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Impact statement

This review aims at: highlighting adverse
effects of elevated levels of ammonia in
mother or fetus on embryonic/fetal surviv-
al, growth, and development; helping
nutritionists and practitioners to under-
stand the mechanisms whereby elevated
levels of ammonia in mother or fetus results
in embryonic/fetal death, growth restric-
tion, and developmental abnormalities;
and bringing, into the attention of nutri-
tionists and practitioners, the problems of
excess or inadequate dietary intake of
protein or amino acids on pregnancy out-
comes in animals and humans. The article
provides new, effective means to improve
embryonic/fetal survival and growth in
mammals.

Abstract

Maternal nutrition during gestation, especially dietary protein intake, is a key determinant in
embryonic survival, growth, and development. Low maternal dietary protein intake can
cause embryonic losses, intra-uterine growth restriction, and reduced postnatal growth
due to a deficiency in specific amino acids that are important for cell metabolism and
function. Of note, high maternal dietary protein intake can also result in intra-uterine
growth restriction and embryonic death, due to amino acid excesses, as well as the toxicity
of ammonia, homocysteine, and H,S that are generated from amino acid catabolism.
Maternal protein nutrition has a pronounced impact on fetal programming and alters the
expression of genes in the fetal genome. As a precursor to the synthesis of molecules
(e.g. nitric oxide, polyamines, and creatine) with cell signaling and metabolic functions,
L-arginine (Arg) is essential during pregnancy for growth and development of the conceptus.
With inadequate maternal dietary protein intake, Arg and other important amino acids are
deficient in mother and fetus. Dietary supplementation of Arg during gestation has been

effective in improving embryonic survival and development of the conceptus in many species, including humans, pigs, sheep,
mice, and rats. Both the balance among amino acids and their quantity are critical for healthy pregnancies and offspring.
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Introduction

Maternal nutrition during gestation plays a critical role in
fetal survival, growth, and development.1 Therefore, both
maternal undernutrition and overnutrition can be detri-
mental to the developing fetus. Specifically, insufficient or
excessive maternal dietary protein intake can cause lifelong
consequences for the neonate due to fetal programming.
Fetal programming refers to the heritable changes in gene
expression without alterations in DNA sequences within
the genome.! Malnutrition alters expression of the fetal
genome, leading to metabolic disorders, organ dysfunction,
hormone imbalances, and cell signaling defects.

Amino acids (AAs) are essential for protein synthesis
and other nitrogenous substances such as catecholamines,
creatine, dopamine, nitric oxide (NO), polyamines, and

ISSN 1535-3702

thyroid hormones.> Additionally, certain AAs are responsi-
ble for regulating cell signaling and metabolic pathways.
Low maternal dietary protein intake is linked to intrauter-
ine growth restriction (IUGR) as well as reduced postnatal
growth and feed efficiency.' The placenta requires adequate
levels of AAs for proper growth and development to
supply enough nutrients to the fetus. With low dietary pro-
tein intake, the limited supply of AAs to the placenta
results in placental insufficiency and consequently [IUGR.?
High maternal dietary protein intake is also linked to IUGR
and can cause fetal or neonatal death due to ammonia tox-
icity (Figure 1). Like low dietary protein intake, high pro-
tein intake results in AA excesses during pregnancy.' In all
species studied, including swine, cattle, and rodents, high
concentrations of ammonia in plasma increase embryonic
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Figure 1. Ammonia toxicity decreases embryonic and fetal survival, growth, and development. Ammonia, H,S, and homocysteine are products from AA oxidation.
High levels of ammonia are toxic to the developing embryo/fetus due to (1) oxidative stress resulting from ammonia pulling glutamate away from glutathione synthesis
to produce glutamine, which is an inhibitor of nitric oxide (NO) generation from arginine. H,S and homocysteine also contribute to oxidative stress, which reduces
progesterone production and release by the ovaries. (2) Ammonia binds a proton to form ammonium ion, which increases intracellular pH. (3) Ammonia draws -
ketoglutarate from the Krebs cycle to form glutamate, therefore inhibiting the Krebs cycle and reducing ATP production. (4) Increased production of glutamine from
ammonia inhibits NO production from arginine by endothelial cells, which decreases blood flow (including utero-placental blood flow) and nutrient transport, leading to
a decrease in uterine secretion as well as hypoxia in the conceptus. These consequences result in decreased embryonic/fetal survival, growth, and development.

