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Summary. The lungs of fetuses of streptozotocin-diabetic rats 
were examined for their ability to incorporate u-laC-glucose 
into phosphatidyl choline, phosphatidyl glycerol, phosphati- 
dyl inositol and lysophosphatidyl choline. In the lungs of con- 
trol rats an increased biosynthesis of phosphatidyl glycerol in 
late pregnancy suggested a close association between the pro- 
duction of this phospholipid and the terminal maturation of 
the fetal lung. In the offspring of diabetic rats the incorpora- 
tion of 14C-glucose into phosphatidyl choline, lysophosphati- 
dyl choline and phosphatidyl glycerol was markedly de- 
creased compared with the control rats on gestational day 20, 
whereas no difference was seen at day 22. Insulin treatment of 
the pregnant rats restored the biosynthesis of phosphatidyl 

choline and lysophosphatidyl choline towards normal on ges- 
tational day 20, while the ratio of phosphatidyl glycerol to 
phosphatidyl inositol incorporation of 14C-glucose was de- 
creased, suggesting that the biosynthesis of phosphatidyl gly- 
cerol is more sensitive than that of phosphatidyl choline and 
lysophosphatidyl choline to the metabolic disturbances inher- 
ent in maternal diabetes. The delayed fetal pulmonary matu- 
ration occurred without fetal hyperinsulinism which suggests 
that this latter feature may not be of crucial significance in the 
aetiology of the respiratory distress syndrome. 

Key words: Phosphatidyl glycerol, diabetic pregnancy, fetal 
lung, rat. 

Diabetes mellitus in the pregnant  mother  is associated 
with a delayed maturat ion of  the fetal lung, leading to a 
high incidence of  respiratory distress syndrome in the 
newborn  [1-3]. In diabetic pregnancy, adequate pro- 
duction of  the major  surfactant phospholipid,  disaturat- 
ed phosphat idyl  choline (lecithin) does not preclude the 
development  of  respiratory distress syndrome [4]. It has 
recently been claimed that the presence of  the acidic 
phosphol ipid  phosphat idyl  glycerol (PG) in the amniot- 
ic fluid prevents respiratory distress syndrome in the 
newborn of  the diabetic mother  [4-6]. Delayed onset of  
the product ion of  PG in the fetal lung may be one o f  the 
factors responsible for the decreased pu lmonary  surface 
activity predisposing to respiratory distress syndrome. 

To elucidate this hypothesis further we have investi- 
gated the impact of  maternal  diabetes on PG produc- 
t ion in relation to the biosynthesis of  other  surfactant 
phospholipids.  For  this purpose,  we chose an experi- 
mental  rat model  which permits a study of  well charac- 
terized degrees of  glucose intolerance under  strictly 
controlled conditions [7]. Using this model,  we demon-  
strated previously that severe diabetes in the pregnant  
rat caused morphological  immaturity and a decreased 
biosynthesis of  phosphatidyl  choline (PC) and lyso- 

phosphat idyl  choline (LPC) in the fetal lung, as ob- 
served on gestational day 20 [8]. The aim of  the present 
investigation was to examine the development  of  PG 
biosynthesis in late gestation in the fetuses of  normal 
and diabetic rats; the incorporat ion of  u-t4C-glucose 
into PC, LPC, phosphatidyl  inositol (PI) and PG in fetal 
lung was determined after separation of  the phospho-  
lipids by two-dimensional thin-layer chromatography.  

Materials and Methods 

Course and Termination of Pregnancy 

Manifest diabetes was induced in 3-month-old virgin Sprague-Daw- 
ley rats (Anticimex, Sollentuna, Sweden) by a single IV injection of 
streptozotocin (kindly donated by Dr. W. E. Dulin, Upjohn, Kalama- 
zoo, Michigan, USA) in a dose of 45 mg/kg body weight. Animals 
with a non-fasting serum glucose concentration of > 22 mmol/1 one 
week after the injection were classified as manifest diabetic. 

