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This scction aims to provide the reader with recently
acquired information on many topics concerning lipid trans-
port and metabolism in the perinatal period. Several chapters
address specifically the fetal period, covering the subjects of
placental transport of fattv acids and ketone bodices, lipid
accretion in the fetus and neonate, as well as fat catabolism.
Because of the importance of lipids in growth in general (as
building blocks of tissue cells and as a major energy source
of the newborn) and in the specific development and func-
tion of specialized organs such as the brain and retina,
several chapters address these topics.

The need to maintain very low-birth weight infants on
parenteral nutrition led to the development of lipid emul-
sions similar in structure and composition to naturally pro-
duced chylomicrons. Although, in general, these lipids arc
well tolerated, there are clinical complications in some in-
fants. Therefore, two chapters of this section address this
specific topic. We hope that this section will be informative
as well as thought provoking, thus contributing not only
new information but also stimulating further research in this
interesting field.

Chapter 25

Placental Transport of Free

Fatty Acids, Glycerol, and
Ketone Bodies

EMILIO HERRERA, MIGUEL ANGEL LASUNCION
and MIRYAM ASUNCION

LIPID METABOLISM IN THE MOTHER AS
SOURCE OF FREE FATTY ACIDS,
GLYCEROL, AND KETONE BODIES FOR
THE FETUS

During the first part of gestation, there i5 fat accumulation
in the mother' 2 that is sustained by the combined effects of
hyperphagia, enhanced lipogenesis, and unmodified or even
increased extrahepatic lipoprotein lipase activity.™* The ten-
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(No. CCA-8310/061).

dency to accumulate fat ceases during late gestation® @ *»
because the maternal lipid metabolism changes to a catabolic
condition as shown by increased adipose tissue lipolysis™
and reduced uptake of circulating triglycerides.® The reduced
uptake is secondary to decreases in adipose tissue lipopro-
tein lipase act:vity," " which are unaccompanied ty a change
of the enzyme activity in the skeletal muscles." These
changes, together with hepatic overproduction of
triglycerides™ " and the enhanced absorption of dietary
lipids"™ are responsible for the marked progressive increase
in maternal circulating triglycerides occurring during late
gestation."* Major changes in maternal lipid metabolism
are summarized in Figure 25-1. This figure demonstrates
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the changes occurring in adipose tissue, liver, and intestinal
activity which are responsible for the physiologic increase
in circulating free fatty acids (FFA), glycerol, and triglycer-
ide-rich lipoproteins (VLDL and chylomicrons) during late
gestation. If the pregnant woman is adequately nourished,
her ketosis is not different from that in nonpregnant sub-
iects_zs. 29

With the exception of glycerol used in gluconeogenesis*
and the circulating triglyceride uptake by mammary gland
prior to parturition,* * no part of the increase in circulating
lipidic components seems to directly benefit her metabolic
needs. This increase, howrver, may benefit the fetus since
this part of the gestational period coincides with the rate of
maximal fetal accretion, a time when the substrate, metabolic
fuel, and essential component requirements of the fetus are
greatly enhanced. The lipid component may also constitute
a “floating” fuel store for both mother and fetus, casily
accessible under conditions of food deprivation, and explain
the well-known finding of enhanced ketogenesis in the
mother under fasting conditions.? % *> % This hypothesis is
supported by data demonstrating an increased arrival of
FFA in the liver as a result of greatly enhanced adipose
tissue lipolysis™ * and by studies reporting an increase in
liver LPL activity' * which would facilitate the maternal
liver using circulating triglycerides as ketogenic substrates.

The enhanced ketone body arrival in fasted maternal
tissues allows the ketone bodies to be used as metabolic
fuels and may spare other more limited and essential sub-
strates, such as amino acids and glucose, for transport to
the fetus. The fetus also receives maternal ketone bodies
through the placenta, and their use plays an important role
in fetal metabolic economy under conditions of maternal
food deprivation. Augmented lipolytic activity also increases
maternal circulating glycerol levels.™ Glycerol can be used
as a gluconeogenic substrate' and therefore contribute to
the maintenance of fetal and maternal glucose production.
Metabolic adaptations found in the mother during starvation
are su nmarized in Figure 25-2.

