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Extract

The rate of transfer of palmitic acid across human placenta was measured in an in
vitro perfusion system. The rates of transfer from maternal to fetal circulation and in
reverse direction were about the same, and were considerably less than those for anti-
pyrine and leucine. The transfer rate for linoleic acid was similar to that for palmitic
acid. An estimate of the absolute rate of transfer for free fatty acids was made which
yielded a figure of 6.8 mmol/24 hr. which is less than that required for the deposition
of fat by the fetus in the last trimester. These calculations indicate that during the
period of rapid accumulation of fat the fetus converts glucose and/or amino acids to
that purpose.

Uptake and metabolism of palmitate by placental slices differs significantly in the
human and the guinea pig.

Speculation

It has been suggested that the placental capacity for transfer of some nutrients greatly
exceeds requirements, whereas with respect to other nutrients, the capacity for trans-
fer is far more limited. A general reduction in placental function may produce selective
nutritional deficiencies in the fetus, beginning with those factors transferred with the
smallest margin of safety.

Introduction

The transport of maternal lipids to the fetus and their
contribution to the fetal economy have been investi-
gated in several species [4, 6, 8, 10, 11, 15, 20, 21].
However, there is no information concerning the hu-
man except for a brief statement that radioactive
palmitate administered to two women just before
therapeutic abortion appeared to be transferred rap-
idly across the placenta [20].

The recent development of an in vitro perfusion
technique suitable for the study of transport across the
human placenta [17] has permitted the orderly investi-

gation of a series of nutrients. In the present study,
the rates of transfer for palmitic acid and linoleic acid
are reported as representative of free fatty acids (FFA).
The rates of transfer were determined simultaneously
for antipyrine and leucine, which permitted some
inferences concerning placental function and the
availability of maternal fatty acids for fetal nutrition.
The results are compared with those obtained previ-
ously for the guinea pig using in situ perfusion of
placenta. The observed differences were explored fur-
ther using in vitro techniques with slices of guinea pig
and human placenta.
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Methods

Perfusion

The perfusion technique has been described in de-
tail previously [17]. In brief, placentas are obtained at
term after delivery by caesarian or per vaginam and
rapidly chilled in buffer at 5°. The fetal vessels to a
cotyledon weighing approximately 20 g are cannulated
and perfused with oxygenated buffer solution. The
cotyledon is isolated and a maternal circuit is estab-
lished by piercing the decidual plate with two small
glass cannulas so that they penetrate the intervillous
space. The perfusion is continued in a chamber main-
tained at 37°. In the experiments to be described, both
maternal and fetal circuits were kept open; that is, the
perfusate was not recirculated. Both maternal and
fetal perfusates were equilibrated with 95% oxygen-
5% carbon dioxide.

Perfusate

Most of this series of experiments were conducted
with serum as perfusate to permit solubilization of the
free fatty acids by binding to the serum proteins. An
unidentified, nondialyzable factor in the serum fre-
quently caused vasoconstriction in the fetal circuit,
manifested by hypertension and reduced blood flow.
The complication was eliminated or reduced by dilut-
ing the serum with Earle's buffered salt solution, 1:1
or 1:2.

Outdated plasma containing citric acid-dextrose is
dialyzed against 30 volumes of isotonic saline at 4°
overnight. The dialyzed plasma is stored frozen until
ready for use. Before perfusion, double strength Earle's
buffered salt solution is added in equal volumes; allow-
ance is made for the content of NaCl in the dialyzed
plasma. Then CaCl2 is added in excess (0.04 g/100 ml)
to make certain that clotting is completed. The clots
are removed by filtration and penicillin and strepto-
mycin, 5,000 units each/ml, are added. The pH is
adjusted to 7.4 with 6 N HC1.

Isotopes and fatty acids are added to 2 ml prepared
perfusate 12 hr before perfusion to ensure completion
of protein binding. Fat-free (<0.005%) bovine albu-
min [24] was used in 1% concentration in Earle's buff-
ered salt solution in some experiments.

Determination of Radioactivity

In perfusion experiments with antipyrine-iV-
methyl-3H, palmitic acid-l-14C, and L-leucine-4,5-3H,
the first two compounds were extracted from the per-

fusate with chloroform. Two milliliters of perfusate
were extracted four times with 2 ml chloroform. The
chloroform phase was transferred to a counting vial
and was evaporated to dryness. Diotol scintillant [7]
was added to determine radioactivity. The two isotopes
were assayed in a scintillation spectrometer [25]. The
water phase was transferred directly to Diotol for as-
say of tritiated leucine.