Treatment with bovine insulin ultralente was commenced in half 
of the diabetic animals. The daily insulin dose (2-8 IU) was adjusted 
according to the serum glucose concentration, which was determined 
twice a week. Non-diabetic female rats of the same age and weight 
served as controls. All animals had access to commercially pelleted 
food (Ewos, S6dertNje, Sweden) and water ad libitum. The animals 
were mated 2-5 weeks after the streptozotocin injection. The day on 



U.J. Eriksson et al.: Fetal Rat-Lung Phosphatidyl Glycerol in Diabetes 

A 

T r  

7 
z 
a 

o 
E 

z 
o_ 
I -  < 

0 

0 
0 
z__ 

0 

I 
0 

4 5 -  

" ~PC 
35- 

25- 
~,~PG 

5 -  

3 -  

1 - L P C  

- , , = I II ..... i , 
DAY 20 DAY 22 2 DAYS ADULT 

POST PARTUM 

Fig. 1. Development of the biosynthesis of lung phospholipids in nor- 
mal rat offspring in the perinatal period. Values from adult rats are in- 
cluded for comparison. Each point represents the mean + SEM of 
four to seven determinations, corresponding to number of litters or 
adult animals, and shows the incorporation of a4C-glucose into phos- 
phatidyl choline G �9 phosphatidyl glycerol O------Q, phosphat- 
idyl inositol A �9 and lysophosphatidyl choline -~ 41 

which a sperm-containing vaginal smear was found was denoted ges- 
rational day 0. The normal rats give birth spontaneously in the late 
afternoon of gestational day 22, and the diabetic and insulin-treated 
diabetic rats 1-5 days later [7]. On gestational days 20 and 22, the 
pregnant rats were killed by a blow on the neck. The fetuses were 
quickly dissected from the uterus and decapitated. The right lungs of 
three to six fetuses from each litter were excised and placed in ice-cold 
Hanks' medium [9]. In addition, lungs from spontaneously born nor- 
mal offspring with a postnatal age of 2 days and lungs from adult, 
non-pregnant female rats were included for comparative purposes. 

Incubation Protocol 

The pooled lungs were cut into pieces (approximately 1 mm 3) in ice- 
cold Hank's medium. Duplicate samples of 10-15 pieces from each 
batch were transferred into 100 gl of a Gey-Gey buffer [10], pH 7.4, 
equilibrated with O2: CO2 (95% : 5%) and containing D-U-14C-glucose 
(5.5 retool/l, spec. act. 18 mCi/mmol). After incubation in a shaking 
water bath for 90 min under an atmosphere of 02: CO2 (95% : 5%), the 
reaction was terminated by the addition of D-glucose (200~tl, 
28 mmol/1). The lung pieces were then washed twice in a salt solution 
[11] and disrupted ultrasonically for 20-30 s (Ultrasonic Disintegrator, 
MSE, London, UK) in 150 ~tl of the washing solution. 

Extraction of the Phospholipids 

After removal of duplicate samples (10 ~1) for DNA estimation 
[12, 13], the lung homogenate was extracted for 1 h in 2 ml of CHC13 : 
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MeOH (2:1) containing 30 ul of carrier egg yolk lipids (Vitrum, Stock- 
holm, Sweden). The lipid extract was washed x 4 to remove water- 
soluble radioactivity as described by Folch et al. [11] and the lipid- 
containing lowe phase (i ml) was evaporated to dryness under N2 and 
redissolved in 50 al of CHCI3 : MeOH (2:1) containing 20 ~tl of a mix- 
ture of chromatographically pure phospholipids (2.5 mg/ml of each 
phospholipid). These lipids were: dipalmitoyl-PC, PI, PG, phosphati- 
dyl ethanolamine (Sigma Chemicals, St. Louis, MO, USA), phosphati- 
dyl serine, LPC and sphingomyelin (Koch-Light Laboratories, Coin- 
brook, Bucks, UK). 