Transfer of Lipidic Products to the Fetus

This section focuses on.the mechanism and control of
placental lipid transfer. Understanding FFA, glycerol, and

Figure 25-1. Summary of major changes in materral
lipid metabolism at late gestation. FFA = free tatty
acids; TG-RICH LP = triglyceride-rich lipoproteins; TG =
triglycerides; MG = mammary gland; VLDL = very fow
density lipoproteins; Glyc = glycerol. (Adapted from
Herrera E, Gomez-Coronado D, Lasuncion MA: Lipid
metabolism in pregnancy. Biol Neonate 51:70-77, 1987.
S. Karger AG, Basel.)

ketone body placental transfer as well as their respective
metabolic fates in the fetus provides an insight into the
effect on the fetus of these persistent increments in maternal
circulating lipid levels.

Figure 25-3 summarizes the comparison of plasma levels -
of these metabolites in virgin as well as 24-hour fasted late
pregnant rats and their fetuses. Whereas fetal FFA and
glyceral levels are present in much lower concentrations
than in their mothers, Ketone bodies are found in similar
amounts in the fetus and mother. These maternal-fetal
concentration differences reflect the efficiency or magnitude
of the placental transfer process.

Maternal-fetal nutrient transter through the placenta may
be accomplished by means of different mechanisms, includ-
ing facilitated diffusion, active transport, and simple diffu-
sion.™ ™ Simple diffusion scems to be the conumon and
unigque mechanism for the lipidic-derived moieties, although
some specific and differential aspects must be considered.
Simple diffusion is carried out from a high to a low concen-
tration region, and the rate of movement is directly propor-
tional to the concentration gradient as described by Fick's
law:

j=Di

. dx
where ] is the transfer rate, D the diffusion coetflicient, and
dc/dx the chemical gradient. The rate of transfer is therefore
a direct function of the concentration gradient and decreases
with molecular size and hydrosolubility.” In the specific
condition of the placental transfer, there are other factors
that also participate in the efficiency of nutrient transfer,™ **
such as the uterine and umbilical blood flows, the intrinsic
placental metabolism (utilization versus production), and
structural characteristics of the placental barrier. As might
be expected, some of these factors, such as blood flow,
affect the transfer of any nutrient crossing by passive dilfu-
sion in a sinilar fashion but other factors have varying

effects on nutrient transport and require specific considera-
tion.

Free Fatty Acids

The fetus not only requires essential fatty acids from the
mother to support growth” and brain development™ but
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Figure 25-2. Maternal response to starvation. En- T LT
hanced adipose tissue lipolysis increases the availability - /434 s'. o [ 1,,,
in the liver of glycerol to be used as a preferential X 8o nuu 3 J [,,’..
substrate for gluconeogenesis and of free fatty acids e e vy
(FFA) for ketone body synthesis. By this mechanism, £ .-!.’;Q
the mother conserves other gluconeogenic substrates, G
such as alanine, and ensures the adequate availability .

of fuels and metabolites to the fetus. (From Herrera E,
Gomez-Coronado D, Lasuncion MA: Lipid metabolism
in pregnancy. Biol Neonate 57:70-77, 1987. S. Karger
AG, Basel.)

abo requires nonessential lipids as important substrates lipoproteins are the potential sources of fatty acids that cross
during early postnatal life.* This is especially true in species  to the fetal side.

such as the guinea pig and human where body fat at term As may be expected, there is considerable species variation
represents a substantial percentage of body weight (10 and in placental fatty acid transfer. In general, fatty acid transfer
16%, respectively),*” and de novo fatty acid synthesis by  isJow in those species with a placental barrier constitued by
fetal tissues cannot fulfill fetal requirements.” Using the several maternal as well as fetal cell layers (sheep, pig, and
sheep™ and the rat,™ carly studies on the placental transfe: cat), whereas in those species with a simple barrier of only
of lipids suggested that very few fatty acids were transferred fetal layers (man, rabbit, rat, and guinea pig), the net flux
from the mother to the fetus. However, investigations in  can be high. In these species, the fatty acid mixture entering
the rabbit,™ the guinea pig,™ * primates,** and rat™ indicate  the fetal circulation from the placenta reflects the maternal
that the amount of fatty acids crossing the placenta exceeds  free fatty acid concentrations of different fatty acids, with

that needed to fulfill lipid storage requirements.* the common exception of arachidonic acid.

