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Abstract

Multiparous ewes received 100% (control, C, n=13) or 50% (nutrient restricted, NR, n=14) of
NRC dietary requirements from d28-d78 of gestation. On d78, 5 C and 6 NR ewes were
necropsied. The remaining 8 C and 8 NR ewes were fed to 100% of NRC from d78-d135 and
necropsied. Maternal blood was collected at both necropsies and at weekly intervals for assay of
glucose, insulin and leptin. Fetal blood was collected at d78 and d135 necropsies for assay of
glucose and lipids. Cotyledonary (COT) tissue was evaluated for protein and mRNA expression
[fatty acid transporter (FATP)1, FATP4, CD36, glucose transporter (GLUT)1 and GLUT3],
MRNA expression only [placenta fatty acid binding protein (FABPpm) and lipoprotein lipase
(LPL)], or expression of phosphorylated and total protein forms [AMP kinase (AMPK)a, acetyl-
CoA carboxylase (ACC), extracellular signal-regulated kinase (Erk)1/2, mammalian target of
rapamycin (mTOR) and protein kinase B (Akt)]. On d78, but not d135, placental and fetal weights
were reduced (P < 0.05) in NR vs. C ewes. Maternal circulating glucose, insulin and leptin levels
were decreased in NR vs. C ewes on d78 (P < 0.05) but similar at d135. Fetal blood glucose and
triglyceride levels were lower in NR vs. C ewes (P < 0.05) on d78, but similar on d135. On d78,
GLUT1, FATP4, CD36 mRNA and protein expression levels, FABPpm mRNA level, and leptin
protein level were all increased (P < 0.05) in COT of NR vs. C ewes. AMPK, ACC, and Erk1/2
activities were also increased (P < 0.05) in NR vs. C COT on d78. In contrast, only FATP4 was
increased (P < 0.05) at both the mRNA and protein levels in COT of NR realimented vs. C ewes
on d135. These data demonstrate placental adaptation to maternal NR through increasing nutrient
transporter production and growth signaling activity.
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Introduction

Maternal nutrient restriction (NR) during pregnancy results in fetal intrauterine growth
restriction (IUGR), and low birth weight [1,2]. Maternal NR is also associated with
disproportionately enlarged placentae, a phenotype linked to an increased risk of offspring
developing adult hypertension [1]. Moreover, maternal NR during the first half of gestation
has been shown to increase perinatal mortality and the prevalence of metabolic disorders,
such as obesity and insulin resistance, in the offspring of several mammalian species
including the humans, rats and the sheep [3-6].

We have previously reported that maternal NR from day 28 to day 78 of gestation in the
sheep resulted in fetal IUGR at mid-gestation [2], in association with a significantly
increased cotyledonary angiogenesis and storage of long chain polyunsaturated fatty acids
(LC-PUFAS) in fetal liver, lung and muscle [7], suggesting altered placental nutrient
transport in NR ewes. Further, when the NR ewes were realimented to a control diet during
the second half of gestation, their male offspring exhibited remarkably greater adiposity and
weight gain during postnatal life [6].

The human placenta is of a hemochorial discoid type, with cotyledonary villi directly bathed
in maternal blood [8]. In the sheep, 75 to 120 placentomes distributed over the endometrial
surface of the uterus constitute the sites of maternal:fetal exchange [9]. Each placentome is
composed of a maternal caruncular, and a placental cotyledonary component. The
cotyledonary placenta of both the human and the sheep expresses a variety of nutrient
transporters to facilitate nutrient delivery to the fetus [10-13]. Although the specific
localization of glucose transporter (GLUT)1 and 3 in the sheep and human cotyledonary
placenta differs, both GLUT1 and 3 are expressed at all stages of pregnancy in both species
[10,11]. Free and lipoprotein-bound triglycerides in the maternal circulation are hydrolyzed
by lipoprotein lipase (LPL) to release long chain fatty acids (LCFAS), and allow fatty acids
transporter (FATP)1 and FATPA4 to transport them across the placental membranes [12,13].
In addition, fatty acid translocase (FAT)/CD36 and FABPpm, a placenta specific fatty acids
binding protein, facilitate extracellular binding and intracellular transport of LCFAsS,
respectively [13,14].

