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Epidemiology has linked vitamin D deficiency with preeclampsia in humans. We hypothesized that
low vitamin D status in pregnant mice may lead to symptoms of preeclampsia. Female BL6 mice
were raised on vitamin D-sufficient or -deficient diets from weeks 4 of age and then mated with
vitamin D-sufficient BL6 males at week 8. The resulting pregnant mice were either allowed to
deliver pups and monitored for blood pressure (BP) and weight of offspring or euthanized at day
14 or 18 of gestation (E14 or E18) for analysis of serum, placental/kidney tissues, and fetuses. At E14
serum concentrations of 25-hydroxyvitamin D (30.1 = 5.0 vs 1.8 = 0.6 ng/mL, P < .001) and 1,25-
dihydroxyvitamin D (119.5 = 18.7 vs 37.4 = 5.1 pg/mL, P <.01) were higher in sufficient vs deficient
pregnant mice. At E14 BP was significantly elevated in vitamin D-deficient pregnant mice relative
to vitamin D-sufficient mice for both systolic BP (124.89 + 2.28 vs 105.34 + 3.61 mm Hg, P < .001)
and mean arterial pressure (115.33 = 1.93 vs 89.33 * 5.02 mm Hg, P < .001). This elevation
continued through pregnancy until 7 days postpartum (PP7) but returned to baseline by PP14.
Analysis of maternal kidneys showed increased expression of mRNA for renin and the angiotensin
Il receptor (3- and 4-fold, respectively) in vitamin D-deficient vs -sufficient mice at E14. Histological
analysis of E14 placentas from vitamin D-deficient mice showed decreased vascular diameter within
the labyrinth region. E14 and E18 fetuses from vitamin D-deficient mice were larger than those
from vitamin D-sufficient mothers. However, by PP14 pups from vitamin D-deficient mothers
weighed significantly less than those from vitamin D-sufficient mothers. Resupplementation of
vitamin D periconceptually partially reversed the effects of vitamin D deficiency. These data pro-
vide further evidence that low vitamin D status may predispose pregnant women to dysregulated
placental development and elevated blood pressure. (Endocrinology 154: 2270-2280, 2013)

reeclampsia, typically characterized by maternal hy-
Ppertension, proteinuria, and a variation of other signs
and symptoms, is a leading cause of preterm delivery. Pre-
eclampsia complicates up to 10% of all pregnancies, 3%
severely with potential life-threatening consequences (1).
Impaired vitamin D status appears to be prevalent among
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pregnant women in general (2), and epidemiology suggests
that there is a link between vitamin D insufficiency and
preeclampsia (3-5). A longitudinal study of 697 pregnant
women showed an increased incidence of preeclampsia
with lower maternal vitamin D levels measured at 24-26
weeks’ gestation (6). Likewise, a retrospective analysis of

Abbreviations: Agtr1a, angiotensin Il receptor; BP, blood pressure; Ct, cycle threshold; 25D,
25-hydroxyvitamin D; 1,25D, 1,25-dihydroxyvitamin D; Def, vitamin D-deficient diet;
Def+, vitamin D resupplemented diet; E, embryonic day; H&E, hematoxylin and eosin;
MAP, mean arterial pressure; PP, days postpartum; RAAS, renin-angiotensin-aldosterone
system; Ren1, renin; SBP, systolic BP; Suff, normal, vitamin D-sufficient diet; UCLA, Uni-
versity of California, Los Angeles; Vdr, vitamin D receptor.
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nulliparous pregnant women taking part in the Norwe-
gian Mother and Child Cohort Study found that vitamin
D supplementation during pregnancy was associated with
a 27% reduction in the risk of preeclampsia compared
with those who were not on supplements (7). Vitamin D
insufficiency is defined by serum levels of 25-hydroxyvi-
tamin D (25D), the inactive form of the vitamin that is
metabolized to active 1,25-dihydroxyvitamin D (1,25D)
by the enzyme CYP27B1 (8). Synthesis of 1,25D occurs
primarily in the kidneys, but expression of CYP27B1 has
been described for several extrarenal tissues including the
placenta, suggesting a more localized function for 25D
metabolism at this site.

The precise mechanism by which variations in circu-
lating 25D may be able to influence the pathophysiology
of preeclampsia is unclear. In studies using trophoblast
cells from the placentas of preeclampsia pregnancies, de-
creased expression of CYP27B1 has been reported relative
to normal placentas, suggesting that preeclampsia is as-
sociated with aberrant localized synthesis of active 1,25D
from precursor 25D (9). Synthesis of 1,25D is also depen-
dent on the availability of 25D as substrate for CYP27B1
so that the placental production of active vitamin D may
be further compromised by low levels of maternal 25D in
preeclampsia. Maternal vitamin D status may influence
preeclampsia through a variety of mechanisms including
immunomodulatory, inflammatory, and angiogenic re-
sponses (10, 11). Although the immunomodulatory prop-
erties of 25D and 1,25D have been postulated as one of the
main factors mediating the link between vitamin D and
preeclampsia (12), there have been few functional studies
to test this hypothesis.

