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ABSTRACT. Palmitic acid is a minor component of natural
surfactant and has been used to modify lipid extracts of
natural surfactants to optimize their in vitro surface prop-
erties. The metabolic fate of palmitic acid in surfactant is
unknown. The clearance of surfactant-associated radiola-
beled palmitic acid after intratracheal administration was
investigated with trace doses of surfactant in the adult
rabbit and with trace and treatment doses in the 28-d fetal
rabbit and the 132-d fetal sheep. Palmitic acid was cleared
rapidly from the airways, with less than 2% of the radio-
Iabel recovered as free palmitic acid in the alveolar wash
by 1 h in all models. Recovery as free palmitic acid in the
total lung at 2 h was 2% in the adult rabbit and 3% both
doses in the preterm rabbit. In the preterm sheep, the
recovery as free palmitic acid in the total lung was approx-
imately 2% of the trace dose and 1% of the treatment dose
by 5 h. Between 5 and 15% of the instilled palmitic acid
was used as substrate for phospholipid synthesis by the
lung in the different models. About 30% of the palmitate
derived label was recovered in lipid extracts of liver 30 min
after tracheal instillation of labeled surfactant in adult
rabbits, whereas only 5-10% of the palmitate derived label
was found in liver lipids in the preterm animals. In contrast
to palmitic acid, radiolabeled triglyceride was cleared much
more slowly from the airspaces and lungs of preterm sheep.
Inasmuch as large amounts of palmitic acid are cleared
rapidly from airspaces and lung tissue, it will not have a
prolonged effect on the surface properties of surfactant but
it may serve as a precursor for lung lipid metabolism.
(Pediatr Res 27: 268-273, 1990)

Abbreviations

DPPC, dipalmitoylphosphatidylcholine
SPC, saturated phosphatidylcholine
RDS, respiratory distress syndrome

Surfactant is a complex lipoprotein mixture, composed of
about 85% phospholipid, 10% protein, and 5% neutral lipids
and cholesterol (1, 2). The largest single component is DPPC,
comprising about 50% by wt of total surfactant. Given the high
DPPC content and the esterified palmitate content in other
phospholipids and triglycerides, about 70% of the esterified fatty
acid in surfactant is palmitate (3). Free fatty acids, which are
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primarily palmitic acid, represent less than 1% of surfactant (4).
Despite the low free palmitic acid content of natural surfactant,
7% by wt palmitic acid and 3% by wt tripalmitin were added to
a surfactant prepared by lipid solvent extraction of beef lung to
favorably alter in vitro surface properties (5). This surfactant,
survanta, improved the respiratory failure of infants with RDS
(5-8). Palmitic acid also was added to a number of phospholipid
and surfactant protein mixtures used to study the function of the
surfactant proteins (9-11). Trace amounts of palmitic acid when
given into the airways of healthy animals became incorporated
into surfactant phospholipids and thus palmitic acid served as a
precursor for surfactant (12). Although various aspects of the
clearance of the large amounts of phospholipids and cholesterol
instilled into the lungs have been described (13-15), the fate of
trace or large amounts of palmitic acid remains unknown. Inas-
much as surfactants containing large amounts of palmitate are
used clinically, we studied the clearance of intratracheally in-
stilled palmitic acid, a component that plays a role of consider-
able importance to the in vitro surface properties of these surfac-
tant preparations. Three different animal models were used to
evaluate any differences in the clearance between species or
between age groups within the same species.

MATERIALS AND METHODS

Adult rabbits. The clearance of the ['*C]palmitic acid and [*H]
palmitate labeled DPPC associated with natural rabbit surfactant
were compared. ['“C]palmitic acid and [PH]DPPC were dissolved
in chloroform, dried in a rotary flask evaporator on a round-
bottom glass flask, and resuspended to form multilamellar vesi-
cles in 3 mL 0.45% NaCl with shaking, using glass beads.
Unlabeled rabbit surfactant isolated as described previously and
containing ~60- mg total lipid was added to this suspension (13).
The mixture was centrifuged at 27 000 X g for 20 min. The
pellet was resuspended in 120 mL of 0.45% NaCl to yield a final
suspension containing 0.5 mg total lipid/mL, ~1 pCi [*H]
DPPC/mL, and ~2 xCi ["*C]palmitic acid/mL, which was used
for the tracheal injections.

