparative physiology ajpregu 00273 02015, 2015.
13. Crews JK, Herrington JN, Granger JP, and Khalil RA. Decreased
endothelium-dependent vascular relaxation during reduction of uterine perfusion
pressure in pregnant rat. Hypertension 35: 367-372, 2000.
14. Darby MM, Wallace K, Cornelius D, Chatman KT, Mosely JN, Martin
JN, Purser CA, Baker RC, Owens MT, and Lamarca BB. Vitamin D
Supplementation Suppresses Hypoxia-Stimulated Placental Cytokine Secretion,
Hypertension and CD4 T Cell Stimulation in Response to Placental Ischemia.
Medical journal of obstetrics and gynecology 1: 2013.
15. Dechend R, Gratze P, Wallukat G, Shagdarsuren E, Plehm R, Brasen

JH, Fiebeler A, Schneider W, Caluwaerts S, Vercruysse L, Pijnenborg R,



582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

602

27
Luft FC, and Muller DN. Agonistic autoantibodies to the AT1 receptor in a
transgenic rat model of preeclampsia. Hypertension 45: 742-746, 2005.
16. Dechend R, Homuth V, Wallukat G, Kreuzer J, Park JK, Theuer J,
Juepner A, Gulba DC, Mackman N, Haller H, and Luft FC. AT(1) receptor
agonistic antibodies from preeclamptic patients cause vascular cells to express
tissue factor. Circulation 101: 2382-2387, 2000.
17. Dechend R, Muller DN, Wallukat G, Homuth V, Krause M,
Dudenhausen J, and Luft FC. Activating auto-antibodies against the AT1
receptor in preeclampsia. Autoimmunity reviews 4: 61-65, 2005.
18. Freeman DJ, McManus F, Brown EA, Cherry L, Norrie J, Ramsay JE,
Clark P, Walker ID, Sattar N, and Greer IA. Short- and long-term changes in
plasma inflammatory markers associated with preeclampsia. Hypertension 44:
708-714, 2004.
19. George EM, and Granger JP. Endothelin: key mediator of hypertension
in preeclampsia. American journal of hypertension 24 964-969, 2011.
20. Gilbert JS, Ryan MJ, LaMarca BB, Sedeek M, Murphy SR, and
Granger JP. Pathophysiology of hypertension during preeclampsia: linking
placental ischemia with endothelial dysfunction. American journal of physiology
Heart and circulatory physiology 294: H541-550, 2008.
21. Granger JP, LaMarca BB, Cockrell K, Sedeek M, Balzi C, Chandler D,

and Bennett W. Reduced uterine perfusion pressure (RUPP) model for studying



603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

28
cardiovascular-renal dysfunction in response to placental ischemia. Methods in
molecular medicine 122: 383-392, 2006.

22. Harmon A, Cornelius D, Amaral L, Paige A, Herse F, lbrahim T,
Wallukat G, Faulkner J, Moseley J, Dechend R, and LaMarca B. IL-10
supplementation increases Tregs and decreases hypertension in the RUPP rat
model of preeclampsia. Hypertension in pregnancy 1-16, 2015.

23. Hashemipour S, Ziaee A, Javadi A, Movahed F, Elmizadeh K, Javadi
EH, and Lalooha F. Effect of treatment of vitamin D deficiency and insufficiency
during pregnancy on fetal growth indices and maternal weight gain: a
randomized clinical trial. European journal of obstetrics, gynecology, and
reproductive biology 172: 15-19, 2014.

24. Haugen M, Brantsaeter AL, Trogstad L, Alexander J, Roth C, Magnus
P, and Meltzer HM. Vitamin D supplementation and reduced risk of
preeclampsia in nulliparous women. Epidemiology 20: 720-726, 2009.

25. Herse F, Dechend R, Harsem NK, Wallukat G, Janke J, Qadri F,
Hering L, Muller DN, Luft FC, and Staff AC. Dysregulation of the circulating
and tissue-based renin-angiotensin system in preeclampsia. Hypertension 49:
604-611, 2007.

26. Horst RL, Napoli JL, and Littledike ET. Discrimination in the metabolism
of orally dosed ergocalciferol and cholecalciferol by the pig, rat and chick. The

Biochemical journal 204: 185-189, 1982.