GDH: glutamate dehydrogenase.

death." Ammonia is a product of AA catabolism, and high
dietary protein intake leads to toxic levels of ammonia in
the plasma.’> Excess production of other metabolites of
AAs, such as homocysteine, H,S and indoles, may also
impair embryonic/fetal survival and growth.*”

There is growing interest in the functional roles of cer-
tain AAs in mammalian pregnancies.” One of these AAs is
L-arginine (Arg), which has been properly recognized as a
“conditionally essential AA” in the diet, especially
for embryonic growth and survival.® Arg is a precursor to
biologically important substances such as polyamines,
ornithine, proline, glutamate, agmatine, homoarginine, cre-
atine, and NO.? Arg is also required for hepatic urea syn-
thesis to remove ammonia from the liver and blood. Of
note, this AA regulates protein synthesis in the skeletal
muscle and placenta by activating mechanistic target of
rapamycin (mTOR) signaling, stimulating the secretion of
growth hormone and insulin, and enhancing anti-oxidative
signaling and the cellular redox state.” Results of recent
studies indicate that Arg enhances placental angiogenesis
and growth to improve blood flow across the placenta,
thereby increasing nutrient transfer from the mother to
her fetus."? NO and polyamines are also necessary for
implantation, and they are known to regulate steroid hor-
mone synthesis and stimulate cell proliferation and migra-
tion in the conceptus (embryo and its associated extra-
embryonic membranes).” Furthermore, through multiple
cell signaling pathways, Arg increases development of

fetal brown adipose tissue.” Because of these beneficial
effects of Arg during gestation, dietary supplementation
of Arg has been found to improve reproductive perfor-
mance and increase embryonic survival and growth.” For
dietary supplementation, Arg is administered as the neu-
tral salt Arg-HCI to maintain an acid-base balance.®

The major objective of this article is to highlight impacts
of maternal protein intake on survival, growth, and devel-
opment of fetuses in humans, farm animals, and rodents.
Wherever data are available, roles of specific AAs, such as
Arg and L-glutamine (Gln), in healthy pregnancy are dis-
cussed. Findings from diverse animal species are expected
to guide optimal nutritional support of gestating mammals.

Humans

Maternal undernutrition and overnutrition in humans are
known to cause an imbalance of nutrients such as AAs
(either deficiencies or excesses), elevated concentrations
of cortisol in blood, and oxidative stress.>® The negative
effects of this malnutrition include impairment of offspring
growth and development, maternal insulin resistance, cre-
tinism, IUGR, birth defects, cognitive and behavioral
defects, postpartum complications, pre-eclampsia and
eclampsia, anemia, preterm birth, maternal hemorrhaging
and additional long-term effects for both mother and
offspring.® Additionally, low maternal dietary protein
intake resulted in the greatest abdominal adiposity in
fetuses compared to intermediate and high protein intake



regardless of carbohydrate and fat intake.''* TUGR
increases neonatal mortality, and surviving IUGR infants
experience an increased risk of developing metabolic dis-
orders, hormonal imbalances, abnormal development, and
cardiovascular disorders into adulthood.® Studies of mater-
nal malnutrition during the Dutch famine in 1944 and 1945
showed that global undernutrition during the second and
third trimester caused reduced weight, length, and head
circumference of newborn babies.® However, animal stud-
ies have shown that maternal undernutrition, specifically
deficiencies in protein and AAs, during early gestation is
more harmful than during late gestation." Due to the rap-
idly changing demands of the fetus and mother for
nutrients, dietary protein and AA requirements vary at dif-
ferent stages of gestation. Recent studies report that protein
synthesis increases by 15% in the second trimester and 25%
in the third trimester, but AA catabolism and urea synthesis
decrease in pregnant women, indicating that there is a pres-
ervation of protein during the period of high demand for
AAs during pregnancy.’ Elango and Ball® determined the
protein requirements for pregnant women to be 1.2 g/kg of
body weight/day during early gestation and 1.52 g/kg of
body weight/day during late gestation. These require-
ments are equivalent to 14% of energy intake for early ges-
tation and 17.5% of energy intake for late gestation. The
current estimated average requirement (EAR) and recom-
mended dietary allowance (RDA) for protein are 0.88 g/kg
of body weight/day and 1.1 g/kg of body weight/day,
respectively, throughout all gestational stages, which are
significantly lower than the requirements determined by
Elango and Ball.” These new requirements were deter-
mined using the indicator AA oxidation (IAAO) method
rather than the nitrogen balance method, which tends to
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underestimate protein requirements.” Whether the TAAO
method overestimates dietary protein requirements for
humans and other mammals is unknown. Pregnancy out-
comes of women as well as offspring growth and health'®-
2 should be the functional criteria with which to define
their dietary AA requirements.

