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The placenta acts as a physiological barrier, preventing the transfer of maternal glucocorticoids to the developing fetus. This
is accomplished via the oxidation, and subsequent inactivation, of endogenous glucocorticoids by the 11-𝛽 hydroxysteroid
dehydrogenase type 2 enzyme (HSD2). Maternal protein restriction during pregnancy has been shown to result in a decrease in
placental HSD2 expression and fetal glucocorticoid overexposure, especially late in gestation, resulting in low birth weight and
“fetal programming” of the offspring. This dietary intervention impairs fetal growth and cardiovascular function in adult C57BL/6
offspring, but the impact on placental HSD2 has not been defined. The goal of the current study was to examine the effects of
a maternal low-protein diet (18% versus 9% protein) on placental HSD2 gene expression and enzyme activity in mice during late
gestation. In contrast to previous studies in rats, a maternal low-protein diet did not affect HSD2 protein or enzyme activity levels in
the placentas of C57BL/6mice and this was irrespective of the gender of the offspring.These data suggest that the effects ofmaternal
protein restriction on adult phenotypes in C57BL/6 mice depend upon a mechanism that may be independent of placental HSD2
or possibly occurs earlier in gestation.

1. Introduction

A wealth of evidence demonstrates that an individual’s risk
of developing adult onset cardiovascular disease and the
metabolic syndrome can be “programmed” by events occur-
ring in utero. Studies aimed at gaining a better understanding
of the fetal origins of adult-onset diseases have provided
evidence that maternal diet during gestation can have a pro-
found impact on the incidence of these conditions. Maternal
dietary protein restriction during pregnancy has been linked
to decreased birth weight and subsequent hypertension,
coronary artery disease, obesity, and diabetes in adulthood
[1, 2].

Glucocorticoids have been implicated as playing a fun-
damental role in the fetal programming process. Although
required for the normal development and maturation of a
number of organ systems, glucocorticoid overexposure is
known to have a negative impact on normal growth and

development and is associated with low birth weight, hyper-
tension, and altered reactivity of the hypothalamic-pituitary-
adrenal axis [3, 4].The placenta acts as a physiological barrier,
preventing the transfer of maternal glucocorticoids to the
fetus primarily through the action of themicrosomal enzyme,
11-𝛽hydroxysteroid dehydrogenase type 2 (HSD2).TheHSD2
enzyme catalyzes the oxidation of receptor active endoge-
nous glucocorticoids (cortisol in humans, corticosterone in
rodents) to their biologically inert metabolites (cortisone, 11-
dehydrocorticosterone), while synthetic glucocorticoids such
as dexamethasone tend to cross the placenta in their active
form [5]. The role of placental HSD2 enzyme activity in
protecting the fetus from maternal glucocorticoid overex-
posure has been highlighted in both human and animal
studies. Decreased birth weight and a variety of programmed
phenotypes have been linked to mutation or genetic knock-
out of the HSD2 gene, the pharmacological inhibition of
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HSD2 enzyme activity, or the administration of synthetic
glucocorticoids, which are not actively oxidized by HSD2 [6].

Previous studies in rats have shown that administration of
a low-protein diet throughout pregnancy results in a decrease
in placental HSD2 expression leading to low birth weight and
a hypertensive phenotype in the offspring [4, 7]. Interestingly,
even when pregnant dams are placed on the low-protein diet
for discrete periods lasting only 7 days (i.e., days 0–7, 8–14,
or 15–22), the offspring exhibit signs of hypertension, albeit
to a lesser degree than offspring of dams who consumed the
diet throughout pregnancy [8]. Furthermore, administration
of a low-protein diet during the final week of pregnancy
resulted in a more severe phenotype in the offspring than
administration of the diet during early or mid-gestation [8].
The administration of a synthetic glucocorticoid to pregnant
rats in the final week of gestation has also been shown to
program hypertension in the offspring [9].

We have recently demonstrated that a low-protein diet
results in low birthweight and deficits in cardiovascular func-
tion in mice [10, 11]. We have also shown that dexamethasone
(a poor substrate for HSD2 metabolism) administration to
mice during the second half of pregnancy induces cardio-
vascular dysfunction [11]. Together, these data suggest that,
as in rats, mice can be programmed for adult cardiovascular
disease by both dietary manipulation and direct exposure to
glucocorticoids during fetal life, and as such, the latter stages
of gestation may represent a critical window in which fetal
glucocorticoid exposure must be tightly regulated.

