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Summary. Incorporation of (methyl-"*C)choline into phos-
phatidylcholine and the release of prelabelled phosphatidyl-
choline was investigated in vitro using lung slices from preg-
nant rats and their offspring near term. Tissue from normal,
diabetic and insulin-treated diabetic pregnant rats and their
offspring was utilized to assess the effects of maternal diabetes
on fetal lung maturation. The results show that the synthesis
of phosphatidylcholine in fetal/newborn lungs through the
cytidine 5'-diphosphocholine pathway was not affected by
maternal diabetes. However, secretion of phosphatidylcholine
from the lungs of fetuses of diabetic mothers was very much
suppressed one day after parturition. Insulin treatment of the
diabetic pregnant rats restored secretion of phosphatidylcho-
line from the fetal/newborn lungs to control values. These re-

sults suggest that an impaired secretion of phosphatidylcho-
line from the lungs of fetuses of diabetic mothers may be
partly responsible for the higher incidence of respiratory dis-
tress syndrome among children of diabetic mothers. The re-
sults also revealed some correlation between the secretion of
phosphatidylcholine from maternal lungs, maternal serum
phospholipids and synthesis of phosphatidylcholine by fetal
lungs during late gestation, suggesting a possible relationship
between maternal phospholipid metabolism and fetal lung
maturation.

Key words: Maternal diabetes, synthesis and secretion, phos-
phatidylcholine.

Certain phospholipids are important for lung function
(respiration) particularly at the time of birth. Lungs of
children deficient in surfactant phospholipids tend to
collapse during expiration resulting in the death of a
newborn, the syndrome commonly known as respirato-
ry distress syndrome or hyaline membrane disease [1].
The children of diabetic mothers show higher incidence
of respiratory distress syndrome. The precise biochemi-
cal aetiology of respiratory distress syndrome in diabet-
ic children is uncertain although a deficiency of surfac-
tant in their lungs has been implicated [2]. A defective
secretion of surfactant from the alveolar type II cells in-
to the alveolar space could contribute to surfactant defi-
ciency. However, this aspect of surfactant metabolism
has not been investigated fully.

Synthesis of surfactant phospholipids appears to be
dependent on metabolism of glucose [3-5] and glycogen
[6-9] as they provide dihydroxyacetone phosphate and
a-glyceraldehyde phosphate, which are precursors of
phospholipid synthesis in lungs [6, 9, 10]. In maternal
diabetes, the fetus is exposed to hyperglycaemia and hy-
perinsulinaemia both of which inhibit glycogenolysis
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and reduce the formation of precursors for synthesis of
surfactant phospholipids [9, 11-13]. While some investi-
gators have reported reduced synthesis of surfactant
phospholipids in lungs of fetuses of diabetic mothers
[14, 15] others have not observed any significant
changes in the phospholipid synthesis [16, 17]. How-
ever, surfactant deficiency in the alveolar space could
result from some defect in the process of surfactant se-
cretion from the alveolar type IT cells [37].

Our previous studies with adult rat lungs have
shown that streptozotocin-induced diabetes altered the
regulation of adenylate cyclase [18] and cyclic AMP
phosphodiesterase [19] by the intracellular modulators,
such as the lung activator [20] and calmodulin, respec-
tively. Relative activities of these enzymes appear to de-
termine the tissue levels of cyclic AMP [21, 22] which
appears to play a significant role in pulmonary develop-
ment and functions [21-25]. In the present study, the ef-
fects of maternal diabetes on the synthesis and secretion
of phosphatidyicholine (PC), a major component of
surfactant phospholipids, in fetal lungs during late ges-
tation and early neonatal periods of development (pe-
rinatal life) were investigated. The effects of diabetes on
the maternal lung phospholipid metabolism was also
assessed simultaneously under identical conditions in
an attempt to ascertain whether maternal phospholipid
metabolism was somehow related to fetal lung develop-
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ment. Some of these data have been published previ-
ously [26].