Uptake by Placental Slices

Guinea pig placentas were obtained by hysterotomy
from pregnancies estimated to be within 2 weeks of
term. Human placentas were obtained from elective
caesarian sections or from normal deliveries at term.
Tissue slices were prepared with a Stadie-Riggs slicer.
About 100 mg tissue were placed in 2 ml plasma-Earle's
solution, 1:1, pH 7.4, containing palmitic acid-l-14C,
were gassed with 95-5% O2-CO2, and were incubated
with shaking at 37° on a Dubnoff metabolic shaker.
After incubation, the slices were removed, rinsed
quickly in chilled Earle's solution, blotted dry on
paper toweling, and weighed in counting vials. Tissue
solubilizer, 0.75 ml [26], was added to the vial and the
contents were incubated at 37° overnight. Radioactiv-
ity was determined in a scintillation counter in toluene
scintillant and is reported as counts per minute per
gram, wet wt.

Thin Layer Chromatography

Thin layer chromatography was carried out on pre-
coated Silica Gel G plates [27] in a solvent system
of petroleum ether-ethyl ether-glacial acetic acid,
90:10:1. Chloroform extracts, obtained after Folch ex-
traction of the perfusate, along with appropriate
standards, were placed at the lower margin of the
plates. Separation was achieved by ascending chro-
matography and the individual lipids were identified
by the position of the standards. The gel containing
the lipids was scraped directly into counting vials,
scintillant solution was added, and counting was done.
Quench correction curves were obtained by means of
an automatic external standard and disintegrations per
minute were calculated from activity of known stand-
ards.

Reagents and Isotopes

The labeled substrates were obtained from New
England Nuclear [28] as follows: palmitic acid-l-14C,
0.05 mCi/1.3 mg, palmitic acid-(N)-P, 10-3H, 5.0 mCi/
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Table I. Transfer rate of leucine and palmitic acid relative to
antipyrine1

Maternal to fetal transfer
Experiment 1
Experiment 2

Fetal to maternal transfer
Experiment 3
Experiment 4

Leucine

59
48

44
31

Palmitic acid

11
4

11
6

1 The clearances of radioactive antipyrine, leucine, and palmitic
acid were measured in each direction, toward the fetal and
toward the maternal circulations, in four experiments. Results
are presented as a "percentage of antipyrine clearance.

5.6 mg, linoleic acid-l-"C, 0.05 mCi/0.25 mg, L-leucine-
4,5-3H(N), 0.25 mCi/0.25 mg, antipyrine-iV-rnethyl-3H,
0.25 mCi/3 mg. L-Leucine was obtained from Schwarz/
Mann [29], and palmitic and linoleic acids from Sigma
Chemical Company [24].

Results

The transfer rates for antipyrine, leucine, and palmitic
acid were measured simultaneously in four experi-
ments, two from maternal to fetal circulation and two
in the reverse direction (Table I). The results are pre-
sented as a percentage of the antipyrine rate of trans-
fer. The transfer rates for palmitic acid are low and
about the same in both directions.

Direct comparison of palmitic and linoleic acids in a
series of experiments revealed only a slight difference
in transfer rates. The ratios of transport rates of
palmitic to linoleic acids in three experiments were
1.11, 1.14, and 1.08.

In the experiments described so far, human serum
containing endogenous FFA in the same concentration
was used as maternal and fetal perfusate. The move-
ment of the tracer-labeled FFA, therefore, measured
exchange rates rather than net transfer. To determine
whether the exchange rates were comparable with the
potential for net transfer, two experiments were done
with a 1% perfusate of commercially available, fat-
free bovine serum albumin. In both experiments two
levels of palmitic acid-l-14C were added to the maternal
circulation in sequence, trace amounts (0.03 mg/100
ml) and an amount roughly equivalent to 25% of the
endogenous level (1 mg/100 ml) to correct for the
reduced concentration of albumin used in the perfu-
sion. Antipyrine was also added to the maternal per-
fusate. The transfer rates for the low and high levels
of palmitic acid were 2 and 1.6% of the antipyrine

transfer rate in the first experiment and 6.5 and 5%,
respectively, in the second experiment. The transfer
rates at the high concentrations of palmitic acid, now
representing net transfer rather than exchange, are
somewhat lower but of the same order of magnitude as
the results with serum, possibly because of more avid
binding by fat-free albumin [1]. The radioactivity in
the fetal perfusate was identified as primarily FFA by
thin layer chromatography (100% in one experiment,
and over 70% in the second). The similarity in per-
centage of transfer in each experiment between low
and high levels of palmitic acid excluded mixing and
exchange with any significant pools of palmitic acid.