624

625

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

29
27. Hutcheon JA, Lisonkova S, and Joseph KS. Epidemiology of pre-
eclampsia and the other hypertensive disorders of pregnancy. Best practice &
research Clinical obstetrics & gynaecology 25: 391-403, 2011.
28. Ito M, Koyama H, Ohshige A, Maeda T, Yoshimura T, and Okamura H.
Prevention of preeclampsia with calcium supplementation and vitamin D3 in an
antenatal protocol. International journal of gynaecology and obstetrics: the official
organ of the International Federation of Gynaecology and Obstetrics 47: 115-
120, 1994.
29. Jeffery LE, Burke F, Mura M, Zheng Y, Qureshi OS, Hewison M,
Walker LS, Lammas DA, Raza K, and Sansom DM. 1,25-Dihydroxyvitamin D3
and IL-2 combine to inhibit T cell production of inflammatory cytokines and
promote development of regulatory T cells expressing CTLA-4 and FoxP3.
Journal of immunology 183: 5458-5467, 2009.
30. Jensen F, Wallukat G, Herse F, Budner O, ElI-Mousleh T, Costa SD,
Dechend R, and Zenclussen AC. CD19+CD5+ cells as indicators of
preeclampsia. Hypertension 59: 861-868, 2012.
31. Kang SW, Kim SH, Lee N, Lee WW, Hwang KA, Shin MS, Lee SH, Kim
WU, and Kang I. 1,25-Dihyroxyvitamin D3 promotes FOXP3 expression via
binding to vitamin D response elements in its conserved noncoding sequence
region. Journal of immunology 188: 5276-5282, 2012.
32. Kiprono LV, Wallace K, Moseley J, Martin J, Jr., and Lamarca B.

Progesterone blunts vascular endothelial cell secretion of endothelin-1 in



646

647

648

649

650

651

652

653

654

655

656

657

658

659

660

661

662

663

664

665

666

667

30
response to placental ischemia. American journal of obstetrics and gynecology
209: 44 e41-46, 2013.

33. Lamarca B. The role of immune activation in contributing to vascular
dysfunction and the pathophysiology of hypertension during preeclampsia.
Minerva ginecologica 62: 105-120, 2010.

34. LaMarca B, Cornelius D, and Wallace K. Elucidating immune
mechanisms causing hypertension during pregnancy. Physiology 28: 225-233,
2013.

35. LaMarca B, Parrish M, Ray LF, Murphy SR, Roberts L, Glover P,
Wallukat G, Wenzel K, Cockrell K, Martin JN, Jr., Ryan MJ, and Dechend R.
Hypertension in response to autoantibodies to the angiotensin Il type | receptor
(AT1-AA) in pregnant rats: role of endothelin-1. Hypertension 54: 905-909, 2009.
36. Lamarca B, Speed J, Ray LF, Cockrell K, Wallukat G, Dechend R, and
Granger J. Hypertension in response to IL-6 during pregnancy: role of AT1-
receptor activation. Int J Infereron Cytokine Mediator Res 2011: 65-70, 2011.

37. LaMarca B, Wallace K, Herse F, Wallukat G, Martin JN, Jr., Weimer A,
and Dechend R. Hypertension in response to placental ischemia during
pregnancy: role of B lymphocytes. Hypertension 57: 865-871, 2011.

38. LaMarca B, Wallukat G, Llinas M, Herse F, Dechend R, and Granger
JP. Autoantibodies to the angiotensin type | receptor in response to placental
ischemia and tumor necrosis factor alpha in pregnant rats. Hypertension 52:

1168-1172, 2008.



668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

684

685

686

687

688

31
39. Lemire JM, Archer DC, Beck L, and Spiegelberg HL.
Immunosuppressive actions of 1,25-dihydroxyvitamin D3: preferential inhibition of
Th1 functions. The Journal of nutrition 125: 1704S-1708S, 1995.
40. Li J, LaMarca B, and Reckelhoff JF. A model of preeclampsia in rats:
the reduced uterine perfusion pressure (RUPP) model. American journal of
physiology Heart and circulatory physiology 303: H1-8, 2012.
41. Li YC, Chen Y, Liu W, and Thadhani R. MicroRNA-mediated mechanism
of vitamin D regulation of innate immune response. The Journal of steroid
biochemistry and molecular biology 144 Pt A: 81-86, 2014.
42. Logan VF, Gray AR, Peddie MC, Harper MJ, and Houghton LA. Long-
term vitamin D3 supplementation is more effective than vitamin D2 in maintaining
serum 25-hydroxyvitamin D status over the winter months. Br J Nutr 109: 1082-
1088, 2013.
43. Maynard SE, Min JY, Merchan J, Lim KH, Li J, Mondal S, Libermann
TA, Morgan JP, Sellke FW, Stillman IE, Epstein FH, Sukhatme VP, and
Karumanchi SA. Excess placental soluble fms-like tyrosine kinase 1 (sFlt1) may
contribute to endothelial dysfunction, hypertension, and proteinuria in
preeclampsia. The Journal of clinical investigation 111: 649-658, 2003.
44. Mora JR, lwata M, and von Andrian UH. Vitamin effects on the immune
system: vitamins A and D take centre stage. Nature reviews Immunology 8: 685-