GLUT1-mediated glucose transport is upregulated by AMP-activated protein kinase
(AMPK) [15], the activity of which is regulated by nutrient availability (e.g. circulating
glucose levels), and circulating hormones such as insulin and leptin [16-18]. AMPK in turn
regulates the acetyl-CoA carboxylase (ACC) pathway, which controls fatty acid metabolism
[19,20]. In both humans and the sheep, the increase of cotyledonary vasculature is critical
for the rapid fetal growth during the second half of gestation [21]. Mammalian target of
rapamycin (MTOR), protein kinase B (Akt) and extracellular signal-regulated kinase
(Erk)1/2 signaling pathways are all important for promoting cell survival, cell growth and
proliferation [22,23]. The Erk1/2 pathway is reported to be upregulated at mid-gestation in
response to maternal NR in the cow to promote the growth of the placenta and placental
vasculature [24]. The current study investigated placental regulation of nutrient transporters
and growth signaling in relation to placental transport capacity utilizing the pregnant NR
ewe model in order to understand the changes in mechanisms responsible for placental
transport function in response to maternal nutrient restriction.

Materials and Methods

Animal care

This study was conducted at the University of Wyoming, and all procedures were approved
by the University of Wyoming Animal Care and Use Committee. Multiparous Rambouillet/
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Columbia cross ewes of similar weight and body condition score (BCS), an index of fatness,
were studied [25]. On day 20 of pregnancy, each ewe was weighed so that each individual
diet could be calculated based on metabolic body weight (BW9-75),

From day 21 of gestation, all ewes were placed in individual pens and fed with a highly
palatable diet at 100% of National Research Council (NRC) recommendations [26]. On day
28, ewes were randomly assigned to a control group (C, fed at 100% of NRC
recommendations, n = 13), or a nutrient restricted group (NR, fed at 50% of NRC
recommendations, n = 14) as previously reported [2]. Beginning on day 28 of gestation,
ewes were weighed weekly and diets adjusted for weight gain as previously described [6].
The number of fetuses carried by each ewe was determined by ultrasonography (Asonics
Microimager 1000 sector scanning instrument, Ausonics Pty Ltd, Sydney, Australia) at day
45 of gestation. Ewes carrying singleton and twin fetuses were utilized in this study. On day
78 of gestation 5 C (2 singleton and 3 twin pregnancies) and 6 NR ewes (2 singleton and 3
twin pregnancies) were necropsied. All 8 fetuses from each dietary group were recovered
and utilized in the study. From day 79 of gestation, 8 C ewes continued to receive the
control ration, and the remaining 8 NR ewes were re-alimented to the control ration (NR-
RE, 100% of NRC recommendations) until day 104 of gestation. From day 105 of gestation
until necropsy on day 135 of gestation, diets fed to all of the pregnant ewes were increased
according to the NRC guidelines for late pregnant ewes [26]. On day 135 of gestation, 12
fetuses (4 singleton and 4 twin pregnancies) from the 8 C and 13 fetuses (3 singleton and 5
twin pregnancies) from 8 NR-RE ewes were recovered and utilized in the study.

Maternal weights throughout pregnancy for C and NR ewes on this study have been
previously reported [6]. On day 28 of gestation, body weight (BW) did not differ between C
and NR ewes, but by 78 of gestation C ewes gained ~6.9% of BW, while NR ewes lost
~10.5% of BW. After diet realimentation from day 78, weight gain was similar between C
and NR-RE ewes, but the NR-RE ewes remained lighter than C ewes by day 135 of
gestation.

Maternal blood samples were collected by jugular venipuncture from both dietary groups at
weekly intervals between day 78 and 135 of gestation into chilled, non-heparinized
vacutainer tubes (Sigma, St. Louis, MO) and serum stored at -80°C until subsequent insulin
analysis. Another set of blood samples were collected into chilled, heparinized vacutainer
tubes containing 2.5 mg/mL of sodium fluoride (Sigma, St. Louis, MO). After collection, the
heparin plus sodium fluoride tubes were centrifuged at 3,000 x g for 10 min and plasma was
collected and stored at -80°C for subsequent glucose and leptin analysis.

