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Metabolism in normal
pregnancy
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Introduction

During pregnancy, the mother adapts her metabolism
to ensure the continuous supply of nutrients to the fetus in
order to sustain its exponential growth. Among those nutri-
ents crossing the placenta, glucose is quantitatively the most
important, followed by amino acids. Although lipids cross the
placenta in much lower proportion than the other nutrients,
maternal lipid metabolism is consistently and intensely
affected during pregnancy in order to satisfy maternal and
fetal needs. Fetal growth and development also depend on
other essential nutrients, like vitamins. The metabolism of
certain vitamins is therefore affected during pregnancy
to ensure their proper availability to the fetus. The purpose of
this chapter is to review the main changes in carbohydrate,
amino acids, lipid and vitamin metabolism that take place
throughout pregnancy under normal conditions

Carbohydrate metabolism

Glucose is the primary energy source of fetoplacental tissues.
During early pregnancy, basal plasma glucose and insulin
levels and hepatic gluconeogenesis are unchanged.! However,
during late pregnancy, the mother develops hypoglycemia,
which is specially manifest under fasting conditions, when the
rate of gluconeogenesis from different substrates is enhanced.>?
The use of different substrates for such increased gluconeogen-
esis is variable: the conversion of glycerol to glucose rather than
other more classical gluconeogenetic substrates like pyruvate or
alanine is specially intense.* The development of maternal
hypoglycemia despite the enhanced gluconeogenesis and the
reduced consumption of glucose by maternal tissues, due to
her insulin-resistant condition, is the result of the high rate of
placental transfer of glucose, which is greater than that of any
other substrate (Figure 5.1).° This preponderance of placental
transfer of glucose over other metabolites has been demon-
strated in different species. It is carried out by facilitated diffu-
sion according to concentration-dependent kinetics and
thanks to the presence of a high number of glucose trans-
porters, particularly GLUT1.® The fetus does not synthesize
glucose but uses it as its main oxidative substrate. This causes
fetal glycemia to be normally lower than that of its mother,

allowing a positive maternal-fetal glucose gradient, which
facilitates its placental transfer.

Protein and amino acid metabolism

The accretion of protein is essential for fetal growth and must
be sustained by the active transfer of amino acids from
maternal circulation. There is no evidence that pregnant
women store protein during early pregnancy, when fetal needs
are scarce. Therefore, the increased requirements of late preg-
nancy must be met by metabolic adjustments that enhance
both dietary protein utilization and nitrogen retention in
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Figure 5.1 In situ placental transfer of D-glucose, L-alanine,
palmitic acid, glycerol and VLDL-triacylglycerols (VLDL-TG) in
20-day pregnant rats. Placental transfer was measured by the
infusion of '*C-labeled substrates through the left uterine artery
for 20 min and making the proper correction of data for
specific activity dilution and uterine blood flow. Data are
expressed as percentual value of all the studied substrates,
numbers between breakers indicate the mean absolute value of
the transfer for each substrate, expressed as nmol/min/g fetal
body weight.
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order to satisfy fetal demands. Protein metabolism changes
gradually throughout gestation, so that nitrogen conservation
for fetal growth achieves full potential during the last quarter
of pregnancy.” Nitrogen balance studies showed that the rate
of maternal nitrogen retention between 20 and 40 weeks
of gestation was greater than the predicted need,® leading
to the proposal that the mother gains additional protein in
her own tissues. The increased nitrogen retention in late
pregnancy is due to a reduction in urinary nitrogen excretion
as a consequence of decreased urea synthesis.” In late preg-
nancy, nitrogen balance is improved, allowing a more efficient
use of dietary proteins.’

Although these alterations in protein metabolism during
late pregnancy favor nitrogen conservation, pregnancy is
associated with hypoaminoacidemia, which is specially
evident during fasting, is present at early gestation, and
persists throughout pregnancy.!®!! Since insulin infusion in
non-pregnant adults decreases both plasma amino acid levels
and protein breakdown, it is proposed that the decrease in
plasma amino acid levels found during normal pregnancy is not
associated with the pregnancy insulin resistant condition. Thus,
maternal hypoaminoacidemia reflects enhanced placental
amino acid uptake. Additionally, maternal oxidation of
branched-chain amino acids decreases in late pregnancy,
increasing their availability for transfer to the fetus.!?