698, 2008.



689

690

691

692

693

694

695

696

697

698

699

700

701

702

703

704

705

706

707

708

709

710

32
45, Murphy SR, LaMarca BB, Cockrell K, and Granger JP. Role of
endothelin in mediating soluble fms-like tyrosine kinase 1-induced hypertension
in pregnant rats. Hypertension 55: 394-398, 2010.
46. Ni W, Watts SW, Ng M, Chen S, Glenn DJ, and Gardner DG.
Elimination of vitamin D receptor in vascular endothelial cells alters vascular
function. Hypertension 64: 1290-1298, 2014.
47. Noris M, Perico N, and Remuzzi G. Mechanisms of disease: Pre-
eclampsia. Nature clinical practice Nephrology 1: 98-114; quiz 120, 2005.
48. Norwitz ER, and Repke JT. Preeclampsia prevention and management.
Journal of the Society for Gynecologic Investigation 7: 21-36, 2000.
49, Novotny S, Wallace K, Herse F, Moseley J, Darby M, Heath J, Gill J,
Wallukat G, Martin JN, Dechend R, and LaMarca B. CD4 T Cells Play a
Critical Role in Mediating Hypertension in Response to Placental Ischemia.
Journal of hypertension : open access 2: 2013.
50. Novotny SR, Wallace K, Heath J, Moseley J, Dhillon P, Weimer A,
Wallukat G, Herse F, Wenzel K, Martin JN, Jr., Dechend R, and Lamarca B.
Activating autoantibodies to the angiotensin Il type | receptor play an important
role in mediating hypertension in response to adoptive transfer of CD4+ T
lymphocytes from placental ischemic rats. American journal of physiology
Regulatory, integrative and comparative physiology 302: R1197-1201, 2012.
51. Parrish MR, Murphy SR, Rutland S, Wallace K, Wenzel K, Wallukat G,

Keiser S, Ray LF, Dechend R, Martin JN, Granger JP, and LaMarca B. The



711

712

713

714

715

716

717

718

719

720

721

722

723

724

725

726

727

728

729

730

731

732

33
effect of immune factors, tumor necrosis factor-alpha, and agonistic
autoantibodies to the angiotensin Il type | receptor on soluble fms-like tyrosine-1
and soluble endoglin production in response to hypertension during pregnancy.
American journal of hypertension 23: 911-916, 2010.

52. Parrish MR, Ryan MJ, Glover P, Brewer J, Ray L, Dechend R, Martin
JN, Jr., and Lamarca BB. Angiotensin Il type 1 autoantibody induced
hypertension during pregnancy is associated with renal endothelial dysfunction.
Gender medicine 8: 184-188, 2011.

53. Prins JR, Boelens HM, Heimweg J, Van der Heide S, Dubois AE, Van
Oosterhout AJ, and Erwich JJ. Preeclampsia is associated with lower
percentages of regulatory T cells in maternal blood. Hypertension in pregnancy
28: 300-311, 2009.

54. Roberts JM, and Hubel CA. The two stage model of preeclampsia:
variations on the theme. Placenta 30 Suppl A: S32-37, 2009.

55. Roth DE. Vitamin D supplementation during pregnancy: safety
considerations in the design and interpretation of clinical trials. Journal of
perinatology : official journal of the California Perinatal Association 31: 449-459,
2011.

56. Santner-Nanan B, Peek MJ, Khanam R, Richarts L, Zhu E, Fazekas de
St Groth B, and Nanan R. Systemic increase in the ratio between Foxp3+ and
IL-17-producing CD4+ T cells in healthy pregnancy but not in preeclampsia.