Separation of Phospholipids 

The lipid extract (301xl) was spotted onto pre-coated plates of 
silica gel G (Merck, Darmstadt, FRG) and run 10-15 cm in a two- 
dimensional system [14] using CHCI3 : MeOH : H20 : CH3COOH 
(65 : 25:4: 8) in the first direction and tetrahydrofuran : form- 
aldehydedimethylaeetal: MeOH : 2N NH4OH (40 : 28.5 : 7.8 : 4.2) in 
the second direction. After drying, the plates were sprayed with 2',7'- 
dichlorofluorescein and the phospholipids visualized in ultraviolet 
light. The spots corresponding to PG, PC, PI and LPC were scraped 
off into vials containing MeOH (150 ~1) [15] and Econofluor (2.5 ml, 
New England Nuclear, Boston, MA, USA) was added. Radioactivity 
was measured in a Packard Scintillation Counter, model 3255 (Pack- 
ard Instruments, Downers Grove, IL, USA) with correction for 
quenching by the channels ratio method. 

Statistics 

Statistical calculations in the offspring and adult animals were based 
on the numbers of litters or individual adult animals, respectively. 
Probabilities (p) of chance differences between the different groups 
were estimated by Student's two-tailed t-test [16]. 

Results 

Lung Phospholipid Biosynthesis in Normal Animals 

The  normal  deve lopmen t  o f  the b iosynthes is  o f  PC,  PG,  
L P C  and  PI f rom gestat ional  day  20 up  to a d u l t h o o d  
can  be  seen in Figure  1. The  ma jo r  increase in PC  pro-  
duc t ion  occur red  after the immedia te  neona ta l  per iod.  
The  biosynthesis  o f  L P C  s h o w e d  an ana logous  develop-  
ment ,  the ma jo r  increase towards  adul t  values being 
no ted  after the second  pos tna ta l  day.  The  deve lo p me n t  
o f  PG,  however ,  exhibi ted  a different  pat tern,  with a 
rap id  increase be tween  days  20 and  22, a p la teau  dur ing  
the  neona ta l  per iod  and  a less p r o n o u n c e d  increase up  
to  adul t  values. On ly  the  PI  b iosynthes is  t ended  to 
decrease  t h r o u g h o u t  the per inata l  per iod,  f r o m  1.4 + 
0.2 p m o l .  ~tg D N A - 1 -  h -  1 on  day  20 to 0.8 _+ 0.1 p m o l .  
~xg D N A -  t. h -  t on  day  2 after bir th (0.05 < p < 0.10). 

Lung Phospholipid Biosynthesis in the Fetuses 
of Manifest Diabetic Mothers 

The  rates o f  b iosynthesis  o f  the four  phospho l ip ids  on  
gestat ional  days  20 and  22 are s h o w n  in Table  1. O n  
day  20, the inco rpora t ion  o f  14C-glucose into all o f  the 
phospho l ip ids  except  PI  was decreased.  O n  d a y 2 2 ,  
however ,  the fetal lung phospho l i p id  b iosynthes is  h a d  
accelera ted marked ly  and  was  no t  s ignif icantly differ- 
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Table 1. Phospholipid biosynthesis in the rat fetal lung on gestational days 20 and 22 

D-U-14C-glucose incorporation 

Gestational day 20 Gestational day 22 

Control Manifest Insulin Control Manifest Insulin 
rats diabetic rats treated rats rats diabetic rats treated rats 

Number of litters 8 10 11 9 10 7 
Phosphatidylcholine 20.2 +1.6 12.9 -+0.8 c 18.7 +1.2 f 25.0 +2.6 22.8 +2.5 29.1 +2.7 
Lysophosphatidyl choline 0.34 + 0.05 0.23 _+ 0.02 b 0.35 _+ 0.03 e 0.45 --+ 0.03 0.39 _+ 0.02 0.64 _+ 0.07 b' a 
Phosphatidylglycerol 1.6 +0.2 0.5 +0.1 ~ 0.9 _+0A d 3.5 +0.5 3.1 _+0.5 3.9 _+0.5 
Phosphatidylinositol 1.4 +0.2 1.1 +0.I  1.6 __0.1 1.2 -+0A 1.2 +0.1 1.5 +0.2 
PG/PV 1.5 -+0.5 0.5 4-0 .2  b 0.6 +0.1 b 3.1 +0.3 2.6 _+0.3 2.6 +0.2 