Contrary to glucose, the concentration of most amino
acids in fetal plasma is higher than that found in the mother,
because placental transfer of amino acids is carried out by an
active process, using selective transporters and metabolic
energy.'? This capacity to concentrate amino acids in the fetal
side against the gradient versus maternal levels is clearly seen
in the fed and 24 h fasted rat. As shown in Figure 5.2, under
fed conditions, maternal plasma total amino acid levels are
similar in 20 day pregnant rats and sex- and age-matched
virgin animals, whereas the levels in fetal plasma are already
higher than in the mother. However, after fasting, the decline
of plasma amino acids in the late pregnant rat is greater than

that seen in virgin animals, whereas fetal plasma total amino
acid concentration remains the same as when fed. Thus, under
fasting, the fetal/maternal total amino acid ratio becomes even
higher than when fed, showing the efficiency of the placenta in
transfering amino acids against the gradient. A multiplicity of
factors affects the overall placental amino acid delivery rates,
including the activity and location of the amino acid trans-
porter systems, changes in placental surface area, uteroplacen-
tal blood flow and maternal concentrations of amino acids,"
all of which change as gestation advances and are dependent
on maternal health conditions.!

Lipid metabolism

Accumulation of fat depots in maternal tissues and maternal
hyperlipidemia are characteristic features during normal
pregnancy. Besides, although lipids cross the placenta with
difficulty, essential fatty acids (EFA) and long-chain polyun-
saturated fatty acids (LCPUFA) are needed for fetal growth
and development and must arrive from maternal circulation.
Thus, throughout pregnancy there are major changes in lipid
metabolism.

Adipose tissue metabolism

Fat accumulation takes place during the first two-thirds of
gestation!>!® and represents most of the increase in maternal
structures that take place during pregnancy.'” It is the result of
both hyperphagia and enhanced lipid synthesis, and is driven
by the enhanced adipose tissue insulin responsiveness that
occurs during early pregnancy.'®

Increments of maternal fat depots stop during the third
trimester of gestation as a consequence of two changes: (1) a
decrease in lipoprotein lipase (LPL) activity,!® which mainly
corresponds to that present in adipose tissue?® and causes
a decline in the hydrolysis and tissue uptake of triacylglycerols
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Figure 5.2 Plasma concentration of total amino acids in fed and 24 h fasted virgin and 20-day pregnant rats and their fetuses. Letters
above each bar correspond to the statistical comparison between the groups: different letters indicate statistical differences (P < 0.05).
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circulating in triacylglycerol-rich lipoproteins (chylomicrons
and very low density lipoproteins, VLDL); and (2) an
increased adipose tissue lipolytic activity, which is specially
manifest under fasting conditions.?!??

The placental transfer of the products of adipose tissue
lipolysis released into the circulation, non-esterified fatty acids
(NEFA) and glycerol, is quantitatively low,?® and therefore
their main destiny is maternal liver. In liver, NEFA are converted
into acyl-CoA, and glycerol into glycerol-3-phosphate, which
are partially re-esterified for the synthesis of triacylglycerols.
These are released back into the circulation in the form of
VLDL, as maternal liver production is enhanced. In addition,
whereas glycerol is also used as a preferential substrate for
gluconeogenesis, NEFA are used for B-oxidation, leading
to energy production and ketone body synthesis. These path-
ways are markedly increased under fasting conditions in late
pregnancy.>?* Ketone bodies easily cross the placenta.”
Although not synthesized by the fetus, in fetal circulation, they
reach the same concentration as in the mother.?® Different to
what occurs in adults, ketone bodies can be used by the fetus
not only as energetic fuels but as substrates for brain lipids.?”?

Thus, as shown in Figure 5.3, both the mother and the fetus
benefit from the enhanced adipose tissue lipolytic activity
during late pregnancy, and very especially during the fasting
periods. The preferential conversion of glycerol to glucose
allows the preservation of other gluconeogenic substrates like
alanine and other amino acids for their transfer to the fetus.
The active production of ketone bodies from fatty acids by
fasting maternal liver, besides their transfer to the fetus, allows
their use by certain maternal tissues such as skeletal muscle as
alternative fuels. This production also saves glucose for its use
by maternal tissues like the nervous system, which depends on
glucose as well as for its placental transfer.