Materials and methods

Biochemical reagents

Most biochemicals used in this study were of analytical grade and
purchased from either Sigma Chemicals, St. Louis, Missouri, USA or
Fisher Scientific, Winnipeg, Manitoba, Canada. (Methyl-*C)choline
was purchased from New England Nuclear, Chicago, Illinois, USA.

Animal breeding and maintenance

Sprague-Dawley rats, weighing 250-300g, were purchased from
Charles River Breeding Farms, Montreal, Quebec. Five female rats
were placed in a cage with two male rats overnight and examined for
sperm cells by light microscopy next morning. Those female rats con-
taining sperm cells in their vagina were considered pregnant and
day 1 of gestation was assigned to their fetuses. Full term was 22 days
of gestation. These animals were provided with water and pellet chow
ad libitum and a 12 h light and dark cycle was maintained in the ani-
mal quarters.

Streptozotocin-induced diabetes and treatment
with insulin

On day 9 of pregnancy, a group of 25 rats was injected via the tail vein
with streptozotocin (65mg/kg body weight) freshly prepared in
0.1 mol/I citrate buffer (pH 4.6) on the day of use. Animals were made
diabetic on day 9 of pregnancy to allow exposure of fetuses to hyper-
glycaemia and hyperinsulinaemia for at least one week to assess the
effects of maternal diabetes on surfactant synthesis and secretion.

The control group contained 10 age-matched pregnant rats who
received an equal volume of the citrate buffer by a similar route. Ten
pregnant diabetic rats were treated daily with 6 units of protamine
zinc insulin (Connaught Laboratories, Willowdale, Ontario) starting
on day 16 of gestation, whereas the remaining 15 diabetic rats were
treated with an equal volume of 150 mmol/1 NaCl solution. Insulin
was administered to diabetic pregnant rats on day 16 of pregnancy to
restore normoglycaemia and to ascertain whether the effects of mater-
nal diabetes on surfactant synthesis and secretion in fetal lungs could
be restored to normal values in control fetuses.

Glycosuria was confirmed in all the rats treated with streptozoto-
cin within 24 h of injection using Tes-Tape impregnated with the en-
zymes glucose oxidase and peroxidase and an oxidizable substrate or-
thotoluidine (Eli Lilly, Scarborough, Ontario). Glucose intolerance
was confirmed 72 h after the injection with streptozotocin by estimat-
ing glucose in sera of diabetic rats by the glucose oxidase method [27].

Tissue preparation for metabolic studies

At least three rats from the control, diabetic and insulin-treated dia-
betic groups were sacrificed on days 18, 20, 21 of gestation and on
days 1 and 2 after parturition. Lungs from the mothers, fetuses and the
newborn were excised, cleaned of extraneous tissues and weighed.
Only the peripheral portion of lung containing predominently alveo-
lar tissue was used to prepare slices of uniform thickness (1 mm?) cut
with the Mcllwain chopper (Brinkman Instruments, Westbury, New
York).

Secretion of phosphatidylcholine from rat lungs

The tissue slices were placed in a medium containing Krebs-Ringer
bicarbonate buffer (pH 7.4), glucose (11 mmol/1), bovine serum albu-
min (450 umol/1) and (methyl-'*C)choline chloride (1.0 uCi; Sp. act.
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50 mCi/mmol) in a total volume of 1.0 ml. The tubes were incubated
in a Dubnoff metabolic shaker (Precision Scientific, Chicago, Illinois)
at 37 °C for 60 min under O/ CO, (95%/5%). The reaction was termi-
nated by the addition of ice-cold saline (150 mmol/1 NaCl, 2 ml), the
medium was withdrawn and the slices washed three times with 2 ml of
saline. To examine the release of radiolabelled PC, fresh medium as
above was added to the washed prelabelled slices, which were further
incubated for 90 min under identical conditions. After incubation, the
medium was withdrawn and extracted for lipids by the method of
Folch et al. [28]. The control tissue slices were prelabelled with (meth-
yl-"*C)choline, washed similarly and incubated at 0°C during the sec-
ond incubation to measure non-specific release of labelled PC. The
release of radiolabelled PC from lung slices incubated at 37 °C was
corrected for radioactivity released from the control slices. Under
these experimental conditions, secretion of PC from lung slices was
linear with time up to 120 min of the second incubation and 50 mg tis-
sue slice/flask.