To date, the majority of data available concerning pla-
cental glucocorticoid metabolism and fetal programming
via maternal dietary manipulation is derived from studies
performed in rats. Given the array of genetic tools currently
available for use in mice, a better understanding of normal
and pathophysiological processes in this important animal
model is of critical importance. Additionally, nothing is
known about the sex-specific expression of placental HSD2
expression inmice.The goal of the current studywas to exam-
ine the effects of a maternal low-protein diet on placental
HSD2 protein and enzyme activity levels in C57BL/6 mice
during late gestation.

2. Materials and Methods

2.1. Animals. Adult C57BL/6 mice (Jackson Laboratory, Bay
Harbor, ME, USA) were maintained and bred at the Uni-
versity of Iowa Animal Care Unit. Prior to experimentation,
animals were allowed access to standard mouse chow and
water ad libitum. For breeding, female mice were paired with
a male for up to 5 days and monitored for the presence
of a vaginal plug each morning, an indicator of mating.
Mice possessing a vaginal plug (embryonic day 0, E0) were
removed from the cages and placed on either a normal
protein diet (18% protein) or an isocaloric, low-protein diet
(9% protein) for the duration of pregnancy as previously
described [10]. Isocaloric 18% protein (cat. # 111269) and
9% protein rodent diets (cat. # 111270) were purchased from
Dyets, Inc. (Bethlehem, PA, USA).

2.2. Tissue Collection. On embryonic days 9.5, 12.5, 14.5 or
18.5, pregnant females were rendered unconscious via CO

2

exposure and euthanized via cervical dislocation. Following
removal of the uterus, uterine horns were incised and the
pups and entire placentas were removed. Placentas were
dissected from the pups and minced into several pieces.
Typically, tissue samples from 4-5 placentas per litter were
combined in sterile microfuge tubes and quickly frozen on
dry ice for later use.

2.3. Immunoblot Analysis. Placental tissues were homog-
enized on ice in tissue lysis buffer (Promega, Madison,
WI, USA) supplemented with protease inhibitor cocktail
(Roche Applied Science, Indianapolis, IN). Samples were
centrifuged for 10 minutes at 10,000×g to pellet cellular
debris and the supernatant isolated. Supernatant protein
concentrations were determined using the Bio-Rad Protein
Assay according to the manufacturer’s instructions (Bio-
Rad, Hercules, CA, USA). Fifty micrograms of placental
homogenate protein, or 20 𝜇g of mouse kidney protein (a
positive control for immunoreactive HSD2 protein), were
subjected to one-dimensional sodium dodecyl sulfate poly-
acrylamide gel electrophoresis (SDS-PAGE, 10% Tris-HCl
gel) and transferred to nitrocellulose membrane. Nonspecific
binding sites were blocked by incubating the membranes in
Odyssey Blocking Buffer (Licor Biosciences, Lincoln, NE,
USA). Blotting was performed overnight at 4∘C using rabbit
anti-mouse HSD2 primary antibody at a concentration of
2 𝜇g/mL (Alpha Diagnostics International, San Antonio, TX,
USA). The membranes were washed extensively in PBS
supplemented with 0.1% Tween-20, then incubated with
IRDye anti-rabbit secondary antibody, and imaged using
the Odyssey Infrared Imaging System (Licor Biosciences,
Lincoln, NE, USA). Blots were then stripped in 0.2% NaOH
for 5 minutes followed by incubation with goat anti-mouse
𝛽-actin primary antibody (Alpha Diagnostics International,
San Antonio, TX, USA) at a concentration of 1𝜇g/mL for one
hour at room temperature.Themembraneswere thenwashed
and incubated with IRDye anti-goat secondary antibody
and imaged and immunoreactive bands quantified using the
Odyssey Infrared Imaging System. HSD2 protein levels were
normalized to those of 𝛽-actin on stripped and reprobed
membranes to control for any variations in loading.