The results are expressed as pmol- p~g DNA -1. h -1 (mean_+ SEM) 
a PG/PI  denotes the ratio between the rates of incorporation into phosphatidyl glycerol and phosphatidyl inositol. Significances: 
b p < 0.05; c p < 0.001 versus control fetuses of the same age; d p < 0.05 ; e p < 0.01 ; f p < 0.001 versus fetuses of the same age from manifest 
diabetic rats 

ent from that in the controls, although a tendency to- 
wards lowered average levels was observed. Conse- 
quently, the PG/PI ratio of ~4C-glucose incorporation 
in the fetuses of diabetic mothers increased significantly 
between gestational days 20 and 22 (p < 0.001). 

Lung Phospholipid Biosynthesis in the Fetuses 
of Insulin- Treated Diabetic Mothers 

Insulin treatment of the mother markedly influenced 
the development of fetal lung phospholipid biosynthe- 
sis. On gestational day 20 the biosynthetic rates of all 
phospholipids (Table 1) in the fetuses of insulin-treated 
diabetic mothers were in the normal range. On that day, 
however, the PG/PI ratio of incorporation was signifi- 
cantly below that in the controls. Two days later, the 
lungs of fetuses from insulin-treated diabetic mothers 
showed a PG/PI ratio in the normal range, the produc- 
tion of PC was normal and that of LPC was slightly in- 
creased compared with the normal and manifest diabet- 
ic groups. 

Discussion 

In rat fetuses a considerable acceleration of lung matu- 
ration occurs between gestational day 20 and birth [171. 
Therefore, the present investigation on the impact of 
maternal diabetes upon lung maturation appertained to 
this particular period of gestation. 

In confirmation of the results obtained with tritiated 
choline [8], we observed a similar trend towards in- 
creased phosphatidyl choline biosynthesis between 
day 20 and day 22 and a further increase up to adult val- 
ues using *4C-glucose. PC was responsible for the great- 
est fractional incorporation of radioactivity from 14C- 
glucose, reaching 85% of the total phospholipids. An 
increase in the phosphatidyl glycerol biosynthesis of 
> 100% between days 20 and 22 is consistent with the 
idea of a strong link between accelerated PG produc- 

tion and the terminal maturation of the fetal lung 
U8-201. 

In the offspring of manifest diabetic rats the 70% re- 
duction of PG biosynthesis accompanied by a minor in- 
hibition of phosphatidyl inositol biosynthesis on day 20 
indicates that one of the major consequences of mater- 
nal diabetes is disturbed regulation of the enzymatic 
steps diverting cytidine diphosphoglyceride from PI to 
PG production in late pregnancy. The other major ef- 
fect of maternal diabetes on the biochemical maturation 
of fetal lungs was marked impairment of the biosynthe- 
sis of PC and lysophosphatidyl choline in the fetuses of 
the manifest diabetic rats, irrespective of whether 3H- 
choline or 14C-glucose was used as the precursor. This 
observation, which has been found to be connected 
with signs of morphological immaturity of Type lI 
pneumoeytes [8] led to the speculation that the produc- 
tion of disaturated PC through the 'LPC pathway' [21] 
could be inhibited in the fetuses of manifest diabetic 
rats. The demonstration in lung lavage, of reduced di- 
saturated PC in fetuses of alloxan-diabetic rabbits [22] 
and in the newborn of streptozotocin-diabetie rat moth- 
ers [23] supports this conclusion. 