Vitamin D may also influence preeclampsia through
regulation of the renin-angiotensin-aldosterone system
(RAAS), the regulatory cascade that plays a key role in
regulating blood pressure (BP), electrolyte balance, and
body fluid homeostasis (13, 14). Tight regulation of renin
synthesis and secretion is essential for effective regulation
of BP, and inappropriate stimulation of the RAAS has been
associated with hypertension, myocardial infarction, and
stroke outside pregnancy (15). The enzyme renin cleaves
angiotensinogen to angiotensin I, which is then further
cleaved by the enzyme angiotensin-converting enzyme to
biologically active angiotensin II (13). Several recent stud-
ies have shown that serum levels of 1,25D are inversely
associated with BP or plasma renin activity (16-21), with
vitamin D acting as a negative regulator of the RAAS by
direct transcriptional suppression of renin gene expression
(21). Studies in vivo have shown that ablation of the mu-
rine vitamin D receptor (Vdr) gene activates the RAAS and
leads to accumulation of angiotensin II (22). Based on
these observations, it has been postulated that the vitamin
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D system plays a key role in preventing hypertension (23).
However, the functional impact of vitamin D status on
maternal BP during pregnancy has yet to be studied in
detail, and the aim of the current study was to address this
using novel mouse models.

Materials and Methods

Animals

All the animals used in these studies were subject to recom-
mendations for animal use and welfare outlined by the University
of California, Los Angeles (UCLA) Division of Laboratory An-
imal Medicine as well as guidelines from the National Institutes
of Health. The Animal Research Committee at the University of
California, Los Angeles, approved the protocol (number 2008-
132-11) for the use of mice in our study. C57BL/6] female mice
(Jackson Laboratories, Sacramento, California) were raised on a
normal, vitamin D-sufficient diet (Suff) or a vitamin D-deficient
diet (Def) from week 4 of age. The diets used in the current study
were developed in conjunction with Research Diets Inc (New
Brunswick, New Jersey) to provide all the required nutrients for
pregnancy but with specific variations in vitamin D. The Suff
diet, also known as the control diet, contained vitamin D3 at
1000 TU/kg feed. This is relatively low compared with standard
NIH-31 open formula mouse diet (which contains 4200 IU/kg
feed) but still maintained an adequate intake of vitamin D per
kilogram of body weight. All the other nutrients in this diet met
the National Research Council requirements for pregnant mice
(24).

At weeks 8 of age, female mice were mated with male mice
raised on the Suff diet using timed pregnancy protocols as de-
scribed previously (25). During mating and subsequent preg-
nancy, all female mice continued to be fed the same diet as before
mating. Another group of female mice were raised on a vitamin
D-deficient diet from 4 weeks but then switched to a vitamin
D-sufficient diet periconceptually at week 8 of age (Def+). For
each dietary group (Suff, Def, and Def+), 3 separate experi-
ments were carried out with each using 6 mice per dietary
group. The organization of diets, matings, and pregnancy of
these mice is shown in Supplemental Figure 1, published on
The Endocrine Society’s Journals Online web site at
http://endo.endojournals.org.

Tissue collection and analysis

Mice were euthanized at either embryonic day (E) 14 or E18
to enable the collection of placenta, kidney, and fetal tissues.
Placentas were weighed and diameter determined by measuring
the maximum width of the chorionic surface. Placenta and kid-
ney tissues were also used for isolation of RNA and for histo-
logical analyses. Fetuses were used for gross and histological
analyses. Blood was also collected at E14 by cardiac puncture,
and the resulting serum was used to analyze circulating concen-
trations of 25D and 1,25D. For serum 25D, a rapid, direct RIA
developed in the laboratory of author B.W.H. and manufactured
by Diasorin Corporation (Stillwater, Minnesota) was used (26)
An RIA manufactured by Diasorin Corporation was used to
measure total circulating 1,25D concentrations (27). This assay
uses a '>*I-labeled tracer, and samples are processed using ace-
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tonitrile followed by solid-phase extraction and quantitation.
Serum chemistry analyses including calcium, blood urea nitro-
gen, creatinine, and glucose were measured using angiotensin-
converting enzyme Alera Clinical Chemistry Systems automated
assays (Alfa Wassermann Diagnostic Technologies, Inc, West
Caldwell, New Jersey). These assays were carried out as part of
core automated assay services by DLAM/Pathology and Labo-
ratory Medicine Services at David Geffen School of Medicine at
UCLA. Urine was collected at 3 time points: the day before mat-
ing, E14, and E18 using metabolic cages to collect urine for 24
hours (Harvard Apparatus, Holliston, Massachusetts). A urine
analysis to assess proteinuria was carried out by the Pathology
and Laboratory Medicine Services, David Geffen School of Med-
icine at UCLA, using quantitative urinalysis kits (Ani Lytics, Inc,
Gaithersburg, Maryland).