Fatty acids, like other fats, are relatively insoluble in water Higher proportions of arachidonic acid in fetal compared
and must be transported in the blood either as” albumin- with maternal plasma have been found in both ruminant®
bound FFA or in their esterified form as triglycerides, phos-  and nonruminant species.™ * Since significantly higher pro-
pholipids, and esterified cholesterol, which are associated portions of arachidonic acid have been consistently noted in
with other lipids and proteins in the form of lipoproteins. the placenta when compared with the levels in maternal
Therefore, maternal FFA (esterified fatty acids that have lipid fractions,” it has been suggested that placental arachi-

been hydrolvzed at the placental level) and unmodified  donic acid synthesis is important in the supply of this fatty
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Figure 25-3. Concenlration of free fatty acids, ketone bodies, 200 1504 /
and glycerol in plasma of 48-hour starved virgin rats and 48- / -
hour starved 19-day pregnant rats and their fetuses. (From / o

Herrera E, Gomez-Coronado D, Lasuncion MA: Lipid metabolism /A

in pregnancy. Biol Neonate 57:70-77, 1987. S. Karger AG, VIRG PREG FETUS VIRG PREG FETUS VIRG PREG  FETUS
Basel.) Gep, PREG VS. VIRG *ep, FETUS YS. MOTHER
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acid to the fetus. An active desaturation and elongation
system is required to synthesize arachidonic acid from the
active form of linoleic acid (linoleyl-CoA). Such a system
has been described in the placenta of the sheep,** and an
active incorporation of arachidonic acid into placental phos-
phoglycerides has been noted in both the ovine* and human
placenta,* supporting such a preferential role for the pla-
centa in the synthesis, sclective sequestration, and supply
of arachidonic acid to the fetus.

Since current evidence suggests that fatty acids are not
selectively transferred across the placenta, and other essen-
tial and nonessential fatty acids seem to use a common
transfer mechanism, “C-palmitic acid has normally been
used by most investigators to study maternal-fetal transfer
of both essential and nonessential fatty acids. As indicated
above, the quantity of fatty acid transferred varies consid-
erably between species,” but in all instances, the system is
grossly regulated by the transplacental nonesterified fatty
acid gradient.

To study the mechanism of transfer of FFA across the
human placenta, an in vitro system using perfused placenta
and/or cultured trophoblast cells must be employed. A more
direct approach, however, may be used in experimental
animals. In the 20-day pregnant rat, we used radiolabelled
palmitate to study the transfer of fatty acids in vive. In this
technique “C palmitate is infused through the left uterine
artery for 20 minutes. The amount of label appearing in the
placentae and fetuses from the left uterine horn are com-
pared with that found in the placentac and fetuses from the
right horn.” 7 While the left uterine horn receives the tracer
directly, it reaches the right horn after dilution in the
mother’s circulation, so the amount of substrate transferred
to the fetus can be calculated as a fuinction of the values for
the maternal FFA concentration, the difference of radioactiv-
ity in fetuses between the left and right uterine horns, and
the left uterine blood flow. As shown in Figure 25-4, the
estimated FFA transfer was significantly higher than zero
(indicating that it was substantial), even though the absolute
value of FFA transfer was lower than the level previously
found for other compounds in earlier studies: glucose, 127
nmoles/min X gm fetal birth weight (bw); alanine, 23
nmoles/min X gm fetal bw; and glycerol, 1 nmol/min X gm
fetal bw.” When the concentration of “C-lipids retained in
the placentae after (1-“C)-palmitate infusion was measured,
it was found that their level (99 =38 nmoles/gm/min) was
considerably higher than in the fetuses. Of those “C-lipids
incorporated into the placenta, 49+3% corresponded to
esterified fatty acids, indicating that a certain proportion of
the FFA that reach the placenta is actively esterified. We do
not know whether fatty acid esterification participates in the
FFA transfer process, but an active placental capacity to
form esterified fatty acids from maternal FFA also has been
described in other species™ ™ and in man.™ ”* The presence
of an active enzymatic glyceride hydrolytic system (phos-
pholipase and triacylglycerol lipase), ensuring a rapid tri-
glyceride and phospholipid turnover, would point to an
esterification/hydrolysis cycle in the placental cells as one
type of placental FFA transport. A mechanism such as this
was proposed by Szabo et al™ and Hummel et al” -everal
years ago.

Maternal circulating triglycerides have also been shown
to contribute FFA to fetal circulation in the rat,™ = the
rabbit,* the guinea pig.* " and man,* although no studics
have detected the passage of intact triacylglycerol across the
placenta. We applied the “in situ” uterine artery infusion
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Figure 25-4. Estimalion of placental transfer of palmitic acid and
VLDL-triolein in the 20-day pregnant rat. Placental transfer to the
felus was determined by measuring the radioactivity appearing n
fetuses after infusing each of the “C-labeied substrates through the
left uterine artery and making proper correction of the data for specific
activity dilution of the tracer and uterine blood flow, as previously
described (see ref. 69).

technique described above to test the potential transfer of
1-HCetriolein incorporated into purifiecd VLDL. As abso
shown in Figure 25-4, we were unable to detect any signit-
icant transfer of the label into the fetus.