Twenty-five New Zealand White rabbits weighing 1.08 £ 0.03
kg were anesthetized with ether and a bite block was inserted
between the incisors. A flexible bronchoscope modified by exter-
iorizing the procedure channel 8 cm from the tip was used to
visualize the vocal cords. Under direct visualization, a 2-mm
diameter catheter was inserted through the cords to about the
level of the carina, the chest of the animal was manually com-
pressed, and 4 mL of the labeled surfactant suspension were
injected as compression was released (13). Retention of the
injected suspension within the lungs was visually verified.

The animals were killed with i.v. pentobarbital in groups of
five at 5 min, 30 min, 2, 4, and 16 h after tracheal injection. The
abdominal aorta of each animal was cut, the chest and neck were
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opened, and the trachea was isolated. A plastic cannula was tied
into the trachea and the lungs were thoroughly lavaged five times
with chilled normal saline (13). The alveolar washes from each
animal were pooled and the volume recorded. The lungs were
removed, homogenized in normal saline, and the volume re-
corded. The liver was removed and weighed. A small portion
was weighed, homogenized in normal saline with a Teckmar
(Cincinnati, OH) homogenizer, and the volume recorded.

Preterm ventilated rabbits. The clearance of labeled palmitic
acid from treatment and trace doses of survanta was investigated
in premature rabbits. Survanta is a surfactant made by lipid
solvent extraction of calf lung minces and supplemented to
contain by wt 48% DPPC, 7-8% palmitic acid, and 7% tripal-
mitin (5, 16). Eight mL of survanta (25 mg lipid/mL) were
extracted with chloroform:methanol (2:1), after which 4 mCi
[*H]palmitic acid was added to the lipid extract and multilamellar
liposomes were prepared as above. The final suspension con-
tained 150 pCi [*H]palmitic acid/mL and ~12.5 mg total surfac-
tant lipid/mL. A second labeled survanta was prepared by Abbott
laboratories by adding ['“C]palmitic acid during formulation.
This surfactant contained 25 uCi of ["*C]palmitic acid/mL and
25 mg total lipid/mL. Clearance of the two isotopes were com-
pared to validate our method of labeling the surfactant. These
two labeled surfactants were mixed to prepare trace and treat-
ment doses of the surfactant.

Time bred New Zealand White rabbits were delivered by
cesarean section using spinal anesthesia on d 28 of gestation.
The newborn rabbits, weighing 38.4 + 0.7 g, were given 10 mg/
kg ketamine and 0.1 mg/kg acepromazine by i.p. injection. The
trachea of each rabbit was isolated and a tube made from a 17-g
needle was tied into the trachea. The chest was compressed and
released as 0.2 mL of either the treatment or trace surfactant
suspensions were injected intratracheally (17). Rabbits given the
treatment dose received 100 mg lipid/kg body wt, 2.0 xCi [*H]
palmitic acid, and 0.5 xCi ["“C]palmitic acid. The trace dose of
surfactant contained 4 mg lipid/kg body wt, 0.6 wCi [*H]palmitic
acid and 0.1 pCi ["*C]palmitic acid. Approximately five breaths
were given with an anesthesia bag and manometer with 100%
oxygen to initiate ventilation, after which the rabbits were trans-
ferred to a ventilator plethysmography system temperature con-
trolled at 37°C (17). Ventilation was with 100% oxygen at a rate
of 40 breaths/min, an inspiratory time of 0.7 s, a peak inspiratory

pressure of 35 cm H,0O, and an end expiratory pressure of 0. The .

tidal volume was measured frequently with a pneumotachometer
to maintain a tidal volume of 10-12 mL/kg by adjusting the
peak inspiratory pressure requirement for each rabbit (18).

Five rabbits from each treatment group were killed with in-
trathecal lidocaine after 10 min, 30 min, 1 h, and 2 h of
ventilation. Blood was drawn from the heart immediately after
death, and the plasma was separated and frozen. The lungs then
were thoroughly lavaged five times with 0.9% NaCl and the vol
was recorded (18). The lungs were removed, homogenized in

normal saline, and the volume recorded. In a similar fashion the -

liver was removed, weighed, homogenized in normal saline, and
the volume recorded.