Although pregnancy hormones may contribute to some
of these changes, it is thought that the insulin-resistant

condition of late pregnancy is the main factor contributing
to the increased adipose tissue lipolytic activity and hepatic
VLDL production, as well as the increased gluconeogenesis
and ketogenesis under fasting conditions.

Hyperlipidemia
Hyperlipidemia normally develops during the last third of
gestation and mainly corresponds to increases in triacylglyc-
erols, with smaller rises in phospholipids and cholesterol.!”"
Besides an increase in VLDL levels as a result of their enhanced
liver production and decreased removal from circulation as
a consequence of reduced adipose tissue LPL activity,
the increase in plasma triacylglycerols corresponds to their
proportional enrichment in both LDL and HDL," lipopro-
teins that are normally poor in triacylglycerols. Such changes
in the maternal lipoprotein profile and composition are the
result of the simultaneous action of several factors, which are
schematically summarized in Figure 5.4: (1) enhanced arrival
of the adipose tissue lipolytic products, NEFA and glycerol,
to the liver, which facilitates the hepatic synthesis of triacyl-
glycerols and their subsequent release into the circulation
as VLDL; (2) decreased removal of VLDL from circulation
as a consequence of the reduced adipose tissue LPL activity;
(3) increase in cholesteryl ester transfer protein (CETP) activ-
ity that takes place at mid-gestation,? facilitating the exchange
of cholesterol by triacylglycerols from LDL and HDL with
VLDL; and (4) intense decrease in hepatic lipase (HL)" which
decreases the conversion of buoyant HDL,, triacylglycerol-rich
particles, into small triacylglycerol-poor and cholesterol-rich
particles (HDL;), allowing the accumulation of the former.'
Besides the insulin-resistant condition, which enhances
adipose tissue lipolytic activity and decreases its LPL activity,>
the increase in plasma estrogen concentrations during
gestation also contributes to maternal hypertriglyceridemia,

TG

\

ADIPOSE
TISSUE

Maternal
glucose

dependent
tissues

<NEFA ————> KETONE BODIES
GLYCEROL —1— GLUCiOSE

CO,+ ATP

Proteins

MUSCLE

Figure 5.3 Schematic representation of maternal response to starvation during late pregnancy. Enhanced adipose tissue lipolysis
increases the availability of glycerol in the liver, where it is used as preferential substrate for gluconeogenesis, and of non-esterified
fatty acids (NEFA) for ketogenesis. Throughout this mechanism, the mother, besides producing glucose for the fetus and her own
needs, preserves other gluconeogenic substrates, such as amino acids (mainly, alanine), and ensures their availability to the fetus.
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Figure 5.4 Schematic representation of the relationship of adipose tissue lipolytic activity with lipoprotein metabolism during late
pregnancy, and its role as a source of essential- (EFA) and long-chain-fatty acids (LCPUFA) for the fetus. CE = cholesterol esters;
CETP= cholesterol ester transfer protein; HDL = high density lipoproteins; LDL = low density lipoproteins; VLDL = very low density

lipoproteins; LPL = lipoprotein lipase; HL = hepatic lipase.

since it enhances hepatic VLDL production®' and decreases
HL expression and activity.*?

Benefits of maternal hypertriglyceridemia
to the fetus and newborn

Although maternal triacylglycerols do not directly cross
the placenta,?® we think that there are several ways by which
the fetus and newborn may benefit from maternal hyper-
triglyceridemia, as follows.

Use of triacylglycerols as metabolic fuels

Although adult liver does not normally express LPL activity,
studies in the rat have shown that under fasting conditions
during late pregnancy, there is an increment in liver LPL activ-
ity.® This liver LPL seems to be the result of the wash-out of
LPL from extra-hepatic tissues carried out by the remnants of
the triacylglycerol-rich lipoproteins. In this way, under fasting
conditions, the maternal liver switches from an exporter organ
to an importer of plasma triacylglycerols, which may be used

as substrates for ketogenesis. This allows the exaggerated
increase in plasma ketone bodies, which, as commented
above, save glucose in maternal tissues as well as cross the
placental barrier and are directly metabolized by the fetus.