Immediately before necropsy on either day 78 or day 135 of gestation ewes were weighed,
and for each ewe a serum and plasma sample were collected and stored as described above.
Ewes were then sedated with Ketamine (22.2 mg/kg body weight) and anesthetized via
isofluorane inhalation (2-3 %). Immediately following laparotomy, umbilical vein serum
and plasma were collected and stored as described for maternal blood. Ewes were
euthanized by exsanguination while still under general anesthesia, and the gravid uterus
quickly recovered. Fetal body weights, crown rump lengths (CRL), and selected organ
weights were then recorded. For each placenta (day 78 and day 135), COT tissues were
manually separated from caruncular tissue from two Type A placentomes [27] of similar
weight and size within 15 cm of the umbilical cord attachment site and COT tissue snap
frozen in liquid nitrogen. COT tissues were stored at -80°C until utilized for realtime-PCR
and Westernblot. All remaining placentomes on day 78 (all were type A) were then
dissected from each uterus, counted and the total placentome weight per placenta was
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determined. For the day 135 necropsy, type A, B, C and D placentomes [27] were separately
counted and weighed.

Fetal plasma lipid assay

Umbilical vein plasma collected from day 78 and day 135 necropsies were utilized for
triglyceride and lipoprotein assay. A Boehringer Mannhiem/Hitachi 912 analyzer was used
to analyze plasma cholesterol, high density lipoprotein (HDL), low density lipoprotein
(LDL), very low density lipoproteins (VLDL) and triglyceride (Roch Diagnostics,
Indianapolis, IN) content as previously described [28]. The lipid analyses were conducted by
Veterinary Diagnostic and Investigational Laboratory, College of Veterinary Medicine,
University of Georgia.

Glucose, insulin and leptin analysis

Umbilical vein plasma collected from day 78 and day 135 necropsies were utilized for
glucose assay. Maternal blood samples collected weekly between day 78 and day 135 of
gestation were utilized for glucose, insulin and leptin assays. Glucose was measured in
triplicate by photoabsorbance following the addition of glucose hexokinase reagent (Liquid
Glucose Hexokinase Reagent Set, Pointe Scientific, Inc., Canton MI) using 96-well plates as
previously described [6]. Mean intraassay coefficient of variation (CV) was 1.5% and
interassay CV was 4.0%. Insulin was measured in duplicate by commercial
radioimmunoassay kit (Siemens Healthcare Diagnostics, Deerfield, IL). Intra- and interassay
CV for insulin was 7.6% and 14.9%, respectively. Serum leptin was measured by
commercial radioimmunoassay kit (Multi-species Leptin RIA, Millipore Corporation,
Billerica, MA) in duplicate within a single assay. Intra-assay CV was 2.5%. Leptin and
insulin assays were previously validated for use in sheep [6].

Westernblot and antibodies

Total protein extraction and Westernblot were accomplished as previously described [29].
Protein concentration was determined via the Bradford method (Bio-Rad, Bio-Rad
Laboratories Inc., Hercules, CA), and ~30 pg of protein from each protein extracts was
loaded for SDS-PAGE. COT tissue of type A placentomes from both day 78 and day 135
gestation C and NR ewes were measured for FATP1, FATP4, CD36, GLUT1, GLUTS3,
leptin, phosphorylated and total forms of AMPKa, ACC, Akt, mTOR and p44/42 MAPK (or
Erk1/2) via Westernblot. Primary leptin antibody was purchased from Abcam Inc. (Cat#
ab16227, Cambridge, MA). Primary antibodies against FATP1 (Cat# sc-25541), FATP4
(Cat# sc-25670), CD36 (Cat# sc-9154), GLUT1 (Cat# sc-7903), GLUT3 (Cat# sc-31838),
and secondary anti-goat antibody (Cat# sc-2020) were purchased from Santa Cruz
Biotechnology, Inc. (Santa Cruz, CA). Primary antibodies against phospho-AMPKa.
(Thrl72, Cat# 2535), phospho-ACC (Ser79, Cat# 3661, phospho-Akt (Ser473, Cat# 9271),
phospho-Erk1/2 (Thr202/Tyr204, Cat# 9101), total-AMPKa (Cat# 2532), total-ACC (Cat#
3662), total-Akt (Cat# 9772), total-Erk1/2 (Cat# 9102), and secondary anti-rabbit (Cat#
7074) and anti-mouse (Cat# 7076) antibodies were purchased from Cell Signaling
Technology, Inc. (Boston, MA). All primary antibodies were used at 1:500 (v/v) dilution in
either 5% (w/v) fetal bovine serum (FBS) or 5% (w/v) skim milk [dissolved in Tris (2mM)
buffered saline (13.7mM) with 0.05% Tween20 (0.05%TBST20)]. All secondary antibodies
were used at 1:2000 (v/v) dilution in 2% (w/v) skim milk. Primary antibody was tested prior
to use using the recommended positive control and a negative control to ensure binding
specificity. Secondary antibodies were also tested by directly blocking with sheep protein
extracts to ensure no non-specific reaction to sheep protein extracts. Westernblot result
evaluation was conducted as previously described [29]. The density of target bands was
quantified and normalized with B-tubulin (Cat# T-4026, Sigma-Aldrich, Inc., St. Louis,
MO).
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Realtime-PCR and primers