Journal of immunology 183: 7023-7030, 2009.



733

734

735

736

737

738

739

740

741

742

743

744

745

746

747

748

749

750

751

752

753

754

34
57. Sargent IL, Borzychowski AM, and Redman CW. Immunoregulation in
normal pregnancy and pre-eclampsia: an overview. Reproductive biomedicine
online 13: 680-686, 2006.
58. Sibai BM, Caritis S, Hauth J, National Institute of Child H, and Human
Development Maternal-Fetal Medicine Units N. What we have learned about
preeclampsia. Seminars in perinatology 27: 239-246, 2003.
59. Siddiqui AH, Irani RA, Blackwell SC, Ramin SM, Kellems RE, and Xia
Y. Angiotensin receptor agonistic autoantibody is highly prevalent in
preeclampsia: correlation with disease severity. Hypertension 55: 386-393, 2010.
60. Thadhani R, Mutter WP, Wolf M, Levine RJ, Taylor RN, Sukhatme VP,
Ecker J, and Karumanchi SA. First trimester placental growth factor and
soluble fms-like tyrosine kinase 1 and risk for preeclampsia. The Journal of
clinical endocrinology and metabolism 89: 770-775, 2004.
61. Tripkovic L, Lambert H, Hart K, Smith CP, Bucca G, Penson S, Chope
G, Hypponen E, Berry J, Vieth R, and Lanham-New S. Comparison of vitamin
D2 and vitamin D3 supplementation in raising serum 25-hydroxyvitamin D status:
a systematic review and meta-analysis. Am J Clin Nutr 95: 1357-1364, 2012.
62. Wallace K, Novotny S, Heath J, Moseley J, Martin JN, Jr., Owens MY,
and LaMarca B. Hypertension in response to CD4(+) T cells from reduced
uterine perfusion pregnant rats is associated with activation of the endothelin-1
system. American journal of physiology Regulatory, integrative and comparative

physiology 303: R144-149, 2012.



755

756

757

758

759

760

761

762

763

764

765

766

767

768

769

770

771

772

773

774

775

776

35
63. Wallace K, Richards S, Dhillon P, Weimer A, Edholm ES, Bengten E,
Wilson M, Martin JN, Jr., and LaMarca B. CD4+ T-helper cells stimulated in
response to placental ischemia mediate hypertension during pregnancy.
Hypertension 57: 949-955, 2011.
64. Wallukat G, Homuth V, Fischer T, Lindschau C, Horstkamp B, Jupner
A, Baur E, Nissen E, Vetter K, Neichel D, Dudenhausen JW, Haller H, and
Luft FC. Patients with preeclampsia develop agonistic autoantibodies against the
angiotensin AT1 receptor. The Journal of clinical investigation 103: 945-952,
1999.
65. Walther T, Wallukat G, Jank A, Bartel S, Schultheiss HP, Faber R, and
Stepan H. Angiotensin Il type 1 receptor agonistic antibodies reflect fundamental
alterations in the uteroplacental vasculature. Hypertension 46: 1275-1279, 2005.
66. Wei SQ, Audibert F, Hidiroglou N, Sarafin K, Julien P, Wu Y, Luo ZC,
and Fraser WD. Longitudinal vitamin D status in pregnancy and the risk of pre-
eclampsia. BJOG : an international journal of obstetrics and gynaecology 119:
832-839, 2012.
67. Wenzel K, Rajakumar A, Haase H, Geusens N, Hubner N, Schulz H,
Brewer J, Roberts L, Hubel CA, Herse F, Hering L, Qadri F, Lindschau C,
Wallukat G, Pijnenborg R, Heidecke H, Riemekasten G, Luft FC, Muller DN,
Lamarca B, and Dechend R. Angiotensin Il type 1 receptor antibodies and
increased angiotensin Il sensitivity in pregnant rats. Hypertension 58: 77-84,

2011.