Low maternal dietary protein intake means that specific
AAs are deficient in both mother and fetus.? A deficiency in
Arg can cause preterm labor by stimulating the uterine
myometrium due to the reduced bioavailability of NO.®
NO deficiency is also linked to pre-eclampsia, which
causes proteinuria and high blood pressure in pregnant
women.® Based on numerous animal studies, Arg supple-
mentation is believed to be safe for humans.® Dietary sup-
plementation of 3 g of Arg daily for four weeks to women
with pre-eclampsia reduced blood pressure, improved fetal
health and growth, and also beneficially prolonged preg-
nancy.® In addition, daily intravenous infusion of 20 g Arg
for seven days during late gestation (week 33) increased
birth weight by 6.4% in TUGR babies.” Furthermore, Arg
supplementation also decreases placental apoptosis and
improves development of IUGR fetuses.” Figure 2 summa-
rizes mechanisms responsible for adverse consequences of
maternal protein malnutrition and deficiencies of AAs (e.g.,
Arg and GIn) on fetal growth and development.

High maternal dietary protein intake is detrimental due
to excesses and imbalances of AAs.® Protein supplements
used during pregnancy must be balanced in order to avoid
an AA imbalance. With high maternal concentrations of
AAs, competition for AA transporters results in reduced
placental transport and umbilical uptake of AAs.* Like
low protein intake, high protein intake also leads to lower
birth weights indicating that moderate maternal dietary

Low protein
Low AAs

Impaired secretion of histotroph
Impaired embryonic development
Impaired mTOR cell signaling in mother and conceptus
Reduced placental angiogenesis, growth, and development
Reduced supply of nutrients from mother to fetus
Inducing oxidative stress in mother and conceptus

Impaired absorption and transport of lipids, lipid-soluble
vitamins, and microminerals (e.g. iron and zinc)

Induction of deficiencies of multiple nutrients

Embryonic/fetal death

Intrauterine growth restriction
Poor maternal health

Loss of pregnancy

Figure 2. Adverse consequences of low maternal dietary intake of protein or amino acids (AAs) during pregnancy. Low maternal dietary intake of protein and AAs
leads to many negative effects, such as impaired secretion of histotroph; impaired embryonic development; impaired mechanistic target of rapamycin (mTOR) cell
signaling in mother and conceptus; reduced placental angiogenesis, growth and development; reduced supply of nutrients from mother to fetus; inducing oxidative
stress in mother and conceptus; impaired absorption and transport of lipids, lipid-soluble vitamins and microminerals (e.g. iron and zinc); and induction of deficiencies
of multiple nutrients. These consequences result in embryonic/fetal death, loss of pregnancy, intrauterine growth restriction and poor maternal health.
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protein intake is optimal for fetal growth and survival.®
Reduced placental transport of AAs due to ammonia tox-
icity and impaired blood flow contributes to reduced pro-
tein synthesis in the fetus and lower birth weights. The ratio
of protein to carbohydrates or fat in maternal diets also
impacts fetal body composition and fetal adiposity.'?
Increased abdominal visceral fat has been associated with
a greater percentage of dietary energy as protein (<20%)
rather than starch.'” A study conducted by Switkowski
et al."” found that concentrations of insulin-like growth
factor (IGF)-1I, IGF binding protein (IGFBP)-3, and insulin
in umbilical cord blood were reduced with a higher mater-
nal dietary protein intake. IGF-II activity is influenced by
nutrient availability and is responsible for regulating pla-
cental and embryonic growth and nutrient transfer to the
fetus. IGFBPs may also have an impact on fetal growth in
response to nutrient availability by restricting IGF bioactiv-
ity. Decreased insulin in response to excessive protein con-
sumption may also impair IGF-I and IGF-II production by
cells of the fetus.'® Table 1 summarizes the studies report-
ing the adverse effects of excess or inadequate maternal
intake of dietary protein on human fetal growth and
development.