Placental transfer of polyunsaturated fatty acids (PUFA)

Essential fatty acids (EFA) and LCPUFA from either maternal
diet or endogenous interconversion are mainly transported in
their esterified form in maternal plasma lipoproteins rather
than as NEFA.*>* The placenta expresses receptors for all the
major plasma lipoproteins. It has different lipolytic activities,
including LPL, phospholipase A, and an intracellular lipase
and it also expresses fatty acid-binding proteins. (for a review
see Herrera et al.*®) Thus, esterified PUFA in maternal plasma
lipoproteins are taken up either intact through the placenta
receptors or only their constituent fatty acids after hydrolysis.
Within the placenta, fatty acids are re-esterified to be latterly
hydrolyzed and, in their free form, finally diffused to fetal
plasma. This process, together with the direct transfer of NEFA
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and the intrinsic placental fatty acid metabolism, determines
the actual rate of the selective placental fatty acid transfer,
which is essential for fetal development.

Contribution to milk synthesis in preparation
for lactation

Around parturition, there is a rapid increase in mammary
gland LPL activity,*® which, together with the low LPL activity
in adipose tissue,?’ drive circulating triacylglycerols to the
mammary gland. Through this mechanism there is a rapid
disappearance of maternal hypertriglyceridemia,'” and EFA
and LCPUFA from maternal circulation are taken up by
mammary gland for milk synthesis to become available to the
suckling newborn, contributing to its normal development.

Vitamin metabolism in pregnancy

Adequate maternal micronutrient and vitamin status is
especially critical during pregnancy and lactation. Several
micronutrient deficiencies (like iron, iodine, zinc) are well
established as contributors to abnormal prenatal development
and/or pregnancy outcome. But less well-recognized for their
importance are deficiencies of vitamins. Evidence is accumu-
lating that maternal antioxidant status is important to prevent
abnormal pregnancy outcomes. In lactation, the maternal
status of several of these vitamins affects their concentration
in breast milk. The main cause of multiple vitamin deficien-
cies is a poor quality diet, even though gene polymorphism
can also impair vitamin absorption or alter their metabolism,
and cause vitamin deficiency. In some diets high in unrefined
grains and legumes, the amount of nutrients consumed may
be adequate, but dietary constituents, such as phytanes and
polyphenols, can also limit their absorption.

We summarize here the main changes in the metabolism
of the vitamins during pregnancy which have the highest
implications in fetal growth and development.

Hydrophilic vitamins
Folic acid

Folates act in different one-carbon transfer reactions,
including purine and thymidylate biosynthesis, amino acid
metabolism and formate oxidation. Purine and thymidylate
biosynthesis is a fundamental requisite event underlying DNA
and RNA synthesis. Thus, it is obvious that these folate-
dependent reactions are essential for fetal growth and devel-
opment and for maternal well-being.

Pregnancy is associated with an increased folate demand
and, in some cases, leads to overt folate deficiency. The increase
in folate requirement during pregnancy is due to the growth of
the fetus and uteroplacental organs. Circulating folate concen-
trations decline in pregnant women who are not supplemented
with folic acid.”” Possible causes for the declines in blood folate
include increased folate demand for the fetus, increased folate
catabolism, increased folate clearance and excretion, decreased
folate absorption, hormonal influence on folate metabolism as
a physiological response to pregnancy and low folate intake®®*

Whatever the reasons for the decline, it is essential that plasma
folate be kept above a critical level (>7.0 nmol/L) because
plasma maternal folate is the main determinant of transplacen-
tal folate delivery to the fetus. There is a strong positive associ-
ation between maternal plasma, cord plasma and placental
folate concentrations, suggesting that transplacental folate
delivery depends on maternal plasma folate concentrations.
In placental perfusion studies, it has been found that
5-methyltetrahydrofolate (the main form of folate in plasma)
is extensively and rapidly bound in the placenta but transferred
to the fetus in low amounts at a slow rate.*’ The placental folate
receptor (FR) favors the binding of 5-methyltetrahydrofolate
and can transfer folate against a concentration gradient; hence,
the fetal perfusate is about 3-fold that of the maternal per-
fusate. The transfer of 5-methyltetrahydrofolate from the
maternal to the fetal perfusate is not saturable in a range well
above typical physiologic concentrations.*! The placenta is rich
in FR and is one of the tissues that express the c-isoform of
FR (FR-o) in abundance. FR-0/ is a membrane-bound
glycosylphosphatidylinositol-linked glycoprotein and the
primary form of FR in the epithelial cells. The importance of
FR-o. in placental folate transfer is inferred from the fact that
an FR-o knockout mouse is embryo-lethal.*> Maternal folate
status should be kept adequate to maintain plasma folate above
a certain concentration for placental transfer.