2.4. HSD2 Enzyme Activity Assay. Placental tissues were
homogenized in assay buffer (phosphate buffered saline
supplemented with 250mM sucrose) on ice and centrifuged
for 10 minutes at 10,000×g to pellet cellular debris and
the supernatant isolated. Supernatant protein concentrations
were assayed as described above. For enzyme activity assays,
100 𝜇g of placental protein were combined with 1mM NAD+
and 1 nM 3[H]-corticosterone and incubated at 37∘C for 30
minutes. Tritiated steroid metabolites were isolated, sepa-
rated via thin layer chromatography, and quantified as pre-
viously described [12]. HSD2 enzyme activity was quantified
by assessing the conversion of tritiated corticosterone to 11-
dehydrocorticosterone.
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Figure 1: Placental HSD2 protein expression during the last half of gestation from pooled placentae of C57BL/6 mice (𝑛 = 4 litters at each
time point). Data are expressed as arbitrary densitometric units normalized to 𝛽-actin loading control. A representative HSD2 immunoblot
is shown in the figure.
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Figure 2: Placental HSD2 protein expression in pooled placentae harvested frommice consuming a control (18% protein) or low-protein (9%
protein) diet during late gestation. Data are expressed as arbitrary densitometric units normalized to 𝛽-actin loading controls. (a) summarizes
HSD2 protein expression at day E14.5. (b) summarizes HSD2 protein expression at day E18.5.𝑁 = 3 pooled litters for each group.

2.5. DNA Isolation and PCR Analyses. Total DNA was
isolated from tail snips taken from individual fetal mice
harvested on day E18.5 of gestation using the DNeasy Blood
and Tissue Kit according to the manufacturer’s directions
(Qiagen Inc., Valencia, CA, USA). Polymerase chain reaction
was performed to amplify a homologous region of the X
and Y chromosomes encoding the Jarid1c (X chromosome)
and Jarid1d genes (Y chromosome) as previously described
[13]. Briefly, 1 𝜇g of total DNA was combined with 45𝜇L of
Platinum PCR SuperMix (Invitrogen, Carlsbad, CA, USA)
and 0.5 𝜇M of each primer (FWD: CTGAAGCTTTTGGCT-
TTGAG, REV: CCACTGCCAAATTCTTTGG) in a total
reaction volume of 50 𝜇L. Following a 5-minute incubation at
95∘C, thermal cycling was performed for 35 cycles (95∘C for
30 seconds, 49∘C for 60 seconds, and 72∘C for 40 seconds),
followed by a final extension at 72∘C for 10 minutes. PCR
products were separated on a 2% agarose gel and stained with
ethidium bromide.

3. Results

3.1. Placental HSD2 Protein Expression. In order to assess
the effects of maternal low-protein diet on placental HSD2
protein expression in mice, pregnant C57BL/6 mice were
fed either a control diet (18% protein) or an isocaloric low-
protein diet (9% protein) beginning on day E0 of gestation.
Immunoblot analysis of placental tissues harvested from
control mice on days E9.5, E12.5, E14.5, and E18.5 revealed
a gradual accumulation of HSD2 protein towards the end
of gestation (Figure 1). After characterizing the expression
of HSD2 protein in control mice, we next compared the
expression of this protein in late gestation placentas from
mice who were fed either an 18% protein diet or an isocaloric
9% protein diet. As shown in Figure 2 (expressed as arbitrary
densitometric units), the expression of HSD2 protein was not
significantly (via unpaired Student’s 𝑡-test) different in the
placentas of the two groups at either days E14.5 (3.645 ± 0.645
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Figure 3: Placental HSD2 enzyme activity in pooled placentae. Data
are expressed as femtomoles of 11-dehydrocorticosterone produced
per microgram of placental protein.𝑁 = 3 litters for each group.

versus 3.050 ± 0.080) or E18.5 (2.600 ± 0.100 versus 2.873 ±
0.383).

3.2. Placental HSD2 Enzyme Activity. Previous studies have
demonstrated that HSD2 enzyme activity may not be directly
related to actual HSD2 protein levels due to posttranslational
modifications or chemical inhibition. Indeed, decreases in
HSD2 enzyme activity have been observed under condi-
tions where HSD2 protein levels remain unchanged [14–16].
Therefore, we sought to explore the possibility that maternal
low-protein diet induces changes in HSD2 enzyme activity
in the absence of changes in actual HSD2 protein levels.
To address this, enzyme activity assays were performed on
pooled placental tissues harvested from control and low-
protein mouse litters (3-4 litters, 5–7 pups per litter) on days
E14.5 and E18.5. As shown in Figure 3, HSD2 enzyme activity
(expressed as femtomoles of 11-dehydrocorticosterone pro-
duced per microgram of placental protein) was virtually
identical in placental tissue samples harvested from mice on
both days E14.5 and E18.5, irrespective of the diet consumed
during gestation (2.402± 0.531 versus 2.410± 0.109 on E14.5;
1.941 ± 0.045 versus 1.959 ± 0.308 on E18.5).