Total RNA extraction was accomplished as previously described from COT tissues of type
A placentomes of both day 78 C and NR and day 135 C and NR-RE ewes [29]. One pg of
purified total RNA was used to synthesize single-strand DNA using the Bio-Rad iScript
cDNA Synthesis Kit (Bio-Rad Laboratories Inc., Hercules, CA) according to manufacture's
protocol. Messenger RNA levels of FATP1, FATP4, CD36, FABPpm, LPL, GLUTL1 and
GLUT3 were measured via realtime-PCR in COT of day 78 C and NR ewes and day 135 C
and NR-RE ewes. All realtime-PCR reactions were conducted using a Bio-Rad 1Q5
Realtime-PCR Reaction System (Bio-Rad Laboratories Inc., Hercules, CA). A temperature
gradient PCR reaction was run before realtime-PCR to determine the optimal annealing
temperature for all primer sets. According to gradient PCR, the optimal annealing
temperature of all primer sets overlapped at 58°C. Reactions for each gene were run in
duplicate. B-tubulin was used as reference gene in realtime-PCR reactions. Realtime-PCR
reaction steps and statistical analysis were described previously [29]. Briefly, a 20 ul mix of
10 ul SYBR green (Bio-Rad), 10 pmol forward and reverse primer, and 100 ng cDNA was
used for realtime-PCR reaction. The following program was applied to all real-time PCR
reactions: 1) 1 cycle at 95°C for 3 min; 11) 40 repeat cycles at 95°C for 10 sec, following by
annealing at 58°C for 30 sec; I11) 55.0 °C-95.0°C with melting temperature increasing 0.5°C
for each 30 sec. Fluorescence was detected at both step 1l and I11.

All primers were designed using a free online software Primer 3. All primers were
synthesized by Invitrogen (Carlsbad, CA), and their sequences are listed in Table 1.

Statistical analysis

Results

Data were analyzed using a complete randomized design using GLM (General Linear Model
of Statistical Analysis System; SAS 9.1, 2002-2003, SAS Institute Inc., Cary, NC). Mean
separation was performed using LSMEANS. Fetal type and sex were included in the original
model and were found to be non-significant (P >0.50) and were therefore removed in the
final model, which only contained maternal nutritional treatment. Data are presented
throughout as means + SEM and considered significantly different when P < 0.05, while P
values between 0.05 and 0.10 were considered trends.