Preterm ventilated lambs. The clearance of palmitic acid and
tripalmitin from treatment doses (100 mg total lipid/kg) or trace
doses (<5 mg total lipid/kg) of survanta was investigated in
preterm sheep. A [*H]palmitic acid labeled surfactant suspension
was prepared as described above. The final suspension contained
150 uCi [*H]palmitic acid/mL and 12.5 mg total lipid/mL. A
second surfactant suspension containing 16 uCi ['*C]palmitate
labeled tripalmitin/mL and 12.5 mg total lipid/mL was similarly
prepared. Each lamb was randomized at the time of delivery to
receive an individually prepared dose of either treatment or trace
doses of the labeled surfactant that contained 30 xCi [*H]palmitic
acid and 1.6 uCi ["*Cltripalmitin. The treatment dose was pre-
pared by mixing the two labeled surfactant suspensions with
unlabeled survanta in 0.45% NaCl to provide 100 mg total lipid/
kg body wt in a 4 mL/kg surfactant suspension. The trace dose
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was prepared by mixing the two labeled suspensions with ap-
proximately 8 mL of the lamb’s own fetal lung fluid.

Ewes carrying twins or triplets at 132 d gestational age were
preanesthetized with [ g ketamine and 2.4 mg atropine given by
intramuscular injection. The ewes were then given spinal-epi-
dural anesthesia using 8 mL of a 1:1 mixture of 2% lidocaine
and 0.5% bupivicaine. Each fetal head was subsequently deliv-
ered through a midline abdominal and uterine incision. The
snout of each fetus was wrapped with saline-soaked gauze to
prevent breathing. Each lamb received an estimated dose of 10
mg/kg ketamine and 0.1 mg/kg acepromazine by intramuscular
injection. Local anesthesia with lidocaine was given to the skin
and s.c. tissues over the trachea and a tracheostomy was per-
formed. A cross-clamped endotracheal tube was tied into the
trachea and 5-10 mL of fetal lung fluid were aspirated. The lamb
was delivered and weighed with maintenance of umbilical per-
fusion. The calculated dose of the labeled surfactant was given
to the lamb via the endotracheal tube (15). A sample for blood
gas and pH analysis was drawn from the cord, the cord was cut,
and the animal transferred to a radiant warming bed for venti-
lation with a Sechrist (Anahiem, CA) infant ventilator. The initial
settings were rate: 30 breaths/min; inspiratory time: 1 s; positive
end expiratory pressure: 2 cm H,O; peak inspiratory pressure:
35 cm H,0; and FiO2: 50%. Subsequently only the peak inspir-
atory pressures and the Po, were changed to regulate the Pco,
and the Po, values (19).

Immediately after delivery and the start of ventilation, each
animal was dried and a 5 Fr catheter was passed via an umbilical
artery into the distal aorta. Blood was drawn at 10, 30, 60, and
120 min for measurement of the radiolabels in plasma. The
animals received supplemental ketamine:acepromazine every 3
to 4 h. In addition, the 8-h time group received 2 mg/kg genta-
micin. The arterial catheter was maintained open with a contin-
uous infusion of 5% glucose in water given at a rate of 4 mL/
kg-h. Blood pressures, heart rates, and temperatures were mon-
itored and arterial pH, Po, and Pco, values were measured hourly
until the animals were killed by intravascular pentobarbital in-
jection and exsanguinated in groups of five to six lambs at 1, 3,
5, and 8 h after delivery.

The lungs were carefully removed from the chest, weighed,
and connected to a 0.9% saline-filled reservoir that was 25 cm
above the level of the hilum. The cold saline was allowed to flow
into the lungs for about 1 min until the lungs were visibly well
distended, but the lungs were not filled to the static pressure of
25 cm H,O (15). The saline volume was withdrawn with a syringe
and this procedure was repeated five times. The alveolar washes
were pooled and the volume was measured. The lungs were then
chopped with scissors, homogenized in normal saline, and the
lung homogenate volume recorded. The liver was removed and
weighed. A portion of the liver was removed, weighed, and
homogenized in normal saline.