Correction of the maternal metabolic disturbance 
by insulin treatment was accompanied by a return to 
normal of surfactant biosynthesis in the fetus. On 
day 20 of gestation the sole exception was only partial 
correction of PG biosynthesis, as shown by the de- 
creased ratio of incorporation of 14C-glucose into PG 
and PI. Interestingly, this finding has a parallel in the 
development of human diabetic pregnancy, in which 
the maturation of PC biosynthesis precedes that of PG 
[4, 5], indicating that the delicate mechanism regulating 
the terminal rise in PG production is very sensitive to 
the metabolic disturbance caused by maternal diabetes, 
even when insulin treatment has resulted in near-nor- 
malization of the blood glucose. 

In an attempt to explain the delayed lung matura- 
tion in diabetic pregnancy, the frequently observed fetal 
hyperinsulinism, which is responsible for several of the 
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features o f  the diabet ic  f e topa thy  s y n d r o m e  has b e e n  in- 
v o k e d  to p lay  a role. In  studies p e r f o r m e d  in vitro, insu- 
lin inhibits the cor t icos teroid  - i nduc e d  increase in PC 
biosynthes is  in fetal lungs [24, 25]. Recen t ly  Gross  et al. 
[26] repor ted  an  inhibi t ion  o f  the p r o d u c t i o n  o f  disatu-  
ra ted  PC  in fetal rabbi t  lungs in o rgan  cultures after 24 h 
o f  exposure  to insulin. O n  the o ther  hand,  insulin st imu- 
lates biosynthesis  o f  g lycogen,  s tructural  l ipids a nd  PG.  
Therefore ,  factors  o ther  t han  insulin mus t  par t ic ipate  in 
the process  leading to the inhibi t ion o f  bo th  PC  and  P G  
p r o d u c t i o n  in diabet ic  p regnancy .  Indeed ,  fur ther  char-  
acter izat ion o f  the fetal endocr ine  panc reas  in the mani -  
fest d iabet ic  g r o u p  has s h o w n  re ta rded  d e v e l o p m e n t  o f  
the B cells [7, 27-29]. Direct  m e a s u r e m e n t  o f  se rum in- 
sulin in these fetuses [8] and  in the offspr ing o f  a l loxan-  
diabet ic  rabbits  [22] has failed also to demons t r a t e  hy- 
per insul inism.  The  fact  tha t  the re ta rded  de ve l opmen t  
o f  the rat fetal lung occurs  wi thou t  fetal hyper insul in-  
ism [8, 30, 31] suggests that  this latter feature is no t  o f  
crucial  s ignif icance to the ae t io logy o f  de layed  pu lmo-  
na ry  ma tu ra t ion  in m a n  [32]. 

O the r  possible explana t ions  for  the de layed  lung 
ma tu ra t i on  in diabet ic  p r e g n a n c y  m a y  involve a short-  
age o f  substrate  for  phospho l i p i d  biosynthesis ,  e. g. fat ty 
acids [33]. Al ternat ively  deficient  cor t icos tero id  ac t ion  
ei ther  in the p r o d u c t i o n  o f  h o r m o n e  [34] or  in the n u m -  
ber  o f  receptors  [35] m a y  lead to de layed  induc t ion  o f  
sur fac tant  biosynthesis .  Bo th  lack o f  substrate  and  defi- 
cient  cor t icos teroid  ac t ion  w o u l d  lead to decreased  pro-  
duc t ion  o f  b o t h  P G  a nd  disa tura ted  PC, wh ich  could  
explain  the m e c h a n i s m  o f  de layed  lung ma tu ra t ion  in 
diabet ic  p regnancy .  

The  present  results under l ine  the close associa t ion 
be tween  e n h a n c e d  biosynthesis  o f  P G  and  late fetal 
lung d e v e l o p m e n t  and  lend suppor t  to the suggested 
m e a s u r e m e n t  o f  P G  in amnio t i c  f luid as an index o f  
p u l m o n a r y  matura t ion .  The  s tudy  stresses the role o f  
ma te rna l  diabetes in de layed  biosynthes is  o f  lung 
surfac tant  in the fetus, with the consequen t ly  increased  
risk o f  p u l m o n a r y  immatur i ty  in the  case o f  pre- te rm 
delivery. 
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