Synthesis of phosphatidylcholine by rat lungs

After the first incubation with radioactive choline, lung slices were
washed several times with ice-cold saline and extracted for lipids as
described above.

The lipid extracts from lung slices were resolved into individual
species by a single dimension thin-layer chromatography in a solvent
system containing chloroform, methanol and water (14:6:1, vol/vol),
and visualized by exposing the dried chromatographic plate to iodine
vapour. Silica gel containing the lipids was scraped into counting
vials, mixed with 15ml of scintiverse (Fisher Scientific, Pittsburgh,
PA, USA) and the radioactivity measured in a Searle Mark III ra-
diospectrometer (Searle Analytic, des Plaines, Illinois, USA). In some
experiments, PC was eluted from the silica gel with a chloroform,
methanol, acetic acid and water mixture (50:50:2:1, by vol), the ex-
tract treated with osmium tetraoxide in carbon tetrachloride and sub-
jected to a single-dimension thin-layer chromatography according to
the procedure of Mason et al. [29].

Statistical analysis

The statistical difference between data from different groups was de-
termined by Student’s t-test for unpaired samples [30].

Results

Streptozotocin-treatment of pregnant rats resulted in
significantly elevated maternal serum glucose levels
compared with that of the control group of animals
(Table 1). Glycosuria was observed in all rats injected
with streptozotocin within 24 h of the injection. The
mean fetal serum glucose level also was elevated during
late gestation but declined considerably 1 day post-par-
tum. Insulin treatment of the diabetic mothers lowered
maternal serum glucose levels to the control values,
whereas fetal serum glucose levels were still somewhat
higher than those of the control fetuses (Table 1). New-
born serum glucose levels of diabetic mothers returned
to the control level 1 day after birth (Table 1). Streptozo-
tocin-induced diabetes in pregnant rats on day9 of
pregnancy altered neither maternal body or lung
weights on day 21 of pregnancy nor fetal body and lung
weights (Table 2).

The incorporation of (methyl-'*C)choline into ma-
ternal lungs was low on days 18 and 20 of gestation, in-
creased considerably on day 21, reaching a peak level
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Table 1. Serum glucose concentration in pregnant rats, their fetuses
on day 21 of gestation and newborns 1 day after birth

Serum glucose concentration (mmol/1)

Mothers Fetuses Newborns
(n=25¢  (n=23F
Control rats (n =9)° 6.77+039 266+067 422+028

35.86+2.22% 28.14:+£1.28" 6.77+0.50*
444+050  6.94+022% 283+£0.28

Diabetic rats (n =8)°
Insulin-treated diabetic
rats (n=7)°

Results expressed as mean + SEM for three different experiments.

4 Significantly different from the control groups (p<0.05)

b nrefers to total number of pregnant rats used in the control, diabetic
and insulin-treated diabetic groups

¢ nrefers to number of fetuses and newborns examined for serum glu-
cose from each group of pregnant rats, i.e. control, diabetic and insu-
lin-treated diabetic groups

Table 2. Effect of maternal diabetes on body and lung weights of
mother and fetal rats on day 21 of gestation

Maternal Fetal
Body (g) Lung(g) Body(g) Lung(g)
(n=35y (n=30)

Control Rats 279+26 1.00x0.05 3.73+0.09 0.15+0.03
(n=9)°
Diabetic Rats 234424 1.18+£0.17  3.06+0.10 0.15+0.01
(n=T7)°
Insulin-treated  344+39 096+0.07 2.87x0.19 0.12+0.03*
diabetic Rats
(n=T7)»

Results expressed as mean + SEM.

