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ABSTRACT. The aim of the present study was to examine
the effects of maternal carnitine treatment combined with
thyroxine, a hormone influencing both lung maturation and
carnitine metabolism. Administration of a carnitine-thy-
roxine combination to pregnant rats resulted in a significant
increase of DPPC content in fetal rat lungs to 8.8 * 1.8
mg/g dry weight (mean * SD), compared with the control
group, the carnitine-treated group, and the thyroxine-
treated group [5.4 * 1.8 (p < 0.01), 5.6 £ 1.5 (p < 0.01),
and 6.6 * 1.0 mg/g dry weight, respectively]. The portion
of DPPC in the PC species increased significantly from
20.9 % 2.1% in the control group and to 27.2 £3.5% (p <
0.01) in the carnitine-thyroxine combination group. A sig-
nificant (p < 0.01) diminution of the palmitoyl-palmitoleyl
PC (16:0/16:1-PC) portion in the PC species was found.
Maternal carnitine administration resulted in an elevation
of the carnitine levels in the fetal lungs to approximately
twice those of the controls (p < 0.01). The combined
adminstrration of carnitine and thyroxine resulted in no
increase in the total carnitine content but in a significant
(p < 0.01) increase of the short chain acylcarnitine content.
The present results demonstrate that carnitine potentiates
the effects of thyroxine on DPPC content and support the
concept of an interrelationship between carnitine and thy-
roxine metabolism. (Pediatr Res 20: 1280-1283, 1986)
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It is well established that glucocorticoids accelerate maturation
of the fetal lung in animals and decrease the incidence of respi-
ratory distress syndrome in human infants. Since glucocorticoids
are not completely effective in preventing respiratory distress
syndrome in human infants (1), there was current interest in the
use of other agents (2). Several studies have indicated that thyroid
hormones have similar influences on lung differentiation (3, 4).
Effects of glucocorticoids and thyroid hormones were more than
additive (5), suggesting different mechanisms of actions.

We have shown that carnitine, like betamethasone, influenced
the DPPC content in fetal rat lungs (6), likely via two dissimilar
mechanisms. In addition, we found that maternal administration
of a carnitine-betamethasone combination resulted in a signifi-
cant increase in DPPC content of fetal rat lungs in comparison
with untreated controls and with animals treated with carnitine
or betamethasone alone (7).

Carnitine, 3-hydroxy-4-trimethylaminobutyrate, is essential in
lipid metabolism. The most important function of carnitine is
the transport of long chain fatty acids across the inner mitochon-
drial membrane (8). Thyroid hormone influences carnitine me-
tabolism (9) and accelerates mitochondrial fatty acid oxidation
by effects on carnitine palmitoyltransferase (10).

The aim of the present study was to examine the effects of
maternal carnitine treatment combined with thyroxine, a hor-
mone influencing both lung maturation and carnitine metabo-
lism.

The amount of surfactant stored in alveolar type II cells is
crucial for the survival of premature babies. DPPC is the prin-
cipal component of the lung surfactant complex and is mainly
responsible for its surface active properties (2). Thus to evaluate
the effects of the different maternal treatments we determined
both DPPC content and the portion of DPPC in total PC in fetal
rat lungs.

MATERIALS AND METHODS

Ninety-six female Wistar rats of stock Ch bb-Thom with an
average weight of 300 g and an expected gestation period of 23
days were randomized and divided into eight groups, four groups
reported here, four groups reported elsewhere (7). The gestational
age was known within 24 h. The rats were treated intraperito-
neally from day 16 to day 19 of gestation according to the
schedule shown in Table 1.

Preparation of lung tissue. Immediately after delivery of the
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fetuses on gestational day 20 by caesarean section, the fetal
trachea was clamped before spontaneous inspiration could occur.
The chests of the fetuses were opened by means of parasternal
incision. The fetal lungs were then grouped according to litter to
preclude station-related differences. The fetal lungs were homog-
enized, extracted, and washed using the method of Folch et al.
(11).

Phospholipid analysis. The main phospholipid classes were
separated as bands by thin-layer chromatography using the sol-
vent system chloroform/methanol/1% potassium chloride solu-
tion (43/47/4, v/v/v) (6). 1,2 Dipalmitoyl-sn-glycero-3-phospho-
choline and the glycero-3-phosphocholine species composition
were assayed as the corresponding diacylglycerol trimethylsily-
lether derivatives by gas-liquid chromatography with glass cap-
illary columns (12).