Swine

Pigs experience high rates of embryonic loss and neonatal
deaths, which are greatly influenced by maternal nutri-
tion.”” For example, 14-18% crude protein (CP) diets are
commonly fed to gestating gilts and sows on many farms
worldwide; however, 14-18% CP is considered high dietary
protein intake during pregnancy and is detrimental to
embryonic development." This level of dietary protein cre-
ates a toxic environment for the fetus due to high levels of
ammonia and possibly other metabolites in the plasma.”
Also, high dietary protein intake reduces skeletal muscle
fiber size and number in newborn piglets.27 For this reason,
it is recommended that gestating gilts are fed 50% of their
ad libitum feed intake." When sows are fed <50% of ad
libitum feed intake, there is a significant increase in embry-
onic loss resulting from gaining excessive subcutaneous
white adipose tissue (WAT)." Fifty percent of ad libitum
feed intake equates to 2 to 2.2 kg of feed per day consisting
of 12% CP. Consequently, specific AAs are deficient in a
12% CP diet for gestating swine." Interestingly, 24% of new-
born piglets from crossbred sows fed a 12% CP diet are
IUGR neonates, weighing less than 1.1 kg at birth. [IUGR
piglets have an extremely high risk of mortality (76%)
before weaning.*”

Arginine is an example of an AA deficient in a 12% CP
gestation diet that is important for proper placental
growth.” Also, glutamate, glycine, and cysteine are
required for the synthesis of glutathione, which is an essen-
tial antioxidant.” Since increasing dietary CP above 12%
results in high embryonic mortality, supplementing certain
AAs to the basal diet may help to overcome AA deficien-
cies.” Placental angiogenesis occurs rapidly between days
20 and 40 of gestation in pigs; therefore, dietary Arg sup-
plementation during this period could improve the growth
and development of the placental vasculature by increasing

Table 1. Adverse consequences of excessive or inadequate intake of
dietary protein or amino acids (AAs) in humans and animals.

1. Excessive protein/AA intake in humans

Intrauterine growth restriction

Reduced placental transport and umbilical
uptake of AAs

Low birth weights

Increased abdominal visceral fat

Decreased insulin-like growth factor-Il activity

2. Excessive protein/AA intake in animals

Reduced skeletal muscle fiber size and number
in neonates

Ammonia toxicity

Intrauterine growth restriction

Increased liver weight

Reduced thymus gland

Reduced bone weight

Changes in expression of genes involved in
metabolism

Reduced development of hypothalamic-pitui-
tary-gonadal axis

Decrease in pH of maternal blood

Low birth weights

Increase in oxytocin-stimulated release of pros-
taglandin F»