Blood pressure measurement by tail-cuff method

BP was measured twice before breeding (baseline), once at
E14 gestation, and once on E18, postpartum day (PP) 7, and
PP14 using tail-cuff plethysmography (model 229; IITC, Wood-
land Hills, California) in the UCLA Mouse Physiology Core Lab-
oratory (Department of Physiology, David Geffen School of
Medicine at the University of California, Los Angeles). BP mea-
surements were made at the same time of day (afternoons) in
accordance with the manufacturer’s guidelines. Briefly, mice
were inserted in the IITC plexiglas restrainer with the tail cuff
device snugly fitted to the base of their tails. The mice were kept
in a warm environment (30-32°C) for no more than 25 minutes.
After a 10-minute period of equilibration, at least 3 cuff inflation
readings were obtained at 2- to 5-minute intervals. The record-
ings were later analyzed to determine systolic BP (SBP) and mean
arterial pressure (MAP). The 3 or more pressure readings were
averaged from each mouse recording session to obtain the av-
erage SBP and MAP values for that time point.

Histological and immunohistochemical analyses
Sections of paraffin-embedded tissue from maternal kidneys
and placenta were used first for routine histological analyses
using hematoxylin and eosin (H&E) and periodic acid Schiff
staining. Immunohistochemical analysis of CD31 protein ex-
pression to stain for endothelial cells and analyze placental cap-
illary diameter was carried out using paraffin-embedded tissue
sections as described previously (25). In brief, sections were
deparaffinized and hydrated through a series of xylene and
graded ethanol washes, and antigen retrieval was carried out in
0.01 M sodium citrate buffer in a pressure cooker at 103 kPa for
2 minutes. Slides were then incubated in 3 % methanol-hydrogen
peroxide for 15 minutes to quench endogenous peroxidase ac-
tivity and washed in PBS (pH 7.4). Nonspecific binding was
blocked with 1.5% of normal blocking serum/PBS for 1 hour at
room temperature, and slides were then incubated with rabbit
antimouse CD31 polyclonal antibody (1:50 dilution; Abcam,
Cambridge, Massachusetts) at 4°C overnight. After a 15-minute
PBS wash, biotinylated goat antirabbit IgG (1:200 diluted in
1.5% normal blocking serum/PBS; Vector Laboratories, Burlin-
game, California) was added to sections for 1 hour. Slides were
then washed for 15 minutes in PBS and then incubated for 30
minutes with avidin and biotinylated horseradish peroxidase
macromolecular complex (Vector Laboratories). Diaminoben-
zidine tetrahydrochloride was used to visualize protein expres-
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sion, and hematoxylin (Modified Mayer’s Formula; Vector Lab-
oratories) was used to counterstain sections. Finally, the slides
were dehydrated and mounted with glycerol mount medium.

The diameter of fetal capillaries was defined using CD31 to
stain for endothelial cells in the placental labyrinth. The diameter
of CD31-stained placental capillaries was measured twice for the
widest and narrowest diameter using Nikon NIS-Elements
AR3.0 software (Nikon Instruments Inc, Melville, New York)
and mean values recorded. Within each field 35 capillary diam-
eter measurements were performed on blood vessels with a clear
border. At X400 magnification, 10-15 fields (depending on in-
dividual placental sample variations) were analyzed per placenta
section encompassing 5 different regions of the placental laby-
rinth area (ie, center, right middle, right edge, left middle, and left
edge). For each dietary group, placentas from 4 different preg-
nancies were analyzed, with tissue from 3 placentas per preg-
nancy being used to generate sections.