Studies conducted in recent years led to recognition that
supplementing with folic acid reduced the prevalence of folate
deficiency in pregnancy and prevented pregnancy-related
disorders. Data from these studies suggest that 200-300 pg
folic acid per day is needed in addition to dietary folate
to maintain normal folate status and to prevent folate
deficiency during this time.*3

Vitamin C

In addition to the prevention of scurvy, vitamin C has
numerous other functions and is a co-factor for several
enzyme systems. For humans, vitamin C is an essential vita-
min, with an important antioxidant function. As antioxidant
defense systems are important to protect tissues and cells from
damage caused by oxidative stress, an imbalance between
increased oxidative stress and decreased antioxidant defenses
impairs fetal growth.*® Thus, pregnant women utilize a defense
mechanism, composed of antioxidant enzymes and nutrients
including vitamin C, against oxidative stress and free-radical
damage. It is believed that ascorbic acid, through conversion
to dehydroascorbic acid, crosses the placenta to enter fetal
circulation. Once dehydroascorbic acid is present in the fetal
circulation, it is reduced back into ascorbic acid and is main-
tained in high concentrations on the fetal side in the
placenta.*® Maternal serum vitamin C levels during the second
trimester of gestation are correlated with birthweight and
length in full-term babies.*’

Lipophilic vitamins

Because lipophilic vitamins are fat soluble, they share several
common mechanisms with other lipidic substances concerning
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their metabolism and transfer to the offspring. Although
lipophilic vitamins are essential during intrauterine and early
postnatal life, little is known about their placental transfer
during pregnancy and mammary gland uptake during lactation.

Vitamin D

Vitamin D metabolites have numerous potential physiological
and pharmacological actions, but their principal physiological
function is maintaining serum calcium and phosphorus
concentrations in a range that supports cellular processes,
neuromuscular function and bone mineralization. In humans,
vitamin D (cholecalciferol or vitamin D;) can be synthesized
endogenously from 7-dehydrocholesterol in the epidermis of
the skin after exposure to ultraviolet B radiation, or can come
from dietary sources. Vitamin D; is then transported to the
liver and hydroxylated to the inactive but biologically abun-
dant 25-hydroxyvitamin D (25-OH D), which is the major
circulating form of vitamin D. The active metabolite of
vitamin Dj; is 1,25-dihydroxyvitamin D (1,25-(OH), D),
which is formed after further hydroxylation in the kidney. This
active metabolite of vitamin D increases the efficiency of
intestinal calcium absorption, decreases renal calcium excre-
tion and, in conjunction with the parathyroid hormone
(PTH), mobilizes calcium from bone.

Significant changes in maternal vitamin D and calcium
metabolism occur during pregnancy to provide the calcium
needed for fetal bone mineral accretion. Fetal 1,25(OH),D;
levels are low, whereas maternal levels are strikingly elevated
during pregnancy before rapidly returning to normal after
parturition.*® This increase in maternal 1,25(OH),D; levels
appears to be caused by increased production rather than
decreased clearance, but the precise source of the increased
1,25(0OH),D; synthesis has yet to be fully defined. There is
evidence of 10-hydroxylase activity in the placenta and decid-
uas, suggesting that these tissues might also contribute to
1,25(0H),D; levels.* The placenta is a possible site of
1,25(0OH),D; production, independent of the maternal and
fetal kidneys. The presence of a specific vitamin D receptor in
placenta and deciduas has also been well documented, under-
lining the potential for autocrine or paracrine effects of
1,25(0OH),D; within these tissues.”® The precise function of
the 1,25(OH),D; produced by placenta has yet to be fully
defined. 1,25(0OH),D; passes through the placenta barrier
bidirectionally to sustain the active transport of calcium
across the placenta during late gestation, although current
data suggest that the production of 1,25(OH),D; by placenta
may be less crucial to the maintenance of maternal and fetal
calcium homeostasis than originally thought.>® The fetus has
developed several ways to either induce tolerance or escape
from the maternal immune system, and it has been proposed
that placental produced 1,25(OH),D;, acting in concert
with other mechanisms, may play a key role in maintaining
pregnancy by suppression of the maternal immune system.>?