3.3. Effects of Gender on Placental HSD2 Levels. Although
HSD2 protein and enzyme activity levels in late gestation
pooled placentas were not significantly affected by maternal
low-protein diet, we sought to determine if there was a link
between HSD2 protein expression and the gender of the
offspring. Sex-specific differences in placental HSD2 activity
have been reported in some human pregnancies and the effect
of low-protein diets on adult phenotype in rodents differ
markedly by gender [10, 17, 18]. To explore the possible role
of gender in placental HSD2 expression, individual placentas
were harvested on day E18.5 from pregnant mice fed either
a control or low-protein diet. DNA isolated from tail snips
of the corresponding fetuses was used in PCR reactions to

determine the gender of each offspring (Figure 4(a)). As
shown in Figure 4(b), on day E18.5, HSD2 protein levels in
each placenta were nearly identical irrespective of gender or
maternal diet during gestation.

4. Discussion

The concept of the fetal programming of adult disease
is an area of intense current research and its complexity
is confounded by findings that multiple causative events
are likely at play. Several lines of data suggest that events
occurring in utero can have long-term, deleterious effects on
the endocrine, metabolic, cardiovascular, and neurological
physiology of the offspring, often in a sex-specific manner.
Studies in a variety of animal models have shown that
a “programmed” phenotype can be induced by numerous
events includingmaternal dietary intervention (global caloric
restriction, high-fat diet, low-protein diet, etc.), induction
of maternal psychological stress, intrauterine growth restric-
tion, among others [19–21]. Furthermore, strong links have
been drawn between fetal programming, the reduced activity
of placental HSD2, and glucocorticoid overexposure in utero,
especially in late gestation [19, 22]. In rats, the consumption
of a low-protein diet by pregnant dams has been shown
to reduce the placental expression of HSD2 during late
gestation and result in vascular defects and hypertension in
the offspring [7, 23].

Currently, the vast majority of published data concerning
placental HSD2 expression and activity, as it relates to fetal
glucocorticoid overexposure and fetal programming, has
come from studies in humans, rats, and sheep. Little informa-
tion has been published on the expression and regulation of
placental HSD2 inmousemodels, despite this animalmodel’s
widespread use in the study of cardiovascular and metabolic
physiology and its unique capacity for genetic manipulation.
In an attempt to address this deficit, we examined the
expression and enzyme activity of HSD2 in late gestation
placentas of C57BL/6 mice from mothers consuming a
protein-restricted diet throughout pregnancy.

Previous studies in rats have demonstrated that a mater-
nal low-protein diet (isocaloric 18% versus 9% protein) is
sufficient to trigger a reduction in the placental expression
of HSD2 concomitant with decreased birth weight, decreased
renal expression of HSD2, altered vascular reactivity, and
hypertension in the offspring [7, 23]. These studies, and
others, suggest a paradigm by which a reduction in placental
HSD2 leads to increased passage of maternal glucocorticoids
to the fetal circulation and the resultant “programmed”
phenotype. In support of this, numerous studies have shown
that maternal administration of synthetic glucocorticoids,
such as dexamethasone, is sufficient to elicit a “programmed”
phenotype in rats and sheep [24–26]. Recent studies in
this lab have shown that a similar dietary program during
pregnancy leads to decreased birth weight, altered vascular
reactivity, and hypertension in male mice, similar to what
has been observed in rats [10, 11]. However, as shown in
Figures 2 and 3, the expression of HSD2 protein and actual
enzyme activity in the placentas of mice fed a low-protein
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diet did not differ significantly from controls during late
gestation (E14.5 and E18.5) and was further confirmed by
sex-specific analysis of placental HSD2 expression on day
E18.5 (Figure 4). The lack of effect of the low-protein diet
on placental HSD2 protein levels was initially unexpected
but is not entirely dissimilar to another recent report in
mice where researchers observed only a modest effect of
a low-protein diet on placental HSD2 enzyme activity and
also suggest that placental HSD2 may only play a minor,
if any, role in mediating these fetal programming effects
in mice [27]. Additionally, in C57BL/6 mouse placentae we
observed a gradual increase in HSD2 protein levels, while
Cottrell et al. observed a gradual decrease in HSD2 enzyme
activity with advancing gestational age [27]. This apparent
discrepancy may suggest that HSD2 protein expression and
actual enzyme activity may be differentially regulated via
posttranslational effects on the HSD2 protein, as we have
previously shown [14]. Althoughwe did not observe the same
modest decrease in placental HSD2 enzyme activity in the
low-protein group as these authors, thismay be attributable to
differences in methodologies employed. Notably, the authors
of this study attempted to examine the activity of HSD2 only
in the labyrinth zone of the placenta via blunt dissection of
harvested tissues. In our study, we examined HSD2 enzyme
activity in the entire placental mass. Although the labyrinth
zone of the placenta exhibits the highest level of HSD2 gene
expression, it should be noted that HSD2 is not entirely
restricted to this zone [28]. Furthermore, our “low-protein”
diet contained 9% casein protein versus the slightly lower 8%
casein in the study by Cottrell et al. [27]. Finally, our current
study carried the analysis further by examining specific
placental HSD2 levels in placentae from male versus female
mouse offspring in late gestation (Figure 4).