Elevated blood pressure in offspring

Decreased litter size

Increased maternal kidney mass

Reduced food intake of offspring

Altered glucose metabolism

3. Inadequate protein/AA intake in humans

Increased abdominal adiposity in offspring

Intrauterine growth restriction

Preterm labor

Pre-eclampsia

4. Inadequate protein/AA intake in animals

Intrauterine growth restriction

Reduced skeletal muscle fiber number and
muscle mass

Increased proportion of body fat in offspring

Changes in expression of genes involved in
metabolism

Increased concentration of testosterone in
maternal plasma

Increased postnatal blood pressure of offspring

Reduced fetal arterial blood pressure

Reduced meat quality

Low birth weights

Increased risk of dystocia, weak labor

Reduced gestation length

Increased oxidative stress

Decreased immune function of offspring

Increased fetal exposure to maternal cortisol

Altered glucose metabolism

References
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20,21

1,20

NO production.”® Supplementation of a 2 kg corn-soybean
meal-based diet (containing 12% CP) with 0.4% or 0.8% Arg
to gilts between days 14 and 25 of gestation increased pla-
cental growth, the number and diameter of placental blood
vessels, and the number of viable fetuses by two per
litter.>%® Also, multiple studies conducted in different coun-
tries have shown that Arg supplementation between day 30
of gestation and farrowing increases litter size and litter
birth weight.>” Arg supplementation during late gestation
(days 90 to 114) also increased the birth weights of live
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Table 2. NRC-recommended minimal content of arginine in diets for pigs and Texas A&M University-recommended optimal content of arginine in diets

for pigs.
Nursery piglets Weanling piglets Growing-Finishing Gestating pigs
(5 kg BW) (10 kg BW) pigs (20-100 kg BW) (140 kg BW at breeding) Lactating sows
NRC (1998)a 0.59 0.54 0.37 (20 kg BW) 0.0 0.0
0.19 (100 kg BW)
NRC (2012)b 0.75 0.68 0.62 (20 kg BW) 0.36 (d 0-90) 0.60 (parity 1)c
0.38 (100 kg BW) 0.47 (d 90-114) 0.54 (parity 2)c
TAMU (2014)d 1.19 1.01 0.83 (20 kg BW) 1.03 (d 0-90) 1.37
0.64 (100 kg BW) 1.03 (d 0-90)

Note: Values are % of total diet, unless indicated otherwise.
BW: body weight.

“National Research Council (1998), Nutrient Requirements of Swine, minimal content of arginine in diets.
PNational Research Council (2012), Nutrient Requirements of Swine, minimal content of arginine in diets.

°Standardized ileal digestible value.

9Wu.® Texas A&M University-recommended arginine content in swine diets, optimal content of true digestible arginine in diets.

piglets.” Thus, gestating swine have requirements for die-
tary Arg (Table 2). However, it should be borne in mind that
dietary supplementation with <2% Arg may cause antago-
nism between Arg and Lys, as well as a lysine deficiency
and harmful levels of ammonia,® and consequently none of
the beneficial effects seen with lower doses of Arg may be
observed.

A study conducted by Rehfeldt et al.*” indicated the neg-
ative impacts of maternal undernutrition and overnutrition
on postnatal growth in IUGR piglets. Specifically, the ges-
tating gilts fed a high protein diet (30% CP) produced pig-
lets with IUGR. At postnatal day 83 of age, these piglets had
increased brain weights and decreased thymus and bone
weights, compared to the offspring of the gilts fed the con-
trol diet (12.1% CP). As an organ of the immune system, a
reduced thymus gland may be associated with decreased
immune function.® At postnatal day 188 of age, these pig-
lets had increased liver weights compared to the control
group, which may be lead to metabolic dysfunction when
they are used for breeding.’® The gestating gilts fed a low
protein diet (6.5% CP) also produced piglets with IUGR,
but those piglets showed compensatory gain that was
maintained from postnatal days 83 and 188 of age.*
However, these piglets had a larger proportion of body
fat, as well as decreases in the numbers of skeletal muscle
fibers, skeletal muscle mass, and total muscular DNA, com-
pared to the control piglets.®® Of particular interest,
Altmann et al.'® found that both low and high protein
diets fed to gestating sows affected the expression of met-
abolic genes including glucocorticoid receptor NR3C1, per-
oxisome proliferator-activated receptor alpha (PPAR),
insulin receptor (INSR), PPAR gamma coactivator 1-alpha
(PGC1),  3-hydroxy-3-methylglutaryl-CoA  reductase
(HMGCR), and cytochrome P450 2C34 (CYP2C34). Fetal
expression of NR3C1 was increased as a consequence of
increased glucocorticoid activity in sows fed a low protein
diet, which also affected expression of INSR. PPAR, PGC1,
and HMGCR expression in fetuses from sows fed either a
high or low protein diet differed from control-fed sows,
possibly resulting in changes in lipid metabolism in the
offspring.