Approximately 25-30 g of calcium are transferred to the
fetal skeleton by the end of pregnancy, most during the last
trimester. It has been estimated that the fetus accumulates up
to 250 mg/dL calcium during the third trimester. The three
possible calcium sources that may supply the mother with the

necessary calcium to support fetal growth include increased
intestinal absorption from the diet, increased renal conservation,
and increased bone mobilization.>

To date, there is no evidence to indicate a beneficial effect
of vitamin D intake during pregnancy above amounts
routinely required to prevent vitamin D deficiency among
non-pregnant women.

Vitamin A

Vitamin A exists in several forms in animal tissues: retinol,
retinal, retinoic acid and retinyl esters, mainly as retinyl palmi-
tate. All forms of vitamin A are hydrophobic compounds that
are highly unstable in the presence of O,. A diet deficient in
either retinol or in the provitamin A carotenoids that can be
metabolized to retinol results in impaired growth, night blind-
ness and ultimately, xerophthalmia and blindness. We now
know that there are two metabolites of vitamin A, retinoic acid
and retinal, which are responsible for growth and develop-
ment by regulating gene expression, whereas retinal and its
isomers are responsible for the visual function of vitamin A.
The potential adverse effect of poor vitamin A status on preg-
nancy outcomes was demonstrated in an intervention study in
a region of Nepal with endemic vitamin A deficiency: supple-
mentation of these women with the recommended daily
intake of vitamin A reduced maternal mortality by 40%, and
supplementation with B-carotene reduced mortality by 49%.
The apparent cause of the reduced mortality risk was a
decreased susceptibility to infection.® Another advantage of
vitamin A supplementation of pregnant women is that it can
increase hemoglobin concentrations.>

During pregnancy, maternal plasma retinol concentrations
fall as gestation advances (Figure 5.5),%® and this effect reflects
the increasing demands of the rapidly growing maternal and
fetus tissues. Fetal retinol supply is essential, as retinoids are
involved in growth and cellular differentiation of the fetus.
Even though retinol is the only form of vitamin A that
supports reproduction in full, all-trans retinoic acid appears to
be the most important form for proper embryonic develop-
ment. Vitamin A plays an essential role in the development of
organs such as the lungs, heart, and skeleton; retinoic acid also
enables the setting up of the vascular and nervous system,
and is involved as a morphogenic agent during embryonic
development.””® Both cytoplasmatic and nuclear classes of
retinoid binding proteins (CRBP, CRABP and RAR, RXR) are
expressed early in development and are proposed to control the
concentration of retinoic acid and the transcription activity of
retinoid responsive genes, respectively. RAR regulate many
developmental control genes, including homeobox genes and
growth factor genes. Multiple fetal anomalies occur in vitamin
A-deficient, as well as in RAR-deficient knockout mice, but an
excess of vitamin A also induces the same type of abnormality:
the importance of the abnormality depends on the period of
gestation and the duration of the excessive or deficient supply.

The transfer of vitamin A from mother to fetus is carefully
regulated in such a way that it allows vitamin A levels in the
fetus to remain unaffected by alterations in maternal vitamin
A status, except in conditions of deficiency or excess.”® The
placenta’s vitamin A content increases in the last trimester of
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Figure 5.5 Plasma levels of vitamin E (0t- and y-tocopherol) and vitamin A (retinol) at different trimesters of pregnancy, 6-8 days
postpartum and at postlactation in healthy women. Data are expressed as means + SEM. Statistical comparisons are shown by the letters
above the points. Different letters for the corresponding vitamin between the groups indicate statistical significance (P < 0.05).