Quantitative real-time RT-PCR

RNA was extracted as described above. cDNA was synthe-
sized by SuperScript Il reverse transcriptase and random primers
(Invitrogen, Carlsbad, California) according to the manufactur-
er’s protocol. Quantitative real-time RT-PCR (qPCR) analysis
was performed using a Stratagene Mx3005P quantitative real-
time RT-PCR system (La Jolla, California), using TagMan
probes and primers from Applied Biosystems (Foster City, Cal-
ifornia). Expressions of mRNAs for specific mouse target genes
were assessed using the following FAM-labeled TagMan gene
expression assay probe/primer sets (from Applied Biosystems):
Cyp27b1 (Mm01165922_g1), Renl (Mm02342889_g1), and
Agtrla (MmO00616371_m1) in conjunction with VIC/MGB
probe/primer for 18S rRNA (endogenous control) (part
4319413E). All cDNAs were amplified under the following con-
ditions: 50°C for 2 minutes, 95°C for 10 minutes, followed by 40
cycles of 95°C for 15 seconds and 60°C for 1 minute. All reac-
tions were performed in triplicate, and each target gene expres-
sion was normalized to 185 mRNA expression. The relative
amount of target gene in each sample was reported using fold
changes calculated by 244" values (AACt value for vehicle
treated control — ACt for treated sample) ACt, defined as cycle
threshold (Ct) of gene of interest — Ct of 18S as described pre-
viously (25).

Statistics

All statistical analyses were carried out using Sigmaplot 9.0
software (Systat Inc, San Jose, California). Experimental means
were compared statistically using an unpaired Student ¢ test.
Where indicated, multifactorial data were compared using
1-way ANOVA, with the Holm-Sidak method used as a post hoc
multiple-comparison procedure. Statistical analyses were car-
ried out using raw ACt values.

Results

Low serum concentrations of 25D and 1,25D in

pregnant mice raised on a vitamin D-deficient diet
At E14, serum levels of 25D were higher in pregnant

mice raised on a vitamin D-sufficient diet (Suff) vs those
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Figure 1. Effect of maternal dietary vitamin D restriction on
circulating levels of vitamin D metabolites in pregnant mice. Sera were
collected on E14 from 3 groups of pregnant mice: 1) mice raised from
weaning (week 4) through E14 on a vitamin D-sufficient diet (Suff); 2)
mice raised from week 4 through E14 on a vitamin D-deficient diet
(Def); and 3) mice raised on a vitamin D-deficient diet from week 4 to
week 8 and then transferred to a vitamin D-sufficient diet through E14
(vitamin D replacement; Def+). Serum concentrations of 25D (A) and
1,25D (B) were measured by RIA. Values shown are mean = SEM for 5
separate pregnant mice. *, Statistically different from Def mice (P <
.05); **, P < .01, and ***, P < .001; #, statistically different from
Def+ mice (P < .05).

raised on a vitamin D-deficient diet (Def) [30.1 (mean) =
5.0 (SEM] vs 1.8 £ 0.6 ng/mL, P < .001, n = 5) (Figure
1). Serum levels of 1,25D were also higher in Suff vs Def
mice (119.5 £ 18.7vs 37.4 = 5.1 pg/mL, P < .05,n = 5).
Resupplementation of Def mice from week 8 of age ele-
vated serum levels of both 25D (18.9 * 2.5 ng/mL) and
1,25D (163.7 = 41.7 ng/mL). In the resupplemented
(Def+) mice serum levels of 25D and 1,25D were signif-
icantly higher than Def mice (P < .001 and P < .01 re-
spectively, n = 6 animals). However, serum levels of 25D
in Def+ mice remained statistically lower than the Suff
mice (P < .05, n = 6 animals) (Figure 1). The vitamin
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D-deficient diet had no effect on serum levels of glucose,
calcium, blood urea nitrogen, and creatinine in mice at
E14. Urinary protein and glucose levels were in normal
ranges at all the time points in the experiments (ie, before
mating, E14,and E18) in both Suff and Def mice, and there
were no significant differences between the 2 groups of
mice (data not shown).

Vitamin D deficiency during pregnancy is
associated with elevated BP

Tail-cuff analysis of mice showed no significant differ-
ence in BP between Suff and Def mice at baseline (imme-
diately prior to mating) (Figure 2). However, at E14, BP
was significantly elevated in Def mice compared with Suff
mice for both SBP (124.89 + 2.48 vs 105.34 = 3.61 mm
Hg, P <.001,n = 5)and MAP (115.33 = 1.93vs89.33 =
5.02 mm Hg, P < .001, n = 5). This elevation continued
through the remainder of pregnancy and PP7. At E18, SBP
for Def vs Suff mice was 121.33 * 3.88 vs 99.78 = 4.12
mm Hg (P <.01,n = 5), and MAP was 109.33 * 3.69 vs
88 + 5.39 mm Hg (P < .05, n = 5). At PP7, the SBP for
Def mice was still significantly elevated relative to Suff
mice (121.30 £ 0.5 vs 112.0 £ 0.6 mm Hg, P < .05,n =
5), but there was no significant difference between the 2
types of mice for MAP. SBP in Def mice returned to base-
line levels comparable with Suff mice by PP14 (Figure 2),
consistent with changes in BP observed for humans with
preeclampsia postpartum. In Def+ mice at E14 SBP and
MAP were significantly decreased (111.75 + 4.05 mm Hg
for SBP and 92.71 = 1.31 mm Hg for MAP) compared
with Def mice (P < .05, n = 6). The SBP in Def+ at E14
showed no significant difference compared with Suff mice
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Figure 2. Effect of maternal dietary vitamin D restriction on BP in pregnant mice. SBP (A) and MAP (B) were measured before mating [baseline
(B)], on E14, E18, and at PP7 and PP14 in vitamin D-sufficient (Suff) and vitamin D-deficient (Def) mice. SBP and MAP were also measured in
vitamin D-replacement (Def+) mice at B and E14. Values shown are mean = SEM for 6 separate mice. *, Statistically different from Suff mice (P <