Processing of samples. Lipid extracts of the surfactant suspen-
sions used for the treatments, alveolar washes, lung and liver
homogenates, and plasma were prepared using chloroform:
methanol (2:1) (20). In preliminary experiments, this extraction
procedure recovered 88.0 + 3.6% of radiolabeled palmitic acid.
Phosphatidylcholine was isolated from the lipid extracts using
one-dimensional chromatography on silica gel plates with chlo-
roform:methanol:acetic acid:water (16:6:2:1) as the solvent. Neu-
tral lipids were separated on silica gel plates using a hex-
ane:ether:formic acid (40:10:1) solvent (14). The neutral lipid
and phospholipid spots were visualized with iodine vapor. SPC
was isolated by alumina column chromatography after osmium
tetroxide treatment of the lipid extracts (21). All radioactivity
determinations were with Scintiverse (Fisher Scientific, Pitts-
burgh, PA) with quench and cross-channel correction for the
double label experiments. The results are presented as mean =+
SE percent recoveries relative to triplicate measurements of
aliquots of the surfactant suspensions processed identically to
the samples. Calculations of recoveries in blood were made
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assuming a hematocrit of 40% and a blood vol of 100 mL/kg.
Statistical analysis was performed using unpaired Student’s £ tests
and one-way analysis of variance with Student-Newman-Keuls
test. Significance was accepted at p < 0.05.

RESULTS

Adult rabbits. Trace amounts of palmitic acid were cleared
very rapidly from the airspace into the lung, and subsequently
removed from the lung itself (Fig. 1). Five min after intratracheal
injection, only 6.1 + 0.9% of the palmitic acid was recovered
from the airspaces as free palmitic acid. By 30 min, only 0.9 =
0.2% was recovered, with negligible amounts thereafter. The
clearance from the lung was similar but not quite as rapid. At 5
min, 17.4 + 2.3% was recovered as free palmitic acid in the total
lung (the sum of recoveries in the alveolar wash plus lung
homogenate). Palmitic acid continued to leave the lung tissue,
so that by 2 h only 1.6 % 0.3% was found in the total lung. This
declined to less than 1% by 16 h. A portion of the palmitic acid
was used as a substrate for the synthesis of SPC, as evidenced by
the recovery of 5-10% of the palmitate label in total lung SPC.
The largest fraction was found in the lipid extracts of liver.
Almost 30% of the palmitate derived label was found in the liver
at 30 min, with the percent recovery that subsequently decreased
linearly. At 30 min, 50.5 = 2.8% of the label in the liver was in
neutral lipids (triacyl- and diacylglycerols, cholesterol palmitate,
and free palmitic acid), 16.0 + 2.1% in phosphatidylcholine, and
the remainder in other phospholipids.

Labeled DPPC was previously found to be cleared at a rate of
about 1.8%/h from the alveolar washes of adult rabbits (13). In
this experiment the clearance of DPPC was compared to that of
the labeled palmitic acid. The recovery ratio of DPPC to palmitic
acid in the alveolar wash was 7:1 at 5 min, 40:1 at 30 min, and
>100:1 by 2 h, indicating a much more rapid clearance of
palmitic acid (p < 0.01).

Preterm ventilated rabbits. Palmitic acid was cleared rapidly
from the airspaces as indicated by the low percentage recovery
of radioactivity in the alveolar wash lipid extracts (Fig. 24). At
10 min, 11.3 = 1.7% of the labeled palmitic acid from the
treatment dose was recovered, and this recovery continued to
fall until only 1.0 = 0.2% was recovered at 2 h. The label
recovered in the alveolar wash was almost entirely recovered as
palmitic acid indicating no appreciable incorporation of palmi-
tate into other lipids and subsequent secretion into the alveolus
by 2 h.

The clearance of the palmitic acid in the trace dose of surfac-
tant was significantly more rapid than for the treatment dose (p
< 0.01). At 10 min only 1.7 = 0.1% of the isotope was recovered
in the lipid extract, with less than 1% found at the subsequent
time points. The individual components of the lipid extracts
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Fig. 1. Recovery of surfactant-associated labeled palmitic acid given
by intratrachel injection to adult rabbits. Error bars for SEM not shown
fall within the symbols. The recovery of [“C] palmitate is given as: /)
palmitic acid in the alveolar wash (@®); 2) palmitic acid in the total lung
(alveolar wash + lung homogenate) (O); 3) saturated phosphatidylcholine
in the total lung (A); and 4) total lipid extract in the liver (4).
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Fig. 2. Recovery of surfactant-associated labeled palmitic acid given
by intratracheal injection to 28-d rabbits. Error bars not shown fall within
the symbols. 4, the recovery of [*H]palmitate in total lipid extract from
the alveolar wash is given for treatment (#) or trace (O) doses of
surfactant. The clearance is significantly more rapid in the trace dose at
all time points (» < 0.01). B, the recovery of [*H]palmitate in the lung
homogenate is given as palmitic acid in the treatment (@) and trace (O)
doses of surfactant or in phosholipid in the treatment (A) and trace (A)
doses.

from the trace dose were not examined because the overall
recovery in the lipid extracts was so small.