777

778

779

780

781

782

783

784

785

786

787

788

789

790

791

792

793

794

795

796
797

798

799

36
68. Wu-Wong JR, Li X, and Chen YW. Different vitamin D receptor agonists
exhibit differential effects on endothelial function and aortic gene expression in
5/6 nephrectomized rats. The Journal of steroid biochemistry and molecular
biology 148: 202-209, 2015.
69. Xia Y, Ramin SM, and Kellems RE. Potential roles of angiotensin
receptor-activating autoantibody in the pathophysiology of preeclampsia.
Hypertension 50: 269-275, 2007.
70. Yang L, Weaver V, Smith JP, Bingaman S, Hartman TJ, and Cantorna
MT. Therapeutic effect of vitamin d supplementation in a pilot study of Crohn's
patients. Clinical and translational gastroenterology 4: €33, 2013.
71.  Zhou CC, Ahmad S, Mi T, Abbasi S, Xia L, Day MC, Ramin SM, Ahmed
A, Kellems RE, and Xia Y. Autoantibody from women with preeclampsia
induces soluble Fms-like tyrosine kinase-1 production via angiotensin type 1
receptor and calcineurin/nuclear factor of activated T-cells signaling.
Hypertension 51: 1010-1019, 2008.
72. Zhou CC, Irani RA, Dai Y, Blackwell SC, Hicks MJ, Ramin SM,
Kellems RE, and Xia Y. Autoantibody-mediated IL-6-dependent endothelin-1
elevation underlies pathogenesis in a mouse model of preeclampsia. Journal of

immunology 186: 6024-6034, 2011.



800

801

802

803

804

805

806

807

808

809

810

811

812

813

814

815

816

817

818

819

820

821

822

37

Figure Legends

Figure 1

(a). VD2 and VD3 treatment in RUPP rats reduced blood pressure compared to
RUPP rats. RUPP rats had higher blood pressure compared to NP. (b). Pup
weights were not altered in NP rats with VD2 or VD3 treatment and were
decreased in RUPP rat groups. (c). RUPP significantly increased fetal death
compared to NP rats that was reduced with both VD2 and VD3 treatment,
although only significantly with VD3. (d). Placental weights did not change with
VD2 or VD3 treatment in either RUPP or NP. (e). Placental efficiency, evaluated
as placenta/fetal weight ratio, did not change with Vitamin D treatment in either
RUPP or NP groups. One-way ANOVA and Student’s t-test, *P<0.05.

Figure 2



823

824

825

826

827

828

829

830

831

832

833

834

835

836

837

838

839

840

841

842

843

844

38
(a). CD4+ T cells were increased in RUPP rats compared to NP rats. VD2 and
VD3 decreased CD4+ T cells as percentage of total lymphocytes in RUPP rats,
although this was significant only with VD2. (b). FoxP3+ TREG cell percentage of
CD4+ T cells was decreased in RUPP rats compared to NP and was increased
modestly with VD treatment in both NP and RUPP rats. Student’s t-test, *P<0.05.
Figure 3.
(a). RUPP rats had increased plasma TNF-a levels compared to NP rats and this
was decreased with both VD2 and VD3 treatment in RUPP rats, although these
changes did not reach significance due to high variation in the RUPP rat group.
(b). Plasma IL-6 levels were significantly higher in RUPP rats compared to NP
and significantly attenuated in both RUPP+VD2 and RUPP+VD3 groups. One-
way ANOVA and student’s t-test.*P<0.05.
Figure 4
(a). Production of AT1-AA as assessed as beats per minute were greatly
decreased with VD2 and VD3 in RUPP rats. Furthermore, RUPP+VD2 rat AT1-
AA levels were significantly lower than RUPP+VD3 rats. One-way ANOVA and
student’s t-test. *P<0.05. (b). B cells were increased in RUPP rats compared to
NP and were increased with VD2 and VD3 in NP rats but not significantly altered
in RUPP+VD2 or RUPP+VD3 rats. Student’s t-test *P<0.05.
Figure 5
sFIt-1 was significantly increased in RUPP rats above levels of NP rats. sFlit-1

levels were significantly reduced in VD2-treated RUPP rats and modestly
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reduced in VD3-treated RUPP rats. One-way ANOVA and student’s t-
test.*P<0.05.
Figure 6
(a). Circulating nitric oxide levels as assessed by nitrate/nitrite concentrations in
plasma were not altered with VD in RUPP rats. (b). Renal cortex expression if
preproenndothelin-1, a precursor of endothelin-1, was significantly increased in
RUPP rats compared to NP and attenuated with VD2 and VD3 treatment in

RUPP rats. One-way ANOVA and student’s t-test. *P<0.05.
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Figure 2.
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Figure 3.
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Figure 4.
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Figure 5.
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