.05); **, P < .01; ***, P < .001.
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Figure 3. Effect of maternal dietary vitamin D restriction on the renal
renin-angiotensin system in pregnant mice. Expression of mRNA for
renin (RenT) (A) and angiotensin Il receptor (Agtria) (B) in kidneys from
pregnant vitamin D-sufficient (Suff), vitamin D-deficient (Def), and
vitamin D-replacement (Def+) mice on E14. Levels of mRNA encoding
RenT (C) and Agtria (D) were also assessed in nonpregnant, E14, and
PP14 vitamin D-deficient mice. Data shown are fold change in mRNA
relative to Suff mice (*) or Def+ mice (#) in A and B and either
nonpregnant mice (*) or PP14 mice (#) in C and D. Values shown are
mean =+ SEM for 5 separate mice. *, Statistically different from Suff
mice (P < .05); **, P < .01; ##, statistically different from Def+ mice
(P < .01); %, statistically different from nonpregnant mice (P < .01);
tt, statistically different from PP14 mice (P < .01).

at E14, but the MAP in E14 Def+ mice remained higher
than the MAP in Suff mice (P < .05).

Effects of vitamin D status on the renal RAAS in
pregnant mice

Analysis of kidney mRNA expression by real-time RT-
PCR showed that expression of renin (Ren1) and the an-
giotensin II receptor (Agtrla) were significantly elevated
in Def vs Suff mice at E14 (3.2 = 0.7-fold for Renl, P <
.05;4.5 = 1.6 for Agtrla, P <.01,n = 5) (Figure 3, A and
B). In Def+ mice expression of renal Agtrla mRNA ex-
pression was decreased relative to Def mice (0.28 = 0.1-
fold, P < .001,n = 5), but this effect was not observed for
Renl.InDef mice elevated expression of Renl and Agtria
was evident only during pregnancy and returned to base-
line levels at PP2 (Figure 3, C and D). Further RT-PCR
analyses showed that expression of mRNA for mouse
CYP27B1 (Cyp27b1) was increased in kidneys from E14
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Def mice relative to Suff mice (55.2 = 4.1-fold higher, P <
.001, n = 5). By contrast, in E14 placentas Cyp27b1
showed a trend for lower mRNA in Def vs Suff mice (0.6 =
0.1-fold, n = 5 mice). To determine whether changes in
kidney expression of Renl and Agitrla were associated
with endothelial pathology such as glomeruloendothelio-
sis, renal tissue sections from Suff and Def mice were an-
alyzed histologically (Supplemental Figure 2). However,
staining using H&E and periodic acid Schiff showed no
evidence of aberrant glomerular histology such as swelling
of endocapillary cell cytoplasm.

Effects of vitamin D status on mouse placentas

At E14 and E18, Suff and Def mice showed no signif-
icant variations in placental weight (Figure 4A). There was
also no significant difference in placental diameter be-
tween Suff and Def mice at E14 (Figure 4B). However, at
E18, Def mice showed lower placental diameter compared
to Suff mice (8.5 + 0.2 mmvs 9.4 = 0.1 mm, P < .01). In
Def+ mice, placental diameter and weight at E14 or E18
was not significantly different to Suff or Def mouse pla-
centas (data not shown).

Histological analyses demonstrated dysregulated vas-
cularization within the labyrinth of placentas from Def
mice (Figure 5). Immunohistochemical analysis of the en-
dothelial cell maker CD31 in E14 placentas from Def mice
(Figure 5, D-I) indicated that the diameter of the lumen of
fetal blood vessels in the labyrinth of placentas from Def
mice (Figure 5, E and H) was narrower relative to vessels
from Suff placentas (Figure 5, D and G) throughout the
labyrinth. In Def+ mice, there was a partial reversal of the
vascular narrowing observed in placentas from Def mice
(Figure 5, F and I). Quantification of vascular diameter
after CD31 staining showed that this decreased from
9.36 = 1.32 um (SD) in Suff mice to 5.03 = 0.88 wm in Def
mice (P < .001) and 6.14 * 1.32 um in Def+ mice (P <
.001) (Figure 6). There was no statistical difference in vas-
cular diameter between Def and Def+ mice.