In feeding gestating swine, a reduced amount of rations
is intended to prevent excess accumulation of white

adipose tissue in the body." This common practice results
in inadequate provision of AAs, including Arg and GlIn, as
noted previously. GIn is a major metabolic fuel for the small
intestine of sows, and its uptake from the uterine artery by
the fetus is the greatest among all AAs.? Thus, the concen-
tration of GIn in maternal plasma was reduced by 42% in
late gestation (e.g. Day 110) compared to early gestation
(e.g. Day 10).>' We found that supplementing gilts with
1% GlIn to a corn- and soybean meal-based diet (containing
12.2% crude protein and 1.2% GIn) between Days 90 and
114 of gestation reduced the incidence of IUGR piglets by
39%, variation in piglet birth weights by 33%, and pre-
weaning mortality of live-born piglets by 46%.%'
Furthermore, supplementing a corn- and soybean meal-
based diet (containing 0.70% Arg and 1.22% Gln) with
0.4% Arg plus 0.6% GIn between Days 30 and 114 of gesta-
tion in gilts reduced variation in birth weights of live-born
piglets by 24% and the proportion of live-born piglets with
birth weights of 0.6 to 1.29 kg by 22%, while increasing the
number of live-born piglets by 1.4 per litter and the litter
birth weight of live-born piglets by 15%.%” Taken together,
these results indicate the importance of adequate provision
of functional AAs in improving pregnancy outcomes in
swine.

Ruminants

Maternal undernutrition and overnutrition have detrimen-
tal effects on gestating ruminants.*® In cows, high and low
protein diets have varying effects during different stages of
gestation.” Mossa et al.’* found that maternal undernutri-
tion during the first trimester of gestation caused higher
concentrations of testosterone in maternal blood, smaller
ovarian reserves, enlarged aortas, and higher blood pres-
sure in female calves. Deficiencies in specific AAs decrease
angiogenesis, which may explain the increased blood pres-
sure in female calves with enlarged aortas that were born
from nutrient-restricted dams. Low maternal dietary pro-
tein intake (7% CP) resulted in offspring with semitendino-
sus muscles that had a higher shear force and lower
collagen content, indicating an adverse effect of maternal
malnutrition on the meat quality of male offspring.*
Restriction of maternal protein intake during the second
trimester decreased birth weights of calves even when
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maternal weight gain was positive during that period.*
High maternal dietary protein intake during the first tri-
mester can negatively affect development of the
hypothalamic-pituitary-gonadal axis and consequently
decrease reproductive performance in bull calves."”
In cattle, 75% of the increase in fetal weight occurs during
the third trimester of gestation.”®> Maternal undernutrition
during the third trimester can negatively impact birth
weight and postnatal growth, as well as fetal myogenesis
and adipogenesis.** For the cow, low dietary protein intake
during the third trimester may result in weak labor,
increased risk of dystocia, and increased perinatal death,
all of which put the survival of the offspring at risk.
Throughout the cow/calf production cycle, average dietary
CP content ranges from 6.0% to 10.3%, which cannot pro-
vide the animals with sufficient AAs."?*?*%% With an
increase in the use of corn byproducts, which have a CP
concentration of 26-30% (DM basis), in the rations of dairy
cows and feedlot beef cattle, maternal dietary protein
intakes are being substantially exceeded during early,
mid, and late gestation.*

According to Kwon et al.,*® undernutrition of pregnant
ewes in the first half of gestation and throughout gestation
reduces concentrations of Arg-family AAs, branched-chain
AAs, and polyamines in maternal and fetal plasma and
fetal fluids, thus causing IUGR. Serine was decreased to
the greatest extent in fetal fluids, which could affect the
synthesis of important biological substances including glu-
cose, DNA, and protein.3 As little as a 15% reduction in
maternal nutrient intake during early gestation reduces
fetal arterial blood pressure, gestation length and pituitary,
and adrenal responses of the fetus during late-gestation.*”°
These adverse effects are believed to be the result of an

accelerated maturation of the hypothalamic-pituitary-
adrenal axis from maternal undernutrition.'” Of particular
interest, a 15% reduction in maternal nutrient intake during
late gestation can lead to impaired relaxation of arterial
blood vessels.** After parturition, the offspring experi-
enced increased blood pressure, indicating the effects of
maternal undernutrition on early postnatal cardiovascular
function.®*® Of note, low maternal dietary protein intake
(7.5% CP) in goats for 55 days during late gestation
decreased the activity of enzymes associated with the anti-
oxidant defense system, which leads to increased produc-
tion of reactive oxygen species and free radicals.”” Reduced
capacity for removing free radicals and ROS leads to
oxidative stress, cell damage, and impairment of physio-
logical function.