Carnitine assay. The tissue was flash-frozen immediately after
removal. The perchloric acid extracts were used for assaying free
and short chain acylcarnitine. The carnitine esters were saponi-
fied and assayed as free carnitine by radioenzymatic means (13),
with two modifications: HEPES instead of TRIS buffer (14) and
N-ethyl-maleimide instead of tetrathionate (15).

Chemicals. “L-Carnitin-Leopold” was obtained from Leopold
Ltd. (Graz, Austria). Chloroform, methanol, pyridine, hexame-
thyldisilazane, thin-layer chromatography plates (silica gel 60),
and HEPES were obtained from E. Merck (Darmstadt, FRG).
Bacillus cereus-derived phospholipase C and carnitine acetyl-
transferase were obtained from Boehringer-Mannheim (Mann-
heim, FRG). Labeled acetyl coenzyme A was obtained from New
England Nuclear (Boston, MA). N-Ethylmaleimide and dimyris-
toyl-sn-glycero-3-phosphocholine were supplied by Sigma Chem-
ical Co. (St. Louis, MO).

Statistical comparisons between the different groups were
made using analysis of variance followed by Dunnet’s 7 test for
multiple comparison (16).

RESULTS

Only small differences of the total phospholipid content in the
fetal rat lungs were found in the different treatment groups (data
not shown).

DPPC. The combined administration of thyroxine and carni-
tine resulted in a marked increase in the DPPC content in
comparison with the control group (p < 0.01), the carnitine-
treated group (p < 0.01), and the thyroxine-treated group. A
moderate response was noted after thyroxine, and no response
was noted after carnitine treatment alone (Table 2).

Table 1. Treatment schedule
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The portion of DPPC in the PC species in the fetal rat lungs
exhibited a significant rise (p < 0.01) in the thyroxine-carnitine
combination group. Only a moderate increase after maternal
thyroxine or carnitine treatment was noted (Table 2).

PC 32 monoenic species. The PC 32 monoenic species can be
characterized as palmitoyl-palmitoleyl PC (16:0/16:1 PC) and
palmitoleyl-palmitoyl PC (16:1/16:0 PC) (6).

The portion of palmitoyl-palmitoleyl PC in total PC decreased
significantly (p < 0.01) after the combined administration of
thyroxine and carnitine in comparison with the control value. -
This decrease was less pronounced after administration of car--
nitine or thyroxine alone (Table 2).

After thyroxine treatment a significant increase (p < 0.01) of
the palmitoleyl-palmitoyl PC portion in total PC was found
compared with the control group. This increase was less pro-
nounced after the combined administration of carnitine and
thyroxine.

Phosphatidylcholine species composition. In most methods
commonly used for determination of surfactant PC, disaturated
PC consisting of DPPC and palmitoyl-myristoyl PC is deter-
mined.

Both maternal carnitine and thyroxine treatment failed to
increase the portion of palmitoyl-myristoyl PC in total PC (Table
3). But there is a pronounced increase of the PC 32 portion in
total PC, obviously an additive effect of the increase of the two
PC 32 species, DPPC and palmitoleyl-palmitoyl PC (Table 2).
Also, maternal administration of the carnitine-thyroxine com-
bination resulted in a significant (p < 0.01) increase of the PC
32 portion in total PC (Table 3). This time, however, the PC 32
increase is due mainly to the significant (p < 0.01) increase of
the DPPC portion.

Generally, the increase of the PC 32 portion in the treated
groups was mainly compensated by a decrease of the PC 34
portion in the PC species (Table 3).

Carnitine. Figure 1 shows the content of total carnitine and
short chain acylcarnitine in the fetal lungs. Maternal carnitine
administration (20 mg/kg) caused a significant increase (p <
0.01) in the total carnitine content and short chain acylcarnitine
content. Thyroxine failed to influence the carnitine content.
Unexpectedly, the combined administration of carnitine and
thyroxine resulted in no increase of total carnitine content but
in a striking increase (p < 0.01) of short chain acylcarnitine
content in the fetal lungs. Obviously, the sole increase of short
chain acylcarnitine is specific for the combination.