Impaired fetal development and delivery in
vitamin D-deficient mice

Analysis of fetal growth showed that E14 and E18 fe-
tuses from Def mice were larger (length and weight) than
fetuses from Suff mice (Figure 7, A and B). At E14 these
differences were not ameliorated in Def+ mice. Despite
the differences in fetal size and weight between the 2
groups of mice, there was no statistical difference in litter
sizes between Suff (7.29 = 0.47) and Def (7.25 + 0.37)
mice (Figure 7C). However, analysis of offspring weight
postpartum showed that pups from Def mothers weighed
significantly less than those from Suff mothers at PP14 to
PP28 (Figure 7D). The increase in fetal weights were ob-
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Figure 4. Effect of maternal dietary vitamin D restriction on placental diameter and weight.
Placentas were collected at E14 and E18 from vitamin D-sufficient (Suff) and vitamin D-deficient
(Def) pregnant mice. A, Comparison of placenta weights (milligrams). B, Comparison of placenta
diameter (millimeters). Values shown are mean + SEM for 5 separate mice. **, Statistically

different from the E18 Suff mice (P < .01).

served despite more Def pregnancies delivering before E18
(Figure 7E).

Discussion

In previous association studies from human pregnancies,
vitamin D deficiency has been linked to preeclampsia, a
key adverse event for both mother and fetus (3, 5). We
therefore hypothesized that vitamin D-deficient pregnant
mice would demonstrate symptoms associated with pre-
eclampsia including elevated BP and proteinuria. The data
presented in this study show that mice raised from wean-
ing through pregnancy on a vitamin D-deficient diet had
elevated BP compared with their counterparts raised on a
vitamin D-sufficient diet, but these mice did not demon-
strate other symptoms associated with preeclampsia in
humans such as proteinuria.

Sustained elevation of either SBP or MAP may be evi-
dence for hypertension in pregnancy, and in the current
study, both parameters were abnormally high in vitamin
D-deficient mice. The elevated SBP observed in Def mice
was not as pronounced as that reported for other models
of hypertension in pregnancy, notably renin and angio-
tensinogen transgenic mice (29), and mice with gene ab-
lation of corin, a cardiac transmembrane serine protease
that can convert proatrial natriuretic peptide to atrial na-
triuretic peptide (30). However, the BP values obtained for
the Def mice in this study are comparable with other
mouse models of pregnancy hypertension such as the cat-
echol-O-methyltransferase knockout mouse, which lacks
the ability to generate 2-methoxyoestradiol, a potent vas-
cular inhibitor (31). The MAP was also elevated in the
pregnant Def mice, consistent with other studies such as
the complement component C1q knockout mouse, which

MAP were observed only in Def mice
during pregnancy. This contrasts
studies of Vdr knockout (Vdr™'")
mice that present with constitutively
elevated BP (33), although it is inter-
esting to note that the difference in
SBP between Vdr~'~ and wild-type
mice (20 mm Hg) was similar to that observed between the
pregnant Def and Suff mice. In Vdr~/~ mice, elevated BP
was associated with a 4-fold increase in kidney Renl
mRNA expression (33), similar to that observed in the
kidneys of pregnant Def mice (see Figure 3). Active 1,25D
suppresses the transcription of the Ren1 gene via a vitamin
D receptor-dependent mechanism that blocks a cAMP re-
sponse element within the Renl gene promoter (34). It
would therefore appear that the decreased renal produc-
tion of 1,25D in 25D-depleted Def mice results in dys-
regulation of Renl similar to that observed in Vdr~'~
mice. However, elevated renal Renl and Agtrla were ob-
served only in pregnant Def mice, despite the fact that
nonpregnant Def mice exhibited similar low levels of se-
rum 25D. Indeed, although serum levels of 1,25D in preg-
nant Def mice are lower than Suff mice, they were not
significantly different from circulating 1,25D concentra-
tions we have reported previously for nonpregnant female
BL6 mice (35). This suggests that physiological changes in
pregnancy can unmask the effects of 25D deficiency on the
renal RAAS.