The recovery of palmitic acid in the lung tissue was comparable
in the two dose groups, with less than 5% recovered after 30 min
(Fig. 2B). Most of the recovered label was found in phospholipids
in the lipid extracts, again with similar relative recoveries in the
two dosage groups. The palmitic acid derived radioactivity was
lost rapidly from the total lung. Only 42.8 + 6.5% of the injected
radiolabel was recovered in the lipid extract from the total lung
at 10 min. This declined to 22.7 + 1.3% at 30 min. By 10 min,
8.5 + 2.1% of the palmitate label was found in the lipid extract
from the liver. This increased to 14.2 £+ 1.4% at 30 min and then
remained fairly constant at 13.4 + 0.3% and 11.8 + 1.1% at 1
and 2 h, respectively. Less than 1% of the radiolabel was found
in plasma at any time. The clearance of [*H]palmitic acid, which
was added to the surfactant suspension as multilamellar lipo-
somes, was the same as that of the ["“C]palmitic acid added
during surfactant formulation.

Preterm ventilated sheep. The preterm sheep given treatment
doses of surfactant were successfully ventilated over the course
of the experiment, with a mean pH 7.34 + 0.03, Po, 79 + 37,
and Pco, 40 = 5 at 8 h. In contrast, the animals that received
the trace dose had severe respiratory failure at 5 h, as evidenced
by a mean pH 7.14 + 0.15, P0, 36 = 8, and Pco, 90 + 39 despite
high ventilatory pressures of 38.3 + 0.8 cm H,O, and were not
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studied beyond the 5-h time point. Palmitic acid was cleared
rapidly from the airspaces in both trace and treatment dose
groups (Fig. 3 4 and B). The recovery of the radiolabel in the
alveolar wash lipid extracts at 1 hwas 1.7 + 0.5% in the treatment
dose and 1.5 £ 0.1% in the trace dose groups. Less than 1% was
recovered at the later time points for both doses. Inasmuch as
the recovery was so small, the percent recovery in the individual
lipid fractions was not measured. The percent recovery of the
radiolabel in lipid extracts of lung tissue was similar for the two
dosage groups, as was the distribution of the labeled palmitate
within the lipid components. At 5 h the ratios for label recovery
in phospholipid:palmitic acid:triglyceride were 77:14:9 for the
treatment dose and 74:15:11 for the trace dose. Approximately
5% of the administered palmitate was recovered from the liver
homogenate lipid extracts at all time points in both groups. At 5
h the ratio of phospholipid:palmitic acid in the liver was 5:1.

The percent recovery of the labeled palmitate in SPC in the
lung homogenate was measured. For the treatment group, the
recovery in SPCwas 4.1 = 1.1% at 1 h, 20 £ 0.5% at 3 h, 1.3
*+0.5% at 5 h, and 1.8 = 0.3% at 8 h. For the trace group, 6.6
+ 0.8% was recovered at 1 h, 3.7 £ 0.7% at 3 h, and 3.1 = 0.5
at 5 h. This represented approximately 25% of the recovery of
the label in the lipid extracts for both doses at each time point.
Although the percent recovery in SPC was higher at 1 h than at
the subsequent time points for both the treatment and trace doses
(p < 0.05 ), there were no further significant time-dependent
decreases.

The percent recovery of radiolabel in the plasma lipids indi-
cated rapid transport of palmitic acid out of the lung. Assuming
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Fig. 3. Recovery of surfactant-associated labeled palmitic acid given
by intratracheal injection to 132-d sheep. Error bars not shown fall within
the symbols. The recovery of [*H] palmitate in the lipid extracts of total
plasma vol (O), alveolar wash (@), lung homogenate (A), and the liver
(A) are given for the trace (4) and treatment (B) doses of surfactant.
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an average blood volume of 100 mL/kg body wt in these animals
with an average body wt of 2.8 kg, approximately 7% of the
palmitate was found in the blood at 10 min and 2.5% at 30 min.
The percent recovery in blood of the trace dose group was 3.5%
at 10 min, a value significantly less than that calculated for the
treatment dose group (p < 0.01).