2 Significantly different from the control group (p <0.05)

b n refers to total number of pregnant rats used in these experiments
¢ n refers to number of fetuses examined for body and lung weights
from each group of mothers, i.e. control, diabetic and insulin-treated
diabetic groups

on day 1 after parturition and declining thereafter to the
gestational level. The labelling of PC was not different
in maternal lungs from the control, diabetic or insulin-
treated diabetic groups at any gestational period
(Fig.1a). However, the labelling of PC in fetal lung
slices on day 18 of gestation was lower than that of the
maternal lung slices, remaining low on day 20 but in-
creasing on day 21 to a comparable rate. This rate was
increased further to an extremely high level on day1
post-partum and declined on day2 of life (Fig.1b).
There was no significant difference in the choline incor-
poration into PC by lungs from the control, diabetic and
insulin-treated diabetic groups of pregnant rats and
their offspring (Fig.1b).

Secretion of radiolabelled PC from the maternal
lungs was relatively low on day 18 of gestation, it in-
creased gradually to a peak level on day 21, remained
high on day1 after birth, and declined on day?2 to the
gestational level (Fig.2a). Secretion of PC from mater-
nal lungs was not impaired by diabetes throughout ges-
tation. However, on days 1 and 2 after parturition, PC
secretion from maternal lungs was lower in diabetic
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Fig.1. Incorporation of (methyl-"“C)choline into phosphatidyicho-
line (PC) of (A) maternal and (B) fetal/newborn rat lung during late
gestation and the early neonatal period. Lung slices in triplicate sam-
ples from normal (), diabetic (77) and insulin-treated diabetic (Z3)
pregnant rats and their offspring were treated as described in Meth-
ods. The results are expressed as mean + SEM from three experiments

than in control animals. This decrease was abolished by
insulin treatment for 1 week (Fig.2a).

Secretion of PC from fetal lungs on day 18 of gesta-
tion was almost one-half the rate of that from maternal
lungs, remaining low throughout gestation, but increas-
ing sixfold on day 1 of life, declining somewhat on day 2
postnatally (Fig.2b). PC secretion from fetal lung of
normal, diabetic and insulin-treated diabetic groups
was similar during late gestation. However, PC secre-
tion from the Iungs of newborn of diabetic mothers was
suppressed on day 1 of life compared with that from the
lungs of fetuses of control mothers (Fig.2b). Insulin
treatment of the diabetic pregnant rats for 1 week res-
tored PC secretion from the lungs of fetuses of diabetic
mothers to the control values (Fig.2b).

Serum phospholipids in pregnant rats were low on
day 18 of gestation, they increased gradually to peak
levels near term and declined after parturition (Fig. 3 a).
Similar alterations in the serum phospholipid levels of
diabetic pregnant rats were observed (Fig.3b).

Alterations in maternal serum phospholipids during
late gestation were similar to changes in the rate of PC
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Fig.2. Secretion of prelabelled phosphatidylcholine (PC) from (A)
maternal and (B) fetal/newborn lungs. Lungs from normal (]), dia-
betic and insulin-treated diabetic (%) pregnant rats and their off-
spring during late gestation and the early neonatal period were used.
The results are expressed as mean = SEM from four experiments

secretion from maternal lungs (Fig.3a, b). However, an
increase in PC synthesis by fetal lungs on day 21 fol-
lowed an increase in PC secretion from maternal lungs
and was accompanied by a concomittant decrease in
maternal serum phospholipids (Fig.3a). PC secretion
from the lungs of diabetic mothers was reduced in later
stages of pregnancy and after parturition (Fig.2a), al-
though serum phospholipid levels in diabetic rats were
similar to those in sera of the normal pregnant rats
(Fig.3a, b). Choline incorporation into PC of lungs of
fetuses/newborn of diabetic mothers was not altered
(Fig.2a). These results suggest that there may be a rela-
tionship between maternal phospholipid metabolism
and the synthesis of PC in lungs of fetuses/newborn of
normal mothers and this relationship appears to be
maintained during maternal diabetes.