In a previous study, the rate of transfer of palmitic
acid across guinea pig placenta had been investigated
with an in situ perfusion technique [10] with results
considerably at variance with those presented here for
the human placenta. The rates of uptake of palmitic
acid by placental slices from the two species were
measured to determine whether, under identical con-
ditions, the handling of palmitic acid did differ. The
relatively flat curves at 0° and 37° with guinea pig
placenta indicated little metabolism of FFA. The slight
peak at 30 min in one experiment was not investigated
further. The higher levels of uptake at 37° could re-
flect changes in protein binding in the placenta or
incubation medium. However, in the human, the pro-
gressive uptake with time at 37° contrasts sharply with
performance at 0°, which indicates extensive metab-
olism of palmitic acid.

This presumption was confirmed by thin layer chro-
matography of the radioactivity extracted from pla-
centa at 60 min. In guinea pigs, over 98% of the radio-
activity migrated with FFA; in humans, only 42%
remained as FFA; 30% and 19% were converted to
phospholipids and triglycerides, respectively. There
was relatively little combustion to CO2 (about 1%), a
result similar to those obtained by others [16]. Since
these studies have been done, a more extensive study
of the metabolism of palmitic acid by human placental
and fetal tissues has appeared [23].

Discussion

Antipyrine is very rapidly transferred across mem-
branes. The amount transferred across the placenta
per unit of time is largely dictated by the circulatory
factors controlling the amount delivered to one side of
the placental membrane and the efficiency with which
it is removed from the other side. This behavior indi-
cated that the transfer rate for antipyrine might serve
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as a useful base line for comparing transfer rates for
other materials by correcting for such variables. Our
experience so far supports this thesis, in that such ra-
tios have proved more consistent within any one exper-
iment than absolute rates of transfer.

Transfer of palmitic acid across the placenta is rela-
tively slow, averaging about 8% the transfer rate of
antipyrine, and is about the same in both directions
(Table 1). The transfer of leucine, assisted by an active
transport mechanism, is considerably faster and ap-
pears to be slightly more rapid towards the fetus,
which is consistent with the establishment of a small
gradient in that direction.

Szabo et al. [19] have studied the transport of pal-
mitic acid across human placenta using the instrumen-
tation originally described by Krantz et al. [12]. Al-
though the perfusion system described by Krantz et al.
is the same in principle as the one used in our labora-
tory, there are important differences in detail, which
have been discussed previously [17]. In the present
study, a single cotyledon is perfused instead of the
entire placenta; this permits the careful selection of a
nontraumatized area. The perfusion of the fetal vessels
is initiated first and then the maternal circulation is
established by inserting cannulas carefully into the ap-
propriate portion of the intervillous space. This con-
trasts with the nonselective perforation of the decidual
plate by 100 polyethylene catheters in the studies de-
scribed by Szabo et al. [17]. Their estimate of 15-50
/xmol palmitic acid/hr for the transfer rate for palmitic
acid is less than 20% of the figure derived from our
studies (see Appendix), which indicates a much less
efficient perfusion system. Antipyrine served as a moni-
tor of the efficiency of the perfusion system in the
present studies, and provided a base line in measure-
ment of transfer rates for other substrates. Szabo et al.
also reported a more rapid transfer of palmitic acid
toward the fetus than in the reverse direction, an ob-
servation not confirmed in the present studies.

The relative rates of transfer for a series of materials
across human placenta using antipyrine as base line
are presented in Table II. For comparison, a similar
but not strictly comparable record has been compiled
from data collected in this laboratory for transfer
across guinea pig placenta. The studies on placental
transfer in the guinea pig were undertaken with an in
situ perfusion technique [2, 3, 10, 13, 14], and measure-
ments were made in the reverse direction, from fetal to
maternal circulation. Antipyrine was not used regu-
larly as a base line, so that many of the figures repre-

> sent rough estimates done at different times in differ-

Table II. Transfer rates across human and guinea pig placenta1

Guinea pig Human

Sodium
Ammo acids
Estriol
Palmitic acid

35
302

35
65

25
502

65
8

'Transfer rates are presented as a percentage of antipyrine
clearance. The experiments with guinea pigs were performed
with the in situ perfusion technique measuring transfer from
fetus to mother. The experiments with humans measured trans-
fer rates in the reverse direction.
2 The amino acids studied were a-aminoisobutyric acid in the
guinea pig and L-leucine in the human.
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Fig. 1. Uptake of palmitic acid-l-14C by placental slices. [(Counts
per minute per gram of placenta)/(counts per minute per milli-
liter of incubation medium)] X 100 = percentage of uptake. A:
Quinea pig; B: human.

ent animals. If these limitations are accepted, it can be
seen that the transfer of palmitic acid is evidently
grossly different in the two species.

In a previous study of amino acid transport [3], the
measurement of uptake of a-aminoisobutyric acid by
placental slices proved to be a useful technique. Al-
though there were many similarities between guinea
pig and human placenta, only the latter could be dem-
onstrated to be responsive to insulin. In the present
study, the uptake of palmitic acid by placental slices
was investigated to determine whether, under highly
controlled conditions, one could also detect differences
between the two species. A striking difference was eas-
ily demonstrable, which reflected the rapid conversion
of palmitic acid to complex lipids by human placenta
(Fig- 1).