As shown in Table 2, on day 78 of gestation, both fetal weights and CRL were significantly
lower in NR than C ewes (P < 0.05), indicating maternal NR induced fetal IUGR. However,
after realimentation to the control diet, fetuses of NR-RE exhibited catch up growth and
reached similar weights and CRL to those of C fetuses on day 135 of gestation (Table 2).
Brain weight of day 78 NR fetuses was less (P < 0.05) than that of C fetuses, and the brain/
fetal weight ratio was greater in fetuses of NR versus C ewes (P < 0.05), demonstrating that
the growth restriction was asymmetric. In contrast, neither the fetal brain weight nor the
brain/fetal weight ratio showed any difference between C and NR-RE ewes on day 135 of
gestation (Table 2). Total placentomal weight of NR ewes was lower than that of C ewes on
day 78 of gestation (Table 2, P < 0.05), but total placentomal weights were similar on day
135. This resulted from the fact that during the second half of gestation, total placentome
weight decreased ~27% in C ewes, while staying relatively constant in NR-RE ewes (Table
2). Neither placentome number nor average placentome weight differed between the two
dietary groups at either mid- or late gestation (Table 2). Day 135 NR-RE ewes had greater
numbers (P < 0.05) of type D placentomes than C ewes, with a 4-fold greater total type D
placentome weight (P < 0.05). In contrast, C ewes had a larger number (P < 0.05) of type A
placentomes, with a 2-fold higher total type A placentome weight (Table 3, P < 0.05). In
addition, on day 135 of gestation, the average weight of type B, C and D placentomes were
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greater than that of type A placentomes, in both C and NR-RE ewes (Table 3, P < 0.05). The
fetal/placentomal weight ratio, a rough measurement of placental efficiency [30], was not
different between C and NR ewes at mid- or late gestation, but increased markedly during
the second half of gestation in both C and NR-RE ewes (Table 2).

At mid-gestation, NR ewes had significantly lower circulating glucose, insulin and leptin
compared to that of C ewes (Figure 1; P < 0.05). Immediately after realimentation to control
diet, circulating glucose, insulin and leptin levels were increased in NR-RE ewes and
reached levels similar with that of C ewes from day 85 of gestation through late gestation,
except on day 92 of gestation, there was a decreased blood glucose and insulin level in NR-
RE versus C ewes (P < 0.05). The fetal circulating glucose at both mid- and late gestation
was correlated to that in the maternal circulation. At mid-gestation, blood glucose level was
~24% lower in NR versus C fetuses (P < 0.05), while at late gestation it was not different
between NR-RE and C fetuses (Figure 2A). Although fetal circulating triglyceride
concentration was higher in C than NR ewes on day 78 of gestation (P < 0.05), it decreased
about 16% between day 78 and day 135 of gestation in fetal blood of C ewes (P < 0.05),
while increasing about 23% in the NR-RE fetuses over the same period (Figure 2B; P <
0.05). As a result, the fetal circulating triglyceride levels were similar in the two dietary
groups at day 135 of gestation (Figure 2B), indicating greater placental transport of
triglycerides/LCFAs across the placenta of NR-RE ewes during this period. In addition,
Table 4 shows that the levels of fetal blood cholesterol, HDL and VLDL were not changed
from day 78 to day 135 of gestation in either of the two dietary groups, nor were there any
differences between the two dietary groups on either day 78 or day 135 of gestation. LDL
levels and the cholesterol/HDL ratio were not different between either C and NR fetuses at
mid-gestation or between C and NR-RE fetuses at late gestation. The cholesterol/HDL ratio
decreased significantly in both C and NR groups from mid- to late gestation (P < 0.05), and
the LDL level was significantly lower in NR-RE fetuses on day 135 of gestation when
compared to C or NR fetuses on day 78 of gestation (P < 0.05).

Figure 3 shows that mMRNA levels of FATP4 (Figure 3A; P < 0.05) and GLUT1 (Figure 3B;
P < 0.05) were elevated about 45% and 55%, respectively, in COT tissue of day 78 NR ewes
compared to C ewes. Fatty acids translocase (FAT)/CD36 (Figure 3A; P = 0.07) and
FABPpm (Figure 3A; P = 0.06) also tended to increase in COT tissue of NR ewes compared
to C ewes on day 78 of gestation. However, among all the measured factors that participated
in transporting LCFAs and glucose across placenta, only higher mRNA levels of FATP4
persisted in COT of NR-RE ewes compared to C ewes at day 135 of gestation (Figure 1B, P
< 0.05). LPL mRNA levels were not different between the two dietary groups at either
gestational age. When protein expression was evaluated with Westernblot (Figure 4A) on
day 78 of gestation, FATP4 (P = 0.07), CD36 (P = 0.06) and GLUT1 (P < 0.05) were still
elevated about 42%, 74% and 52%, respectively, in NR versus C COT, which is consistent
with the increase of their MRNA levels. On day 135 of gestation, only protein levels of
FATP4 (P = 0.08) and CD36 (P = 0.08) tended to be higher in NR-RE versus C COT
(Figure 4B).