Discussion

In the present study we utilized an experimental model,
in which pregnant rats were made diabetic with strepto-
zotocin, to examine the effects of maternal glucose in-
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Fig.3. Relationship between secretion of phosphatidylcholine (PC)
from (A) normal and (B) diabetic maternal lungs (O——0), mater-
nal serum phospholipids ( £ A) and PC synthesis in the lungs of
respective fetuses (C~——) during late gestation and the early neo-
natal period

tolerance on the synthesis and secretion of pulmonary
PC in the mother, fetus and newborn. The results show
that the incorporation of (methyl-"*C)choline into lung
PC was not impaired in either the fetuses or the new-
born of diabetic mothers, confirming previous observa-
tions [16, 17]. Some investigators, however, have report-
ed depressed PC synthesis in fetal lung of diabetic
mothers [14, 15]. The reason for this discrepancy is not
understood but it may be related to the severity and
duration of maternal diabetes [17, 34]. In some studies,
acute effects of severe maternal diabetes on fetal lung
development were investigated, whereas other studies
examined the prolonged effects of mild and intermittent
diabetes. The present findings that maternal diabetes in
rats did not alter choline incorporation into lung PC of
the offspring could result from multiple factors. Firstly,
choline incorporation into PC of rat lung represents in-
corporation into total lung PC, including surfactant PC
as well as membrane bound PC. Since surfactant PC
constitutes a small percentage of the total PC in lungs,
subtle changes in choline incorporation into surfactant
PC may not be evident. However, this does not appear



M. 8. Nijjar: Rat lung phospholipid metabolism

to be the case, since other investigators who studied
choline incorporation into dipalmitoylphosphatidyl-
choline (DSPC), a true component of fetal lung surfac-
tant, did not find any adverse effect of maternal diabe-
tes on the synthesis of DSPC in fetal lungs [16, 17].
Secondly, synthesis of PC in fetal lungs occurs through
different pathways i.e. The cytidine 5'-diphosphocho-
line pathway, methylation of phosphatidylethanola-
mine to form PC, base-exchange and deacylation-acyla-
tion reaction mechanisms [10]. Although the cytidine
5'-diphosphocholine pathway accounts for about
90-95% of de novo synthesis of pulmonary PC in fetal
lungs [35], it is possible that maternal diabetes affects
some other pathway of PC synthesis in fetal lungs [15,
17]. Thirdly, another component of the surfactant i.e.
phosphatidylglycerol is now considered to be important
in lowering the surface tension of alveoli and this may
be affected by maternal diabetes [36]. Finally, there
could be an impairment of surfactant secretion from fe-
tal lungs during maternal diabetes resulting in surfact-
ant deficiency in the alveoli, despite adequate synthesis
or storage of the surfactant in fetal lungs [37]. The pre-
sent study demonstrates, for the first time, that maternal
diabetes adversely affects secretion of PC from the
lungs of offspring of diabetic mothers (Fig.2b) and that
the defective secretion of surfactant PC may be partly
responsible for the respiratory distress syndrome in in-
fants of diabetic mothers.

PC secretion from the lungs of fetuses of diabetic
mothers was considerably suppressed on day1 after
birth compared with that from the lungs of fetuses of
control pregnant rats (Fig.2b). However, insulin treat-
ment of the diabetic pregnant rats for 1 week restored
PC secretion from the lungs of fetuses of diabetic moth-
ers to control values (Fig.2b). These results demon-
strate that secretion of surfactant PC from the newborn
rat lungs is dependent on the circulating levels of insu-
lin and/or carbohydrate metabolism.