pregnancy thanks to the supply of vitamin A from maternal
stores (i.e. liver).®° The amount of retinol provided to the fetus
usually remains constant until maternal stores are almost
totally depleted. Perfusion studies show that retinol is taken up
and concentrated in the placenta, but the exact mechanism of
transfer remains unknown. Although the retinol binding
protein (RBP) seems to be involved,®! it might be dispensable
for retinol transfer,®> because homozygous RBP-null mutant
mice are viable and fertile. Studies in rats showed that in early
gestation, maternal RBP is transported across the placenta and
delivers retinol, whereas in late gestation, a different mecha-
nism appears to be operating because fetal liver is capable of
synthesizing RBP.%* In vivo studies show that maternal RBP
does not cross the placental membrane barrier in the last
trimester of gestation and cannot enter fetal circulation.*
In humans, serum apo-RBP (retinol-free) concentration
appears to be elevated during pregnancy, suggesting that preg-
nancy may alter the affinity of RBP for retinol or induce the
binding of the vitamin to other uncharacterized proteins.®®
Other forms of vitamin A, such as retinyl esters and retinoic
acid, can also be taken up at the placental barrier.

Although under normal conditions there are no significant
correlations between maternal and cord plasma concentra-
tions of retinol or carotenoids, some authors report a weak
but statistically significant correlation when the concentration
of retinol in cord and maternal plasma are low.®® Published
studies in humans show that maternal subclinical vitamin A
deficiency is related to neonatal subclinical vitamin A
deficiency and to low birth weight,*®®” and a high percentage
of preterm neonates have marginal values of vitamin A
(<0.35pmol/L).

The situation with vitamin A in early lactation is peculiar.
Because of the limited transplacental transfer, infant liver
stores of vitamin A at birth are small even in well-nourished
populations, so newborns are greatly dependent on dietary
intake of this vitamin to establish proper tissue stores,
maintain rapid growth, and develop their immune system.
Colostrum contains higher vitamin A concentration than
milk, and has an important role to play in providing initial
protection against vitamin A deficiency to the newborn.®®
The timing of colostrum ingestion seems to play a role in the
efficiency of intestinal vitamin absorption: thus colostrum
feeding on the day of birth is important for the establishment
of absorptive mechanism allowing intestinal transport of
fat-soluble vitamins. Further, breast milk is a good source of
vitamin A and clinical vitamin A deficiency is rare in breast-fed
infants during their first year of life.

Debate surrounds the use of retinol supplements during
pregnancy. The use of retinol supplements in well-nourished
mothers does not affect fetus concentrations. High doses of
retinol are teratogenic, and in some countries pregnant
women are advised to avoid retinol-containing supplements.®’
However, this advice may lead to vitamin A deficiency.”
Serum retinol is a relatively insensitive indicator of body vita-
min A status: only 1% of the body’s reserves circulate in the
plasma, and homeostatic mechanisms control concentrations
via retinol binding protein concentrations.

Vitamin E

Dietary vitamin E is present as tocopherol, mainly o- and
v-tocopherol, and tocopheryl esters. As for retinyl esters,
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tocopheryl esters are hydrolyzed into tocopherol within the
intestinal lumen by pancreatic esterase as well as by intestinal
enzymes. The uptake of tocopherol by enterocytes appears to
occur by passive diffusion, and the efficiency of the absorption
is largely dependent on the quantity and type of fat present in
the diet, even though [B- and &-tocopherol are poorly
absorbed. Tocopherol is not re-esterified during the absorp-
tion process, which does not require any cellular transfer
protein, and within the enterocyte, is incorporated to the chy-
lomicrons and transported from the intestine to the lymphatic
pathway to reach the bloodstream.

Plasma levels of vitamin E significantly increased from the
first trimester of gestation and reached a maximum in the
third trimester of gestation.>®”172 Different to vitamin A, there
is no specific protein carrier protein in the serum to transport
vitamin E, which circulates in its alcohol form in serum
lipoproteins. Thus, changes in plasma o-tocopherol levels
during pregnancy parallel maternal hyperlipidemia (see above),
and are also accompanied by the increase of lipid peroxides.
However, y-tocopherol reaches a maximum concentration in
maternal plasma at mid-gestation. The reason for this differ-
ent concentration pattern between o- and Yy-tocopherol
during pregnancy is unknown, but could be related to
differences in their tissue uptake and intracellular metabolism.