Fetal weight and fetal lung weight. Both carnitine and thyrox-
ine treatment resulted in an increase of fetal weight compared
with controls (Table 4). After carnitine treatment there was a
significant (p < 0.01) increase of the fetal lung weight, compared

Experimental Solute  1-Thyroxine 1L-Carnitine with control and carnitine-thyroxine combination group. Also
group (ml/day) (mg/kg) (mg/ke) thyroxine treatment resulted in a marked increase (Table 4).
Since the ratio of lung dry weight:wet weight was similar in the
Controls I NaCl different groups, it can be excluded that the weight gain after the
Carnitine I H,0 20.0 carnitine or thyroxine treatment was due to the development of
Thyroxine . I'H,0 0.15 edema. Also, the average litter size in the different groups was
Thyroxine + carnitine I H;O 15 20.0 similar. Interestingly, after maternal administration of the car-
Table 2. PC-32 species in fetal rat lungs*
DPPC % PC-32 species in total PC
Treatment n (mg/g dry wt) DPPC 16:0/16:1-PCt 16:1/16:0-PCt
NaCl (controls) 16 54+18 209 + 2.1 42+ 1.1 84=+1.6
Carnitine 6 5.6+ 1.5 226 +5.0 37+ 1.1 10.9 £4.3
Thyroxine 9 6.6+ 1.0 229 +28 35+0.5 10.8 £ 2.9%
Thyroxine + carnitine 6 8.8 £ 1.81§ 27.2 £ 3.5% 2.8 £0.4% 9.8 +2.1

* Values are means + SD; n, number of experiments (PC-32, total carbon atoms in acyl radicals is 32).
+16:0/16:1-PC, palmitoyl-paimitoleyl PC (16:1/16:0-PC, palmitoleyl-palmitoyl PC).

1 Significantly higher (lower) (p < 0.01) compared with control values.

§ Significantly higher (p < 0.01) compared with value of carnitine-treated group.
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Table 3. PC species (percentage of total PC)*

Treatment n PC-30t PC-32t PC-34% PC-36% PC-38%
NaCl (controls) 16 7.1 +£25 33.5+33 33.7+28 19.2 + 2.6 63+ 1.5
Carnitine 6 72+1.6 37.1 + 8.4% 30.8 £ 2.9§ 174+ 1.3 7.2 +438
Thyroxine 9 64x1.6 36.8 £4.9 30.1 £3.0 16924 9.7 + 2.8|
Thyroxine + carnitine 6 6.9+ 1.9 39.8 = 5.6% 269 £ 1.91 17.6 £ 3.2 8.7x25

* Values are means + SD; »n, number of experiments.

+ PC-30 (32, 34, 36, 38), sum of carbon atoms in the acyl radicals is 30 (32, 34, 36, 38).

1 Significantly higher (p < 0.01) compared with control.
§ Significantly lower (p < 0.05) compared with control.

|l Significantly higher (p < 0.05) with control.

9 Significantly lower (p < 0.01) compared with control.
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Fig. 1. L-Carnitine content (in nmol/g frozen wt) of fetal rat lungs
after maternal L-thyroxine (T4) (n = 9), L-carnitine (CAR 20) (n = 6),
and L-thyroxine-L-carnitine (CAR 20 + T,) (n = 6) treatments in com-
parison with control group (NaCl) (n = 16). Bars, mean = SD in each
group. Total carnitine: CAR 20 value is significantly (p < 0.01) higher
compared with those of NaCl, T,, and CAR 20 + T, Short-chain
acylcarnitine: The CAR 20 value is significantly higher (p < 0.01)
compared with those of NaCl and Ts the CAR 20 + T, value is
significantly higher (p < 0.001) compared with all other groups.

nitine-thyroxine combination there was a moderate decrease of

both fetal weight and fetal lung weight in comparison with
control animals (Table 4).

DISCUSSION

Weinhold et al. (17) have shown that 50-60% of fetal rats
delivered 2 days prematurely survive when placed in an incuba-

Table 4. Body and lung wt of fetal rats*

Body wt Lung wt
Treatment n (®) (mg)
NaCl (controls) 17 3006 582+ 129
Carnitine 6 33x038 78.0 £ 26.7%
Thyroxine 10 34+0.7 72.0 = 15.5
Thyroxine + carnitine 6 27+0.5 519+£5.2

* Values are means + SD; n, number of experiments.
+ Significantly higher (p < 0.01) compared with control and thyroxine
+ carnitine-treated groups.

tor, whereas fetuses delivered 3 days before term did not survive.
In the present study the fetal rats were delivered 3 days before
term, in contrast to previous studies in which delivery was
performed 2 days prematurely (6).

Thyroid hormone was found to accelerate fetal lung matura-
tion in several mammalian species. The role of endogenous
thyroid hormones in pulmonary surfactant maturation is not
clearly established. Some clinical studies found lower concentra-
tions of thyroxine, triiodothyronine, and thyrotropin releasing
hormone in cord serum of infants who subsequently developed
respiratory distress syndrome (18-20).