The clearance of ['*Cltripalmitin was markedly different than
that of palmitic acid (Fig. 4). The tripalmitin was slowly cleared
from the airways in both surfactant dosage groups. By 5 h, 22.5
+ 8.4% of the treatment dose and 5.7 + 1.1% of the trace dose
was recovered from the alveolar wash lipid extracts, with total
lung recoveries of 77.8 + 5.7 and 44.7 + 5.7%, respectively. The
recovery of the treatment dose from both the alveolar wash and
total lung lipid extracts at 3 and 5 h were significantly greater
than that of the trace dose (p < 0.05). The recovery ratio of the
radiolabel as phospholipid:palmitic acid:triglyceride was approx-
imately 1:4:45 in lipid extracts from the lung homogenates at 5
h. About 1% of the label from tripalmitin was recovered in SPC
at each time point. There were negligible amounts of tripalmitin
derived label in the liver and the plasma.

DISCUSSION

To appreciate the findings regarding the metabolism of these
neutral lipids, one must consider how palmitate and tripalmitin
came to comprise such significant proportions of surfactant
mixtures used both clinically and in reconstruction experiments
with the surfactant specific proteins (5, 9-11). In 1980, Fujiwara
et al. (6) reported the successful treatment of severe RDS in 10
infants with artificially modified natural surfactant (22). Since
then, numerous clinical trials have reported the efficacy of var-
ious forms of natural and artificial surfactant. These different
formulas have been designed to mimic the in vitro surface
properties of natural surfactant, which are thought to be critical
to its in vivo action (23, 24). These properties, as determined
with the Willhemy balance or the oscillating bubble, include
adsorption to the surface of a liquid interphase, spreading to
achieve an equilibrium surface tension of 25-35 dyne/cm in less
than 1 min, establishment of the equilibrium surface tension,
and lowering the equilibrium surface tension to less than 20
dyne/cm with a small compression of the surface area with
reproducible changes over multiple compression and expansion
cycles (25). With these criteria in mind, the original organic
solvent extracted surfactant of Fujiwara ez al. (6) was modified
to yield a suspension that possessed excellent surface properties:
rapid spreading, rapid adsorption, minimum surface tension less
than 10 dynes/cm, a reproducible surface tension-area diagram
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Fig. 4. Recovery of surfactant-associated labeled tripalmitin given
by intratracheal injection to 132-d sheep. Error bars not shown fall within
the symbols. The recovery of [**C] tripalmitin in the lipid extracts are
given for the alveolar wash in trace (®) and treatment (O) doses of
surfactant and the total lung in trace (A) and treatment (A) doses of
surfactant. The recovery in both the alveolar wash and the total lung was
significantly greater for the treatment dose at 3 and 5 h (p < 0.05).
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with a maximum surface tension of 27-30 dynes/cm, and a very
low surface compressibility. The final formula, survanta, con-
tained by wt 47% DPPC, 7% palmitic acid, 7% tripalmitin, 2-
3% proteins (primarily the low molecular wt surfactant proteins
B and C, and not the larger surfactant protein A, which is
removed by the lipid extraction process), and other phospholipids
and neutral lipids (5). A 10-20% combined concentration of
fatty acids and triglycerides was essential for the observed surface
properties, particulary spreading and lowering the surface tension
during the compression-expansion cycles. Palmitic acid and tri-
palmitin were chosen as the fatty acid and triglyceride respec-
tively because they were the most abundant in natural surfactant.
As individual components, palmitic acid possessed better surface
properties than tripalmitin, but the preparation containing both
demonstrated the best activity (9).

Tanaka er al. (23) demonstrated that this preparation, which
had good surface properties in vitro, restored normal pressure-
vol characteristics to the excised lavaged rat lung and to prema-
ture rabbit lungs. Further clinical studies demonstrated the effi-
cacy of survanta in treating RDS in humans (6-8). The assump-
tion was that the in vitro surface properties this preparation
possessed, properties that were dependent on significant concen-
trations of palmitic acid and tripalmitin, were critical to the
experimental and clinical results. Our findings raise considerable
doubt concerning the accuracy of this assumption.