Lipoprotein lipase activity has been detected in the pla-
centae of all the species studied.'s =™~ = = Placental
triglyceride hydrolysis and direct transfer of the released
nonesterified fatty acids to the fetus has been proposed, but
direct studies in in situ perfused guinea pig placentac have
shown that this accounts for a very small percentage of all
the fatty acid transferred to the fetus.™ These data indicate
that under normal conditions, the contribution of maternal
triglyceride-rich lipoproteins that are broken down by lipo-
protein lipase in the placenta is of minor quantitative im-
portance as a source of fatty acids for the fetus. However,
under conditions of exaggerated maternal hypertrighyeerid-
emia, this fatty acid supply system from esterificd maternal
fats may be greatly enhanced in the presence of sustained
placental lipoprotein lipase activity. This mechanism has
been proposed to occur in streptozotocin-induced diabetic
rats.™* In 20-day old pregnant diabetic rats with varying
degrees of glucose intolerance, a signiticant lincar coerelation
is seen when the maternal versus fetal plasma triglveeride
plasma levels are compared (unpublished results). This
finding agrees with the augmented levels of essential fatly
acids in the circulation of fetuses from hypertrigliceridemic
diabetic pregnant rats™ and supports cither the contribution
of maternal triglycerides to fetal lipids or the augmented
placental transfer of FFA owing to the increased maternal-
fetal FFA gradient, or both.™ These changes may therefore
contribute to the well-known fat accumulation in newborns
with diabetic mothers.

Figure 25-5 outlines the placental role in maternal-fetal
fatty acid transport under normal conditions during late
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Figure 25-5. Schematic representation of the placental transfer of
fatty acids to the fetus.

gcstahon where simple direct diffusion constitutes the ma-
jor process. No attention has been ;,lvcn to modifications of
this picture according to cach species’ duration of gestation
{which would maodify the degree of maternal hyperlipidemia
and placental structural and functional maturation) and to
differences caused by pathologic conditions.

Glycerol

As a result of the active lipolvtic activity of maternal
adipose lissue, plasmatic glveerol levels are consistently
clevated during late gestation.™ ™ The values for plasma
glveerol concentration are normally higher than in the fetus
(see Fig. 25.-3), but there are some mlcrspcuvﬁ differences.
The maternal-felal glveerol gradient is greater in those spe-
cies with epitheliochorial placenta (ruminants)™ ™ than in
those with a hemochoriai placenta.”

There is little experimental data on placental transfer of
plycerol in any species. Although the molecular character-
istics of glveerol are adequate for an easy placental transfer
(low weight and uncharged molecule), glycerol transfer is

notably lower than for other metabolites with similar molec-
ular characteristics such as glucose or t-alanine.” * In con-
trast with the carrier-mediated process used for these two
metabolites, the placental glycerol transfer is accomplished
by simple diffusion.™ ** In the sheep fetus, the umbilical
glycerol balance indicates that fetal uptake is very low,
accounting for no more than 1.5% of the total oxvgen
consumption of the fetus.™ In man it has not been possible
to detect a transfer of glycerol from mother to fetus in spile
of its favorable gradient.” When comparing different sub-
strates and by using the in situ infused placental technique
in the rat, we have found that the transfer of glycerol is
much lower than that of glucose and alanine, but higher
than FFA.” We have also found that the fetal-placental unit
converts glycerol into glyceride glycerol,” and this utilization
may actively contribute to maintenance of the high glycerol
gradient consistently found between maternal and fetal
blood.™ -+

Accelerated turnover of maternal glycerol seems to be
influenced by the high liver glycerolkinase activity that
facitilates its rapid phosphorylation and subsequent conver-
sion into glucose.™ ™ Although this mechanism indirectly
benefits the fetus by providing glucose from this product of
maternal adipose tissue breakdown (see Fig. 25-2), it may
limit the availability of enough glycerol molecules to permit
transfer to the fetus. Results summarized in Figure 250
support this hypothesis. Hepatectomy normally produces
an increase in the plasma levels of glycerol because of a
reduction in glycerol utilization secondary to absence of the
liver, the major receptor organ for this metabolite.”” As
shown in Figure 25-6, in the case of pregnant rats, hepatec-
tomy and nephreclomy cause a smaller increase in plasma
ghveerol levels than in nonpregnant animals. This difference
cannot be interpreted as reduced lipolytic activity in the
pregnant rat since plasma FFA, the other lipolytic product,
increases more than in nonpregnant animals. It might,
however, be interpreted as the result of an augmented
transfer of glvcerol to the fetus since glycerol levels in fetal
plasma increase significantly under these conditions of ma-
ternal hepatectomy and nephrectomy.*