Human (21) and rat placentas (22) are active sites of inner
ring deiodination of thyroxine and triiodothyronine, converting
these active thyroid hormones into the inactive iodothyronines,
reversing triiodothyronine from thyroxine and 3,3’-diiodothy-
ronine, and reversing 3’-monoiodothyronine from triiodothyro-
nine. Dussault and Coulombe (23) reported a minimal placental
transfer of thyroxine in the rat. They assumed from their data,
and from the fact that rats are hypothyroid at birth, an autono-
mous development of the hypothalamic-pituitary-thyroid axis.
Conversely, Gross et al. (5) found that maternal administration
of triiodothyronine increased PC synthesis in fetal rat lungs. In
the present experiments, administration of thyroxine to pregnant
rats produced an enhancement of the DPPC content (Table 2)
and changes of the PC species composition in fetal lungs (Table
3). These observations suggest that thyroxine and triiodothyro-
nine cross the rat placenta to some extent. Nuclear receptors for
thyroid hormones, particularly trilodothyronine receptors, have
been detected in the developing rat lung (24) and fetal human
lung (25).

As discussed in detail (6, 7), L-carnitine produces no toxic side
effects. It is important in fatty acid oxidation by mitochondria
and has several additional functions in cell metabolism.

Carnitine metabolism of the human fetus resembles that of rat
fetus in many aspects. 1) In human and rat fetuses, the rate of
carnitine synthesis is low (26). 2) In human and rat fetuses and
neonates, plasma and tissue carnitine levels are low and increase
after birth (27-29). 3) Carnitine is essential for fatty acid oxida-
tion and subsequently for ketogenesis (30).

Administration of carnitine to pregnant rats elevated both free
carnitine and short chain acylcarnitine levels in the fetal rat lungs
(Fig. 1). Supposedly this increase is accompanied by an enhanced
rate of fatty acid oxidation. Obviously, an effect of maternal
carnitine administration on the fetal lung DPPC content depends
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on the maturity of the fetal lungs, since, in contrast to the present
results, we found an increase of the DPPC content after maternal
carnitine administration in older fetuses (delivered on gestational
day 21) (6).

The combined administration of carnitine and thyroxine to
pregnant rats resulted in a striking, highly significant (p < 0.01)
increase of the DPPC content in the fetal lungs, compared with
control and solely carnitine-treated or thyroxine-treated animals.

The alveolar type II cell is the source of surfactant within the
lung (2). Compared with lung tissue, isolated alveolar type II
cells are enriched in disaturated PC (31), and only alveolar type
I1 cells exhibited marked cellular changes correlating with varying
thyroxine concentrations (32).

An accelerated differentiation of alveolar type II cells by thy-
roxine and an acceleration of lipid metabolism induced by
thyroxine and by carnitine could be the basis for the increased
DPPC content in fetal lungs. Shortly after parturition, there is a
striking increase in energy production by fatty acid oxidation,
due to the interrupted maternal glucose supply. At this time
sufficient tissue carnitine levels are necessary for fatty acid oxi-
dation in various tissues in the liver accompanied by ketone
body production (33). Ketone bodies are important fuels for the
surfactant precursor synthesis of the newborn. Therefore, treat-
ment with a thyroxine-carnitine combination could also be of
benefit in the early postnatal period for continuous surfactant
synthesis. Although functional, rat lungs are still not mature at
birth since they contain no true alveoli. Important morphological
changes occur during the first 3 postnatal wk in the rat (24).
These postnatal changes may constitute events affected by thy-
roid hormones (24). :

Maternal carnitine-thyroxine treatment resulted in a signifi-
cant (p < 0.01) increase of the short chain acylcarnitine content
in fetal lungs, yet there was no increase in total carnitine content.
This could be explained either by a possible increase of the fatty
acid oxidation (mitochondrial or peroxisomal) induced by the
thyroid hormone in the fetus that is accompanied by an increase
of short chain acylcarnitine or possibly an enhanced generation
of short chain acylcarnitine occurring in the placenta. In this
case the source of the high short chain acylcarnitine levels found
in the fetal rat lungs would be the placenta, and the fetus received
short chain acylcarnitine instead of the free carnitine adminis-
tered maternally.

The present animal experiments demonstrate that carnitine
potentiates the effects of thyroxine on DPPC content of fetal rat
lungs, and they support the concept of an interrelationship
between carnitine and thyroxine metabolism. Obviously there
are specific effects of a carnitine-thyroxine combination com-
pared with the effects of carnitine or thyroxine treatment. In a
former study we showed that carnitine potentiated the effects of
betamethasone on DPPC content of fetal rat lungs (7). Therefore,
treatment with a carnitine combination may be of more benefit
decreasing the incidence of respiratory distress syndrome than
the administration of thyroxine (or betamethasone) alone.
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