Maternal serum concentrations of 1,25D rise rapidly
during early gestation, although the underlying mecha-
nism for this is unclear (36). The immediate physiological
benefit of enhanced serum 1,25D is also unclear but may
contribute to the maintenance of maternal calcium ho-
meostasis (37). In view of the data presented in this study,
we can perhaps speculate that the gestational rise in ma-
ternal 1,25D is also linked to the RAAS and regulation of
maternal BP. Inarecent randomized supplementation trial
involving pregnant women, circulating levels of 25D were
shown to be directly related to circulating 1,25D levels
(38), suggesting that vitamin D (25D)-deficient pregnant
women may also have relatively low levels of 1,25D. This,
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Figure 5. Effect of maternal dietary vitamin D restriction on placental histology. A-C, H&E staining of placenta tissue at E14 from the following:
mice raised from weaning (week 4) through E14 on a vitamin D-sufficient diet (Suff, A); mice raised from week 4 through E14 on a vitamin D-
deficient diet (Def; B); mice raised on a vitamin D-deficient diet from week 4 to week 8 and then transferred to a vitamin D-sufficient diet through
E14 [vitamin D replacement (Def+; C)]. All X400 magnification. D-I, Inmunohistochemical analysis of the endothelial cell marker CD31 in
placental tissue from E14 pregnant mice from Suff (D and G), Def (E and H), and Def+ (F and 1) groups. Original magnification. XX100 for Figure

D-F and %200 for G-I.

in turn, may provide a mechanism linking low serum 25D
with the hypertension associated with preeclampsia (3-3,
39), and it is notable that low serum 1,25D has also been
reported for women with preeclampsia (40). It is also im-
portant to recognize that although increased plasma renin
and angiotensin levels occur as part of normal human
pregnancy physiology, there is relative insensitivity to the
RAAS system in pregnant women (13). By contrast, in
preeclampsia pregnancies renin levels are only mildly el-
evated, (41) so that the elevated BP associated with pre-
eclampsia appears to be due primarily to enhanced angio-
tensin receptor activation (13). It was therefore notable in
the current study that Agirla mRNA expression was el-
evated in kidneys from vitamin D-deficient mice, suggest-
ing that this may also be a key factor in vitamin D defi-
ciency-associated dysregulation of BP during pregnancy.

Increased synthesis of 1,25D during pregnancy is
thought to be due primarily to activity of CYP27B1 in
maternal kidneys. The placenta is also a major extrarenal
site for synthesis of 1,25D (42), and, like the kidney, this
may also be affected by decreased serum 25D under con-
ditions of vitamin D deficiency. However, in contrast to
the endocrine function of the renal vitamin D system, syn-
thesis of 1,25D by the placenta may fulfill a more localized
intracrine or paracrine role that directly affects placental
function (43). In the current study, one of these functions
appears to be the maintenance of normal placental angio-
genesis. Previous reports have described decreased expres-
sion of CD31 in an angiotensin receptor autoantibody
mouse model of preeclampsia (44). In vitamin D-deficient
pregnant mice, CD31 was expressed normally but blood
vessels were severely constricted in diameter. The precise
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Figure 6. Effect of maternal dietary vitamin D restriction on placental
vascular diameter. Quantification of vascular diameter (micrometers)
based on CD31 staining in E14 placentas from vitamin D-sufficient
(Suff), vitamin D-deficient (Def), and vitamin D-replacement (Def+)
mice. Values shown are mean = SD for 10-15 fields of vision at 5
different locations (center, right middle, right edge, left middle, and
left edge) of placentas from 4 different pregnant mice. ***,
Statistically different from Suff mice (P < .001).

mechanism by which vitamin D-deficiency contributes to
this mechanism remains unclear, but it will be interesting
in future studies to assess the effects of vitamin D metab-
olites on vascular function in the placenta. Interestingly,
vitamin D deficiency during pregnancy produced diver-
gent effects on renal and placental express of Cyp27b1,
which was induced and suppressed respectively in the 2
tissues. The lower level of Cyp27b1 mRNA in placentas
from vitamin D-deficient mice is similar to that previously
reported for human trophoblastic cells from preeclampsia
pregnancies (9). By contrast, immunohistochemical anal-
ysis of protein for human CYP27B1 protein has reported
elevated levels of the enzyme in placenta tissue from pre-
eclampsia pregnancies (45).

In addition to determining the impact of vitamin D-de-
ficiency on the renal RAAS and placental function, addi-
tional experiments were carried out to assess responses to
resupplementation with vitamin D. In Def mice that were
transferred periconceptionally to a vitamin D-sufficient
diet (Def+), serum levels of 1,25D were similar to the
elevated levels observed in Suff mice. However, although
serum levels of 25D rose in the Def+ mice (18.9 ng/mL,
47.3 nM) relative to Def (1.8 ng/mL, 4.5 nM), they re-
mained significantly lower than Suff mice (30.1 ng/mL,
75.3 nM). It was therefore interesting to note that the
elevated BP in E14 Def mice was only partly corrected in
G14 Def+ mice (see Figure 2). In a similar fashion, anal-
ysis of renal Renl and Agtrla and placental morphology