High maternal dietary protein intake (44% CP) is asso-
ciated with high embryonic mortality due, at least in part,
to a decrease in pH of maternal blood.'®'* When protein
and AAs are degraded in the body, sulfuric acid produced
from methionine and cysteine can decrease pH in the
blood.? The fetuses that survived had lower body weights
than those from dams fed a lower protein diet (24% CP)."®
Meza-Herrera et al.'® also found that sheep with a low body
condition score that were fed the high protein diet exhib-
ited a higher rate of embryonic mortality and a greater
release of oxytocin-stimulated prostaglandin F, (PGF2).
Furthermore, the oxidation of sulfur-containing AAs gen-
erates elevated levels of homocysteine and H,S that cause
oxidative stress in cells. Biochemical mechanisms responsi-
ble for adverse consequences of high maternal protein
intake on fetal growth and development are summarized
in Figure 3.

© Ammonia ----------- > Urea, GIn and Glu
© H ine B¢ Methioni
ngh protein Omocystelne "5-_-1\-&;[-‘1-:-> ethionine
High AAs
T H,S -----memm- > Lungs and skin
Acid-base imbalance ----------- > Lungs and kidney

Intrauterine growth restriction

Embryonic/fetal death
Loss of pregnancy

Poor maternal health

Figure 3. Adverse consequences of high maternal dietary intake of protein or amino acids (AAs) during pregnancy. High maternal dietary intake of protein and AAs
causes an increase in ammonia, homocysteine and hydrogen sulfide (H.S) and an acid-base imbalance. Under normal conditions (represented by a dashed arrow),
ammonia is catabolized into urea, glutamine and glutamate, homocysteine is recycled into methionine, hydrogen sulfide is excreted through the lungs and skin, and
acid-base homeostasis is regulated by the lungs and kidneys. However, excessive intake of protein or AAs dysregulates these processes and results in embryonic/
fetal death, loss of pregnancy, intrauterine growth restriction, and poor maternal health. 5-MTF: N®-methyl-tetrahydrofolate; Vit Bg: vitamin Bg.



Like in other species, Arg supplementation to
pregnant ewes improves embryonic survival because Arg
is important for survival, growth, and development of the
conceptus.” Since dietary Arg is actively degraded in
the rumen, intravenous administration is appropriate for
Arg supplementation in ruminants. We found that intrave-
nous administration of Arg to nutrient-restricted ewes
from day 60 of gestation to parturition prevented IUGR
and increased the birth weights of lambs compared to
nutrient-restricted ewes receiving saline infusions.”*'
Fetal survival increased by 59% with intravenous adminis-
tration of Arg between days 100 and 121 of gestation.
Unlike porcine placentae, ovine placentomes have high
arginase activity, which catabolizes Arg into ornithine
and subsequently into polyamines and proline.*®
Interestingly, Arg is conserved as its precursor, citrulline,
in ovine conceptuses to minimize degradation of Arg by
placentomal arginase.