The phosporylation of AMPKa leads to AMPK activation (41). On day 78 of gestation but
not late gestation, phosphorylated AMPKa was elevated (P < 0.05) with a trend towards
increase in total AMPKa (P = 0.08) in the COT of NR ewes compared to C ewes (Figure
5A). Consistent with the elevated AMPKa phosphorylation, ACC phosphorylation was
strongly enhanced as well at mid-gestation in NR versus C COT (Figure 5B, P < 0.05).
However, no difference was observed in AMPK or ACC phosphorylation or protein
expression on day 135 of gestation between C and NR-RE COT (Figure 5A, 5B). Either
phosyphorylated or total form of mTOR, in contrast, did not show any difference either at
mid- or late gestation between COT tissues of the two dietary groups. Both phosphorylated
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Erk1/2 and the ratio of phosphorylated to total form of Erk1/2 (p/T-Erk) were markedly
increased in NR COT at day 78 of gestation, but not at late gestation. Similar to mTOR
signaling, the Akt signaling failed to show any difference in either the phosphorylated form
or the total form between the two dietary groups from mid- to late gestation.

Interestingly, leptin protein levels were significantly lower in NR COT compared to C COT
at day 78 (P < 0.05) but not day 135 of gestation (Figure 6), which was consistent with
decreased maternal circulating leptin level in NR versus C ewes at mid-gestation.

Discussion

Maternal NR during pregnancy not only restricts fetal growth and development but is also
linked to offspring health risks during postnatal and adult life [1]. However, the exact
mechanisms connecting maternal gestational undernutrition with specific alterations in fetal
development are not clear. To our knowledge, this is the first study conducted to investigate
the impact of early to mid-gestational maternal undernutrition on the control of the placental
nutrient transporters and growth signaling pathways in the pregnant sheep.

Coan et al. [31] recently reported that the mouse placenta alters its phenotype to maintain
normal fetal weight in response to a maternal diet fed at 80% of requirements. To
accomplish this, the placentae of NR mothers exhibit reduced weights but increased (P <
0.04) expression of GLUT1 and system A amino acid transporters by 18% and 27% by day
19 of gestation [31]. Similarly, in the current study, the total placentome weight of NR ewes
was reduced at mid-gestation, but placental efficiencies (fetal/placentome weight ratio) were
maintained at C ewe levels. The ability of NR ewes to maintain placental efficiency at
control levels is consistent with the increased COT expression of GLUT1. In addition,
FATP4, CD36 and FABPpm were elevated at mid-gestation and FATP4 continued to be
expressed at higher levels in NR-RE versus C COT throughout the second half of gestation.
These data suggest that the increase of fetal circulating triglyceride levels from mid- to late
gestation may result from a greater placental fatty acid transport ability during this period in
the NR-RE ewes as compared to that of C ewes.