endo.endojournals.org 2277

showed partial amelioration of the effects of vitamin D
deficiency upon restoration of a vitamin D-sufficient diet
at the start of pregnancy. There is ongoing debate over
what constitutes normal or optimal serum 25D status (46,
47) in pregnancy. In mice, it is possible to speculate that
maternal levels of 25D at 50 nM are insufficient to prevent
renal and placental abnormalities that contribute to dys-
regulation of BP. However, this may not be true in hu-
mans. Recent studies in human pregnancies have shown
that maternal supplementation with doses of vitamin D
that increase maternal serum 25D above 100 nM in late
gestation may decrease the risk of developing preeclamp-
sia (48). Thus, it is possible that the serum 25D require-
ments for optimal human placental and pregnancy health
are higher than those proposed for normal calcium ho-
meostasis and bone metabolism.

Although Def mice showed several important features
of preeclampsia, not all observations supported this. We
did not observe the proteinuria that is classically associ-
ated with human preeclampsia and some mouse models of
the disorder. Likewise, the Def mice showed no evidence
of another characteristic lesion of human preeclampsia,
glomeruloendotheliosis. It was also notable that fetuses
from Def mice were larger than those from Suff mice, and
this effect did not appear to be due to variations in litter
size. By contrast, preeclampsia is conventionally associ-
ated with small-for-gestational-age fetuses. Large-for-ges-
tation-age fetuses (macrosomia) may be due to several fac-
tors including generalized fetal edema (49), although we
did not observe any evidence for this the current study.
Maternal hyperinsulinism may be another explanation,
although data from human studies have to date failed to
show a link between low vitamin D status, gestational
diabetes, and macrosomia (50).

Despite the unexpected data for fetal weight and size,
postpartum growth was significantly impaired in off-
spring from Def mice, suggesting the vitamin D status in
utero is an important determinant of subsequent growth
and development, possibly through fetal programming. In
future studies it will be interesting to maintain mice born
to vitamin D-deficient mothers for extended periods of
time to determine the impact of this on adult health. Other
studies using mice have shown that gestational vitamin D
deficiency is associated with aberrant expression and func-
tion of immune cells in the offspring (51). Finally, data
showed that births in Def mice were more likely to occur
preterm (<E18) compared with Suff mice. The percentage
of births less than E18 in vitamin D-deficient mothers was
similar to that reported for biglycan and decorin knockout
mouse models of spontaneous preterm birth (52). Epide-
miological studies have yet to demonstrate a clear associ-
ation between vitamin D deficiency and spontaneous pre-
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Figure 7. Effect of maternal dietary vitamin D restriction on fetal development and parturition weights (A) and size of fetuses (B) at E14 and E18
from Suff, Def, and Def+ mice (n = 16 fetuses for each group). C, Litter size for Suff and Def mice. D, Growth of fetuses and pups with time as
assessed by body weights (grams) (n = 16 animals per group). In the Def group, the diet of the mother was changed to vitamin D-sufficient diet
immediately after delivery. After weaning, infants raised from both groups were fed with a vitamin D-sufficient diet. E, Values shown are mean =+

SEM for 12 per litter for both groups of mice. Effect of the vitamin D-deficient diet shows on birth of litters before E18. *, Statistically different

from Suff mice (P < .05); **, P < .01; ***, P < .001.

term birth in humans (28), and at present there are no data
for iatrogenic (clinically indicated) preterm births second-
ary to disorders such as preeclampsia in relation to ma-
ternal vitamin D status.

Data presented here suggest that low serum levels of
25D can affect both the kidney renin-angiotensin system
and placental vascular development in mouse pregnan-
cies. Vitamin D deficiency may lead to a decreased supply
of 25D for the activation to 1,25D by both the kidney and
placenta, with concomitant consequences for localized
and systemic vitamin D actions. Restoring dietary vitamin
D to normal in the periconceptual period may ameliorate
these detrimental effects of vitamin D deficiency in preg-
nancy despite only a partial restoration of serum levels of
25D to less than 75 nM. Despite these observations, the
current study does not clarify the extent to which vitamin
D deficiency is a contributing factor to preeclampsia as a

specific adverse event of pregnancy. Vitamin D-deficient
pregnant mice did not present with significant proteinuria
or evidence of glomeruloendotheliosis, 2 well-established
characteristics of preeclampsia. In addition to effects on
maternal health, vitamin D deficiency during pregnancy
may also influence fetal and neonatal development. Fur-
ther studies are required to more comprehensively define
the maternal and fetal benefits of optimizing vitamin D
status in utero. However, our current data strongly sug-
gest that vitamin D deficiency during pregnancy may have
detrimental effects that extend beyond the classical actions
of vitamin D on skeletal homeostasis.
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