o-Tocopherol concentration in the plasma of human
fetuses is lower than in their mothers, but rises towards the
end of pregnancy. Since o-tocopherol is carried in plasma
associated to the different lipoproteins, its uptake and han-
dling by the placenta is similar to that of the other lipoprotein
lipophilic components (see above in this chapter). Besides, the
placenta expresses a-tocopherol transfer protein (o.-TTP) and
similar to the role of this protein in liver, it may actively con-
tribute to the specific transfer of a-tocopherol to the fetus.”>74

Despite the existence of these processes, efforts to investi-
gate the actual kinetics of the transfer of vitamin E by isolated
human placental systems have found that although it is spe-
cific for natural RRR-0i-tocopherol rather than any other form
of vitamin E, its rate is very low, only 10% of passively trans-
ferred L-glucose. This justifies the consistent finding of much
lower o-tocopherol levels in fetal plasma and red blood cells
than in maternal ones, indicating an insufficient vitamin E
supply for the fetus throughout gestation.

During lactation, vitamin E intake through milk is the way of
supplying the newborn with an essential defense against oxygen
toxicity and of stimulating the development of its immune
system. A good supply of vitamin E to the offspring is therefore
particularly critical in this period. The increase in vitamin E
content in body tissues of the offspring following birth is attrib-
uted to the ingestion of colostrums and milk, emphasizing the
limited placental vitamin E transfer and the importance of milk
consumption. Colostrum contains higher vitamin E concentra-
tion than milk,”> which may imply an active uptake by the
mammary gland in compensation for the limited placental
transport. A decline in maternal circulating vitamin E concen-
tration is noticed at the end of gestation or in early lactation;
this decrease may be the consequence of a considerable amount
of o-tocopherol present in colostrum. The mechanism of
transfer from blood into milk is not completely understood.
Perhaps the transfer of vitamin E into milk occurs through

a protein-mediated transport: the presence of an o-TTP like
mechanism in the mammary gland cannot be excluded, nor can
the presence of an SR-BI receptor in the mammary gland,
which could be involved in the uptake of o-tocopherol from
HDL. Further, the high concentration of vitamin E found in
colostrum compared with mature milk might be due to an
increase in activity of the mammary LDL receptors and thus,
to an important uptake of LDL by the mammary gland around
parturition. LPL also seems to influence in modulating the
mammary gland uptake of o-tocopherol.”® Contrary to the
placental transfer, which remains low even with increased
maternal serum levels, the transfer through colostrum and milk
can be increased via higher vitamin E ingestion by the mother.

It is important to note that tocopherol is able to affect the
metabolism of vitamin A in several tissues and may play a role
in tissue retinol homeostasis. It has been shown to modulate
the levels of retinol and total vitamin A in tissues such as the
liver, kidney and intestine. In vitro, tocopherol exerts an
inhibiting or stimulating action (depending on the tissue) on
retinyl palmitate hydrolysis.

Summary

Maternal metabolic adaptations during pregnancy are mainly
directed to maintaining a continuous availability of substrates
to warrant fetal growth. Glucose, used as a primary energy
source of fetoplacental tissues, is quantitatively the most
important substrate crossing the placenta. During late preg-
nancy the mother develops hypoglycemia as a result of the high
rate of placental transfer, despite of enhanced gluconeogenesis
and reduced consumption of glucose. Amino acids cross the
placenta against the gradient thanks to an active process. Fetal
growth is sustained by the transfer of amino acids from mater-
nal circulation. Protein metabolism changes gradually
throughout gestation, and although during late pregnancy
there is increased nitrogen retention, the mother develops
hypoaminoacidemia, which is specially evident during fasting.
Fat depot accumulation and maternal hyperlipidemia are char-
acteristic features of pregnancy. Maternal adipose tissue lipoly-
tic activity is increased and the main destination of released
non-esterified fatty acids (NEFA) and glycerol is the liver,
where they are used for the synthesis of triacylglycerols.
Alternatively, in the case of glycerol, it is also used as a gluco-
neogenetic substrate and, in the case of NEFA, oxidized for
ketogenesis. Major changes also occur in vitamin metabolism.
Vitamin A and E are the most affected. Maternal plasma retinol
falls as gestation advances, whereas vitamin E levels increase
parallel to the increase in plasma lipids. Transplacental transfer
of these vitamins is limited, but both the fetus and the new-
born need them. They are taken up by mammary gland and
their high content in colostrum seems to play an important
role in the extrauterine adaptations of the suckling newborn.
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