During maternal diabetes, the fetus is exposed to
hyperglycaemia and hyperinsulinaemia [37-40], both of
which inhibit glycogenolysis and lower synthesis of sur-
factant phospholipids in fetal lungs [9, 11, 12]. In the
present study, rat fetuses were exposed to hypergly-
caemia which subsided to almost normal serum glucose
levels in newborn after parturition (Table 1). The results
suggest that insulin secretion and its ability to lower
blood glucose levels in newborns of diabetic mothers
was not adversely affected. It is known that the off-
spring of diabetic mothers generally show macrosomia
[40]. However, the body and lung weights of the fetuses
of diabetic pregnant rats were little affected in the pre-
sent study (Table 2). It is possible that the duration of
maternal diabetes and exposure of rat fetuses to hyper-
glycaemia was not long enough to affect body and lung
weights [34]. Further, it has been shown that mild and
intermittent hyperglycaemia in pregnant mothers re-
sults in fetal macrosomia [37, 41], whereas severe hyper-
glycaemia, which appeared to be the case in the present
study, brings about fetal microsomia [14, 17].
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To examine a possible relationship between mater-
nal phospholipid metabolism and fetal lung matura-
tion, we examined the synthesis and secretion of PC in
both fetal and maternal lungs together with maternal se-
rum phospholipid levels on different days of gestation
(Fig.3a, b). The results show that alterations in mater-
nal serum phospholipids during late pregnancy may re-
flect changes in the rate of PC secretion from maternal
lungs. An increase in PC synthesis by fetal lungs on
day 21 of gestation was accompanied by a concomittant
decrease in the maternal serum phospholipids and fol-
lowed the enhanced secretion of PC by the maternal
lungs (Fig.3a, b). These results suggest that there may
be a dynamic relationship between maternal phospho-
lipid metabolism, maternal serum phospholipid level
and fetal lung maturation. Secretion of PC from lungs
of diabetic pregnant rats was reduced in later stages of
pregnancy and after parturition (Fig.2a). However, se-
rum phospholipid levels in diabetic pregnant rats were
not much affected (Fig.3a, b). These results are consis-
tent with the view that there may be another tissue
source of serum phospholipids in pregnant rats, such as
the liver [42].

Glatz et al. [31] have shown the uptake of intact ra-
diolabelled PC from the alveolus into lung tissue; the
same PC was found later in the lamellar bodies. Bie-
zenski [32] reported the placental transfer of intact
phospholipids into fetal rabbit circulation during early
gestation. However, near-term these phospholipids
were partly stored in lung tissue and partly hydrolysed
in the placenta, and the hydrolysed fragments appeared
in fetal circulation and were utilized for the synthesis of
phospholipids by fetal organs. Tsao et al. [33] reported
enhanced synthesis and secretion of PC in lungs of
pregnant rabbits treated with hydrocortisone. Since this
treatment also resulted in enhanced synthesis of phos-
pholipids by fetal lungs, these authors concluded that
acceleration of PC secretion from maternal lungs by hy-
drocortisone may be related to enhanced fetal lung mat-
uration in response to steroids. Shafrir and Khassis [34]
have reported a significant correlation between the tri-
glyceride and non-esterified fatty acid levels of the ma-
ternal plasma and the triglyceride levels of placenta and
fetus in the case of rats made diabetic with streptozoto-
cin on day 12 of pregnancy. These authors concluded
that fetal lipids during rat pregnancy originate from
both maternal fatty acids and those synthesized in situ,
and the diabetes-induced increment in fetal triglyceride
content is derived from pre-formed maternal triglycer-
ide or non-esterified fatty acids. Results of all these
studies appear to support the view that there may be a
dynamic relationship between maternal phospholipid
metabolism and fetal lung maturation during pregnan-

cy.
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