These two observations underscore a feature that
must be emphasized constantly in comparative placen-
tology. The guinea pig placenta is similar to the
human placenta, as it has very few layers of tissue
interposed between the maternal and fetal circula-
tions, thus making it favored by some investigators for
study of placental transfer. However, the placenta is
an organ that has shown remarkable diversity in ful-
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filling its basic functions, and it is not possible to be
certain of the performance of human placenta from
studies made in other animals.

The initial objective in establishing the perfusion
technique in this laboratory was to investigate relative
rates of transfer of a series of nutrients, and to study
the mechanisms of transport. The artificial nature of
the maternal circulatory system appeared to prohibit
the determination of rates of transfer which would
have direct relevance to in vivo transfer rates. How-
ever, in a previous study [17], the transfer rates for
sodium and leucihe were reasonably consistent with
the limited information concerning in vivo perform-
ance. The exchange rate for sodium compared closely
with results obtained with in vivo studies in the
human and monkey. The transfer of leucine was esti-
mated to be about 3 times the amount required for
deposition of protein, which provided a small "safety
factor" and possibly an excess for production of energy
or conversion to other body constituents.

We have, therefore, been encouraged to apply simi-
lar calculations to the transfer of palmitic and lino-
leic acids, again with results that are consistent with
information derived from other sources (see Appen-
dix). The human fetus deposits fat at a rapid rate
during the last months of pregnancy. The calculations
indicate that only 20% of the estimated requirement
for fatty acids is satisfied by placental transfer, the rest
requiring de novo synthesis by the fetus.

Such a limitation in supply is consistent with studies
of lipid composition and the resultant speculations by
Hirsch et al. [9]. In human infants born about 2
months prematurely, the fatty acid composition of the
lipid is very similar to that of the mother, which sug-
gests maternal origin of the fatty acids. However, at
term after a period of rapid accumulation of fat, the
linoleic acid concentration of the lipids drops from
12% to 1.3%. Linoleic acid is an essential fatty acid
which the mother obtains from dietary sources and
which the fetus must receive from the mother. If the
fetus were forced to synthesize its own fats from other
sources, a fat that is poor in linoleic acid would result.
If one assumes that the fetus synthesizes 80% of its fats
during this period, as indicated by our studies, one
would anticipate a drop in linoleic acid concentration
of about 75%. This approaches reasonably closely the
observed figure when one takes into account the rela-
tively crude estimates involved in the calculations.

Sheath et al. [18] have estimated fetal extraction of
FFA from umbilical arteriovenous differences of sam-
ples obtained at delivery. They also conclude that the

FFA supplied to the fetus are insufficient in amount
for fat deposition, but suggest that about 80% of the
required amount could be satisfied by placental trans-
fer. Single point analyses of a labile substance like
FFA, taken during the stressful period of delivery, pro-
vide a very uncertain indication of transfer rates dur-
ing the last trimester of pregnancy. The derived figure
is difficult to reconcile with the observations of Hirsch
[9], unless the fetus degrades maternally derived FFA
preferentially and synthesizes its own fatty acids de
novo.

The FFA plasma concentration in the human infant
is lower at term than in the mother. Three theoretical
possibilities may be considered. (1) The placenta may
establish a gradient as it does for amino acids. This is
difficult to exclude with certainty, but there is no sup-
porting evidence. (2) There may be a difference in
protein binding offered by maternal and fetal albu-
min. We are studying this possibility currently. (3)
The utilization by the fetus may exceed maternal sup-
plies. Evidence has just been presented which supports
this thesis. It may be significant that, in the rabbit, in
which species the fetus accumulates very little fat,
there is no gradient between maternal and fetal circu-
lation [20].

Appendix

Estimate of Transfer of FFA to Fetus

Clearance of antipyrine = 3.0 ml/min [30]
0.08

Clearance of palmitic acid = 0.24 ml/min or 345 ml/24 hr

Approximately yso of placenta is perfused:

345 ml X 30 = 10,350 ml cleared by placenta/24 hr

Assuming that all FFA are cleared at same rate as
palmitic acid and linoleic acid:

Maternal level = 650 /ai/liter [31]
X 10.4 liters

6760 jumol FFA trans-
ferred/24 hr

Average molecular weight of FFA 250

1.7 g FFA transfer-
red/24 hr

X 30

51 g/month

Correcting for esterification with glycerol and water
content, this could yield 70 g fat or about 20%
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of the approximately 350 g fat accumulated in the last
month of pregnancy [22].
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