Consequently, placental glycerol transfer scems (o be
limited by the effective and rapid utilization of this substrate
for gluconeogenesis by the liver and the kidney cortex of
the mother. Although' the fetal-placental unit actively uses
glyeerol, which helps to maintain a favorable transfer gra-
dient, its quantitative and physiologic role in the fetus,
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except as a preferential substrate for fetal liver glyceride
plycerol synthesis,” seems to be limited under normal con-
ditions. However, under conditions of markedly elevated
maternal glycerol levels, the placental transfer of glycerol
could become much more relevant in the supply of sub-
strates to the fetus.

Ketone Bodies

Although under physiologic conditions the plasma levels
of ketone bodies in the fed late pregnant mother are un-
changed, under fasting®> > ** "2 or diabetic"* " conditions,
they are greatly increased, coincident with enhanced deliv-
ery of FFA to the liver. As noted earlier, when the supply
of glucose is limited (e.g., hypoglycemia and/or reduced
insulin levels or sensitivity), ketone bodies are used by some
maternal tissues (for example, skeletal muscle) as alternative
substrates. Ketone bodies can also cross the placental barrier
and be used as energetic fuels and lipogenic substrates by
the fetus. = )

With regards to its physiologic role, maternal ketonemia
in the poorly controlled pregnant diabetic patient, with or
without acidosis, has been associated with an increased still
birth rate, an increased incidence of congenital anomalies,
and impaired neurophysiologic development in the infant.™
w1l These effects are thought to be secondary to placental
transfer of maternal ketones to the fetus."? _

In addition to size and lipid solubility, molecular charge

has an impartant effect on placental membrane permeability..

At pH 7.4, most of the molecules of the two main ketone
bodies, B-hydroxybutyrate and acctoacetate, are present in
dissociated or ionized form, retarding their diffusion across
the placenta. In spite of this, in all species studied (man**
M3 0 pat,® 32 e and sheep'™ '?), increments in maternal
ketone bodies are accompanied by increments in fetal plasma
levels, indicating efficient placental transfer because fetal
liver ketogenesis is practically negligible."?

Placental transfer of ketone bodies is always carried out
by simple diffusion and has a high unspecific component,®
but its efficiency varies between species. Whereas the ma-
ternal-fetal gradient for ketone bodies is above 10 in the
sheep,™ ' in man it is about 2,”* and in the rat, it is close
to 122 1 (see Fig. 25-3). This indicates that the amount of
ketone bodies crossing the placenta is much lower in rumi-
nant than in nonruminant species. It has even been pro-
posed that in the fasted sheep, the contribution of ketone
bodies to the fetal oxidative metabolism accounts for only 2
to 3% of the total oxygen consumption;"™ '* however, based
on experiments using "“C-labelled substrates, it has been
shown that B-hydroxybutyrate adequately replaces the glu-
cose deficit in the placenta, fetal brain, and liver during
fasting hypoglycemia in the rat.'® This suggests a much
greater contribution of ketone bodies to the fetal oxidative
metabolism in the fasted nonruminant.

Key enzymes for ketone-body utilization, namely 3-hy-
droxybutyrate dehydrogenase (E.C. 1.1.1.30), 3-oxoacid-
CoA transferase (E.C. 2.8.3.5), and acetyl-CoA acetyltrans-
ferase (E.C. 2.3.1.9), have been found in the brain and other
tissues in both the human and rat fetus." ' 2 [y vitro, both
the human'® and rat brain™* ™ oxidize B-hydroxybutyrate
in a form that is dependent on substrate concentration and
not on the maternal nutritional state. Other fetal tissues
known to oxidize ketone bodies are kidney, heart, liver, and
placenta,’ 2 and some are even known to use ketone
bodies as substrates for fatty acid and cholesterol synthesis,

as has been shown in the rat brain, liver, placenta, and lung
after the in vivo administration of “C-B-hvdroxybutyrate to
pregnant animals.'” Conditions of maternal hyperketone-
mia, such as starvation during the last days of gestation'™
or high fat feeding,"" increase the activity of these ketone-
body metabolism enzymes in fetal tissues (brain, liver, and
kidney). Such a change is especially evident in the fetal
brains from starved late pregnant rats'** and may represent
an important fetal adaptation to guarantee brain develop-
ment under these conditions through ketone body con-
sumption since fetal brain weight is better preserved than
other fetal organ weights, '
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