Given the somewhat unexpected results of our study and
those of the recent study by Cottrell et al. [27], it appears
likely that fetal programming of mice, via maternal dietary
manipulation, may be mediated by pathways or events that
are distinct from those in other commonly studied other ani-
malmodels (i.e., downregulation of placental HSD2). Indeed,
this study demonstrated that maternal protein restriction
in mice resulted in a precocious activation of the fetal
hypothalamic-pituitary-adrenal (HPA) axis, suggesting the
possibility that in mice, maternal protein restriction triggers
the “programmed” phenotype not by fetal overexposure to
maternal glucocorticoids, but by the overproduction of fetal
glucocorticoids.

While precocious activation of the fetal HPA axis could
contribute to fetal glucocorticoid overexposure in the low-
protein diet model, it may be unwise to completely rule
out the role of maternal glucocorticoid transfer across the
placenta. The ATP-cassette binding protein (Abcb1), p-
glycoprotein, is a broad spectrum drug efflux pump that is
known to transport glucocorticoids out of a wide variety of
cells and has been shown to inhibit the transfer of a variety
of substrates, including glucocorticoids, from the maternal
circulation to the fetal circulation [29–31]. P-glycoprotein is
expressed in the mouse placenta throughout gestation and
likely plays a protective role in preventing the transfer of
maternal glucocorticoids to the fetus [30]. It is currently
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Figure 4: Gender-specific placental expression of HSD2 protein
during late gestation (E18.5). (a) shows representative agarose gel of
PCR products used to identify gender of each placenta. Lane 1 is a
water only negative control. Male mice exhibited two PCR products,
one amplified from the X chromosome and one from the Y chro-
mosome. Females exhibited only one PCR product amplified from
the X chromosome. (b) shows summary of placental HSD2 protein
levels in male and female placentae from each treatment group.
Data are expressed as arbitrary densitometric units normalized to
𝛽-actin loading control. A representative immunoblot is shown in
(c).𝑁 = 3–5 placentae each from at least two separate litters.

unknown whether the expression and activity of placental
p-glycoprotein is influenced by maternal protein restriction.
Future studies aimed at examining the expression and activity
of placental p-glycoprotein in a low-protein diet animal
modelwill offer further insight into themechanisms bywhich
glucocorticoids influence fetal programming.
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5. Conclusions

The role of placental glucocorticoidmetabolism in the patho-
genesis of fetal programming of adult onset disease continues
to be an area of active research. Deficits in placental HSD2
gene expression and metabolism as a consequence of mater-
nal protein restriction have been observed in several species
including rats. Despite its widespread use in biomedical
research, little is known about this phenomenon in common
laboratory mouse strains, nor whether the expression of
placental HSD2 is influenced by gender of the offspring. In
the current study, we observed that placental HSD2 gene
expression and enzyme activity was unaffected by mater-
nal protein restriction (18% protein versus 9% protein) in
C57BL/6 mice. These findings are in contrast to observations
in other animal models (i.e., rats), but are in general agree-
ment with another recent study in mice [27]. Furthermore,
we observed that HSD2 expression and activity was similar
in male and female placentae and that this was also not
influenced by maternal diet. These results, while initially
unexpected, represent some of the first data concerning the
effects of maternal diet on placental HSD2 expression in
mice and the first data examining the effect of gender on
the expression and activity of this placental enzyme. Despite
previous studies demonstrating a clear “programmed” adult
phenotype in response to maternal protein restriction in this
mouse strain, it appears that this effect is not mediated by
changes in placental glucocorticoid metabolism as it is in
other animal models.
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