Rodents

Maternal undernutrition and overnutrition have been stud-
ied extensively in rats and mice and have provided a basis
for further research with farm animals and humans.?**
Low maternal dietary protein intake impacts fetal body
composition, body weight, metabolism, and hormonal bal-
ances.?? A decrease in skeletal muscle mass, but an increase
in adipose tissue during compensatory growth has been
observed in gestating rats fed a low protein diet."” Also
affecting the immune system, low maternal dietary protein
intake (4% CP) reduced concentrations of protein, albumin,
and gamma-globulin in plasma of neonatal rat pups com-
pared to pups from a control fed dam (10% CP)."”
Impairment of cardiovascular function in offspring as evi-
denced by increased blood pressure and dysregulation of
circadian rhythms of blood pressure and heart rate can also
result from a low maternal protein diet.'* Low maternal
dietary protein intake decreases the activity of placental
11 B-hydroxysteroid dehydrogenase (11 B-HSD), thereby
increasing fetal exposure to maternal cortisol.® Exposure
of glucocorticoids to the fetus affects growth, blood pres-
sure, and glucose metabolism.”* The risk of insulin resis-
tance throughout postnatal life is increased in offspring
from a protein-restricted dam and represents a lifelong
consequence of maternal undernutrition.*” Concentrations
of corticosterone in plasma of offspring are also affected by
maternal protein restriction. Interestingly, compared to the
control group, lower concentrations of corticosterone are
detected in male offspring of dams with low dietary protein
intake which may lead to risk taking behaviors, while
higher concentrations of corticosterone in female offspring
may lead to anxious behaviors.*' Later in life, adult off-
spring from protein-restricted dams have a higher risk of
metabolic disorders because of defects in mTOR activation
and abnormal pancreatic development. Cell signaling via
mTOR plays a crucial role in regulating energy homeostasis
and protein synthesis.” Thus, low maternal dietary intake
decreases the proliferation and number of fetal pancreatic
B-cells, as well as the insulin content of fetal pancreatic islet
cells, while increasing the apoptosis of those cells.?® In the
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protein-deficient dams, the fetal pancreas also experiences
decreased vascularization. Thus, multiple mechanisms are
responsible for hormonal imbalances and IUGR in AA-defi-
cient fetuses.

Either a low or a high maternal dietary protein intake
impairs hemodynamics in rodents. For example, elevated
blood pressure occurred in rat offspring born from protein-
deficient dams when they were four weeks of age and con-
tinued throughout adulthood." Kucia et al.** determined
that a high maternal protein diet (40% CP) decreased litter
size and litter mass at birth in mice. High protein diets in
rodents provide less energy than isoenergetic control diets
due to the high consumption of energy to dispose of excess
ammonia via the synthesis of urea. Maternal kidney mass is
greater in both mice and rats with high dietary protein
intakes.”* High maternal dietary protein intake (55% CP)
also decreases body weight and food intake of the off-
spring."” These rat pups displayed higher concentrations
of glucose in plasma in a fasting state and higher concen-
trations of insulin in plasma in a postprandial state, show-
ing an effect on glucose metabolism and possible signs of
insulin resistance.

Arg supplementation in pregnant rats during the first
seven days of gestation or throughout gestation increases
the number of implantation sites and litter size by approx-
imately 3 via the PI3K/PKB/mTOR/NO signaling path-
way.*? In mice, dietary Arg supplementation for 14 days
pre-mating increased postnatal weight gain and decreased
abortion rates when exposed to porcine circovirus type 2
that normally causes embryonic death.** This provides
another line of evidence for beneficial roles of Arg in
improving maternal and fetal health. Thus, Arg is a dietar-
ily essential AA for gestating rodents.?”**4°

Conclusion

Regulation of maternal dietary protein intake during preg-
nancy is essential for proper embryonic survival, growth,
and development. Specific AAs are required for certain
processes involved in pregnancy including implantation,
placental growth and angiogenesis, and the transfer of
nutrients from mother to fetus. Both low and high maternal
dietary protein intake cause an imbalance of AAs, which
may lead to embryonic loss as well as impaired growth and
development of the conceptus. Surviving IUGR neonates
likely face lifelong adverse consequences as a result of
maternal malnutrition. To overcome the harmful conse-
quences of maternal protein malnutrition, dietary supple-
mentation with Arg and Gln during specific stages of
gestation can help fulfill the nutritional requirements of
both mother and fetus. In numerous animal and human
studies, dietary Arg supplementation during pregnancy
improved embryonic survival and growth by increasing
placental angiogenesis and blood flow, as well as promot-
ing embryonic protein synthesis. Understanding the role of
maternal dietary protein intake can have great economical
benefits in livestock production by increasing reproductive
success and litter size. Additionally, for humans, adequate
maternal dietary protein intake can improve reproductive
success and result in healthier mothers and infants.
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