We have previously reported an elevated expression of COT angiogenic factors and
increased capillary numbers (per mm? of COT tissue) at mid-gestation in the same NR ewe
model reported here, a change which would further increase nutrient and oxygen delivery to
fetuses of NR ewes [21,32]. Zhou et al. (2008), again utilizing the same early to mid-
gestational NR ewe model as reported here have shown elevated LC-PUFAs, specifically of
eicosapentaenoic acid (EPA, 20:5n-3) and docosapentaenoic acid (DPA, 22: 50-3), in the
fetal liver, lung and muscle at mid-gestation. Since we know that the fetus derives all of its
essential fatty acids from maternal circulating fatty acids crossing the placenta as
triglycerides [33], the increased LC-PUFAs in the fetal tissues may result from the enhanced
fatty acid transport ability of the NR placenta. Similarly, Bispham et al. [34] reported an
increased adipose tissue deposition in the fetus as early as day 140 of gestation in ewes that
were undernourished from day 28 to day 80 of gestation. These data suggest that although
nutrient realimentation during the second half of gestation can recuperate fetal weight by
late gestation, maternal early gestational NR has already altered fetal body composition with
the result that NR fetuses are fatter than the fetuses of C mothers. This is further supported
by the observation that increased back fat thickness was observed in lambs born from NR-
RE ewes versus C ewes at postnatal day 140, and the fact that these NR-RE lambs exhibited
a greater percentage of body fat than C lambs at slaughter on postnatal day 280 [6]. This
programmed change in body composition may reflect a greater placental transport of LCFAs
into the fetal circulation as suggested from the current study.
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The regulation of GLUTS in the muscle and adipose tissue has been extensively
investigated. In the muscle for example, GLUTA4 is translocated from intracellular vesicles to
the plasma membrane and facilitates cellular uptake and utilization of circulating glucose
following insulin stimulation, which is mediated via Akt signaling [35]. In addition, AMPK
is reported to stimulate the expression of both GLUT4 and GLUTL in the muscle and
GLUT1-mediated glucose transport in vitro [15,36]. However the regulation of placental
GLUT1 and GLUT3 expression is largely unknown. In the current study, the increased
expression of GLUT1 at mid-gestation is associated with enhanced AMPK activity, but not
Akt activity in NR versus C COT. Insulin induced phosphorylation of insulin receptor 1p, as
the upstream signal of Akt, was also not changed (Ma Y et al., unpublished observation),
although following nutrient restriction maternal insulin was significantly lower at mid-
gestation. In a maternal overnutrition study, where a group of ewes were fed with 150% of
NRC from day 60 before conception to day 75 of gestation, maternal blood insulin and
glucose levels were markedly increased by mid-gestation [37], while the COT arterial
insulin receptor 1B phosphorylation was not different from that of control fed ewes (100% of
NRC) [24]. These data suggest that in the placenta, GLUT1 expression may be regulated via
AMPK signaling rather than insulin signaling. In addition, AMPK signaling regulates fatty
acid metabolism mediated by ACC [20]. ACC phosphorylation leads to ACC inactivation,
which further decreases fatty acid synthesis, while promoting fatty acids oxidation in order
to generate instead of consume ATP [38,39]. It is known that fatty acid oxidation can
generate twice as much energy as glucolysis per gram of substances metabolized [40]. The
increased phosphorylation of ACC promoted by AMPK would be expected to promote ATP
production in COT tissue of NR ewes at mid-gestation in order to promote survival in the
face of nutrient restriction.

AMPK is activated by an increased AMP/ATP ratio under nutritional and environmental
stress [20]. AMPK activity is also regulated by insulin via the Akt pathway [41], and by
leptin in both peripheral tissues and the hypothalamus [42]. As discussed above, both insulin
receptor and Akt activation failed to show any difference between NR and C COT at mid-
gestation. Leptin regulation of AMPK in peripheral tissues is opposite to that exhibited in
the hypothalamus [18]. In the hypothalamus, inhibition of AMPK activity is necessary for
leptin to limit food intake and body weight, while activation of AMPK increases both [42].
Interestingly, in the current study associated with increased AMPK activity in the COT,
COT leptin protein level was reduced in NR ewes compared to C ewes at mid-gestation.
These data suggest that, in addition to the increased nutrient transportor activity in the COT
of NR ewes at mid-gestation, a mechanism similar to the hypothalamic control of food
intake and body growth involving leptin and AMPK may exist. Therefore, the sheep
placenta appears to adapt to maternal NR by promoting nutrient transport and placentomal
growth (to more advanced placentome type) to maintain significant nutrient supply for fetal
growth. The leptin regulation of AMPK activity in the placenta of sheep still needs to be
determined.