These studies show that palmitic acid in surfactant will be
cleared rapidly from the airspaces of adult and premature rabbits
and premature sheep, regardless of whether given with trace or
treatment doses of surfactant. This clearance is much more rapid
than that of the phospholipids or cholesterol found in similar
doses of surfactant (13, 14). The marked contrast between pal-
mitate and DPPC was evident in the adult rabbit, where the
recovery ratio of DPPC:palmitic acid from the alveolar wash at
30 min was 40:1 and over 100:1 by 2 h. Although the clearance
of tripalmitin is much slower than that of palmitic acid, the
relative concentrations of DPPC:tripalmitin:palmitic acid are
soon drastically altered. Approximately 25% of intratracheally
administered DPPC can be recovered from the alveolar wash of
the preterm sheep at 5 h, and approximately 20% at 24 h (15).
Using these estimations, the recovery ratio of DPPC:
tripalmitin:palmitic acid from the alveolar wash is approximately
350:50:1 at 5 h and 300:25:1 at 8 h in 132-d lambs receiving
treatment doses of survanta, decidedly different from the 7:1:1
ratio found in the original suspension. Survanta has been shown
in clinical trials and in preterm lambs to improve oxygenation
and decrease mean airway pressure for periods up to 24 h after
administration (8, 15). Thus, the efficacy of survanta persists
long after the palmitic acid is cleared from the lung. This is not
altogether surprising, because surfactant suspensions of organic
solvent extracts of calf lung alveolar washes that do not contain
palmitic acid or triplamitin have been shown to be effective in
vivo as well as clinically (26, 27).

These findings illustrate the difficulties in determining what
makes a good surfactant. The surface active properties of natural
surfactant and organic solvent extracted surfactants have been
characterized. The basic assumption is that these properties are
responsible for the clinical function of natural surfactant. There-
fore, any artificial or modified surfactant to be used clinically
must possess these surface properties. The flaw in this logic is
that there is no definitive proof of the relative importance of the
various in vitro surface properties of surfactant to in vivo func-
tion. This should be kept in mind as new surfactant formulas
and preparations are devised and tested for the treatment of
RDS.

Although tripalmitin was not metabolized to a remarkable
degree in the preterm lamb lung, the fate of palmitic acid was
strikingly different. Large quantities of palmitate were cleared
from the airspaces and lung tissues of animals given treatment
doses of surfactant. Preterm lambs at 132 d gestational age and
preterm rabbits at 28 d gestational age have surfactant pool sizes

TABOR ET AL.

recoverable by alveolar wash of about 1-2 mg total surfactant
lipid/kg (15, 18, 28). Assuming their surfactant contained 1%
palmitic acid, these animals would have only 10-20 ug palmitic
acid/kg in the alveolar surfactant pool. The treatment dose
delivered about 7 mg/kg palmitic acid, in excess of a 500-fold
increase of the endogenous pool.

Although most of the labeled palmitic acid disappeared from
the lung, a portion was used as a substrate for the formation of
phospholipids. By 2-3 h, less than 5% of the isotope was re-
covered from the total lung as palmitic acid in any of the animal
models. At this time, approximately 15% was recovered from
the total lung as phospholipids in the immature rabbit, and
roughly the same in the adult rabbit (10% as SPC). A smaller
proportion was found in phospholipid in the immature sheep.
At 3-8 h, about 5% of the isotope from the treatment dose was
recovered as phospholipid. A small amount was converted to
tripalmitin in the lamb lung but only negligible amounts of
labeled tripalmitin were found in the rabbit lungs of preterm
lambs. The remainder of the palmitic acid presumably was used
as an energy source or left the lung rapidly to become incorpo-
rated into lipids in other organs such as the liver (29).

In summary, palmitic acid was cleared rapidly from the airway
to the lung, and most of the labeled palmitic acid was lost rapidly
from the lung in both adult and preterm animals. A sizable
proportion of tripalmitin remained in the airways, with the
majority of the remainder remaining in the lung. Palmitic acid
should not be expected to play a major role in the function of
surfactant other than perhaps facilitating initial spreading of the
surfactant before the palmitate is cleared from the lungs. Some
of the palmitic acid was used as a substrate for lung lipid
synthesis. The possible importance of alveolar palmitate as a
substrate has not been evaluated, although alveolar palmitate
was more efficiently used for surfactant synthesis than was intra-
vascular palmitate (12). The lung appears to have the potential
to synthesize much of the palmitate required for surfactant
synthesis (30, 31); however, supplemental palmitate could be
beneficial to the preterm lung. Although we found no detrimental
effects resulting from the presence of palmitate or tripalmitin in
surfactant, their importance to surfactant in vivo can be inter-
preted only with an understanding of their metabolic fates.
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