Erk1/2 has mitogenic actions that mediate vascular endothelial growth factor (VEGF)
initiated endothelial cell proliferation [43]. Erk1/2 is reported to be down regulated in COT
arteries of overnourished ewes [17], while it is upregulated in COT arteries of
undernourished cows at mid-gestation [24]. In the case of maternal overnutrition, the down
regulation of Erk1/2 is associated with decreased expression of VEGF in the COT arteries
[17,29], and a restricted COT capillary growth. In the current study Erk1/2 activity was
upregulated, which is associated with increased expression of VEGF [32], and an increased
COT angiogenesis previously demonstrated by mid-gestation in undernourished ewes [2,32].
These data suggest that Erk1/2 plays an important role in VEGF initiated COT vessel
growth. In sheep specifically, this mechanism may contribute to placentome conversion
from type A placentomes to more advanced types. The increased placentomal size and
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vascularity [44] in type B, C, and D placentomes compared to type A placentomes requires
tremendous growth and proliferation of trophoblast cells as well as the endothelial cells. The
increased angiogenic factor (including VEGF) and mitogenic signal (Erk1/2) would serve
this requirement well. Further studies on the Erk1/2 signaling pathway in different types of
placentomes shall provide more information on the mechanism of placentomal conversion
into more advanced types in the sheep. However, mTOR, as a nutrient sensor that also
promote cell growth via regulating protein synthesis, and its upstream signal, the insulin-Akt
signaling, were not altered by maternal undernutrition in the current study [19,45]. This is
probably due to the fact that the low maternal nutrient availability failed to increase the
activation of mTOR.

In conclusion, the current study investigated the COT profiles of nutrient transporters and
growth signaling pathways following maternal NR until mid-gestation and after diet
realimentation from mid- to late gestation. Our observations suggest that maternal
undernutrition stimulates the placenta of NR ewes to activate several mechanisms that
augment placental transport capacity and fetal growth. These mechanisms include
upregulation of GLUT1, FATP4, CD36 and FABPpm expression, increased activity of
AMPK, ACC, and Erk1/2, and previous reported upregulation of angiogenesis in COT
tissues by mid-gestation [32]. The adverse effects of such placental adaptation to maternal
NR are the resulting change of fetal body compaosition at term and the continuation of this
phenotype into postnatal life. Compared to the male lambs born from C mothers, those born
to NR-RE mothers not only exhibited greater weight gain and adiposity, but also
experienced insulin resistance by day 63 of age, and sign of pancreatic failure by day 250 of
age [6]. These findings enhance our understanding of placental adaptations and potential
consequences resulting from fetal developmental programming of offspring of
undernourished mothers.
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Figure 1.

Maternal circulating (A) glucose, (B) insulin, and (C) leptin levels from day 78 to day 134
of gestation in both control (C, n = 10) and nutrient restricted realimented (NR-RE) ewes (n
=9). *Means + SEM within a gestation date between C and NR-RE group differ (P < 0.05).
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(A) Fetal plasma glucose concentrations on day 78 (n = 8) and day 135 of gestation (C, n =
12; NR-RE, n = 13). (B) Fetal plasma triglycerides on day 78 and day 135 of gestation
(according to the data in Table 3, n = 5). *Means + SEM within a gestation date differ (P <

0.05).
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Messenger RNA levels of (A) FATP1, FATP4, CD36, FABPpm, LPL; and (B) GLUTL,
GLUT3 in COT tissue of day 78 C and nutrient restricted (NR) ewes (n = 8) and day 135 C
and NR-RE ewes (n = 4). 28 Means + SEM with different superscripts differ (P < 0.05). 9"
Means + SEM with different superscripts differ (P < 0.10).
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Figure 4.

Protein levels of FATP1 (~70 kDa), FATP4 (~65 kDa), CD36 (~90 kDa), GLUT1 (~55
kDa) and GLUT3 (~55 kDa) in COT of (A) day 78 C and NR ewes (n = 8), and (B) day 135
C and NR-RE ewes (n = 8). *Means + SEM differ (P < 0.05). $ Means + SEM tends to
differ (P < 0.10).
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Phosphorylated form (lowercase ‘p’), total form (capitalized “T’), and the phosphorylated to
total form ratio (p/T) of (A) AMPKa (~60 kDa); (B) ACC (~280 kDa); (C) mTOR (~280
kDa); (D) Erk1/2 (42kDa and 44kDa); and (D) Akt (~60 kDa) in COT tissues of day 78 C
and NR ewes (n = 8) and day 135 C and NR-RE ewes (n = 4). *Means + SEM differ (P <
0.05). 8 Means + SEM tends to differ (P < 0.10).
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Protein levels of leptin (~17 kDa) in COT tissues of day 78 C and NR ewes (n = 8) and day
135 C and NR-RE ewes (n = 4). *Means + SEM differ (P < 0.05).
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