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The set point for maternal glucose homeostasis is lowered during 
late pregnancy in the rat: the role of the islet beta-cell and liver 
C. J. Nolan, J. Proietto 

University of Melbourne, Department of Medicine, Royal Melbourne Hospital, Victoria, Australia 

Summary The aim of this study was to determine the 
effects of late pregnancy on the ability of insulin to 
suppress maternal  hepatic glucose production in the 
rat. Unlike in most previous studies, suppression of 
hepatic glucose product ion was measured at levels of 
glycaemia above the relatively hypoglycaemic basal 
pregnant level. Glucose kinetics were measured using 
steady-state tracer methodology in chronically cathe- 
terised, conscious virgin control and pregnant rats, 
firstly, during basal and low-dose hyperinsulinaemic 
euglycaemic clamp conditions and secondly, during a 
three-step glucose infusion protocol (glucose infusion 
rates of 0, 60 and 150 ~tmol - kg -1 �9 min-1). During the 
clamps, plasma glucose levels were not different 
(6.1 +0.4 vs 6 .5+0.3 mmol/1, pregnant vs virgin; 
N.S.), but plasma insulin levels were higher in the 
pregnant  rats (242 + 30 vs 154 + 18 pmol/1, pregnant 
vs virgin; p < 0.05) most probably due to stimulated 
endogenous insulin release in this group. Hepatic glu- 
cose product ion was suppressed from basal levels by 
41% in virgin and 90 % in pregnant  rats. During the 

glucose infusion studies, at matched insulin levels 
(147 + 10 vs 152 + 14 pmol/1), but at plasma glucose 
levels which were much lower in the pregnant  rats 
(5.5 + 0.2 vs 8.4 + 0.6 mmol/l,  pregnant  vs virgin; 
p < 0.0001), hepatic glucose product ion was shown to 
be suppressed by a similar degree in both groups 
(41 + 5 vs 51 + 5 % from basal, pregnant  vs virgin; 
N.S.). Both  the plasma insulin and percentage sup- 
pression of hepatic glucose product ion dose re- 
sponses to plasma glucose were markedly shifted to 
the left indicating that the plasma glucose set point is 
lowered in pregnancy. In conclusion, suppression of 
hepatic glucose product ion by insulin is not impaired 
and the set point  for plasma glucose homeostasis is 
lowered during late pregnancy in the rat. [Dia- 
betologia (1996) 39: 785-792] 

Keywords Pregnancy, glucose homeostasis, hyperin- 
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Adapta t ion of the maternal  hormonal  and metabolic 
milieu during late pregnancy is undoubtedly geared 
to the maintenance of an optimal fuel mix for transfer 
via the placenta to the developing fetus [1-3]. In the 
fasting state, fetal glucose demands are met  by an 
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increase in maternal  hepatic glucose product ion [4- 
7] and a reduct ion in maternal  peripheral  glucose uti- 
lisation [4, 8, 9]. In the fed state, maternal  peripheral  
insulin resistance enables further 'sparing' of glucose 
for feto-placental use by limiting maternal  peripheral 
glucose uptake  [4, 8, 10-12]. The roles of the maternal  
endocrine pancreas and liver in glucose homeostasis 
during the fed state in late pregnancy, however, are 
not  well understood.  

It is well established that the insulin secretory re- 
sponse of maternal  islet beta cells to glycaemic stim- 
uli is markedly enhanced late in normal  pregnancy 
[1-3, 13-15]. Generally, it is believed that this beta- 
cell hyperresponsiveness is compensatory for the 
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insul in  res is tance .  I t  is no t  k n o w n ,  h o w e v e r ,  w h e t h e r  
the  r e su l t an t  m a r k e d  p o s t p r a n d i a l  e l eva t i ons  in por- 
tal  insul in  have  a ro le  in a d a p t i n g  hepa t i c  g lucose  
and  i n t e r m e d i a r y  m e t a b o l i s m .  C e n t r a l  to  the  under-  
s t and ing  o f  this is the  u n r e s o l v e d  issue o f  w h e t h e r  
the  m a t e r n a l  l iver  is, o r  is not ,  r es i s tan t  to  the  act ion 
o f  insul in  in pregnancy .  

P r e v i o u s  inves t iga tors  using h y p e r i n s u l i n a e m i c  eu- 
g l y c a e m i c  c l amp  t e c h n i q u e s  in ra ts  [16, 17] an d  rab- 
bits [10, 18, 19] have  c o n c l u d e d  that ,  in pregnancy,  
the  supp re s s ion  of  hepa t i c  g lucose  p r o d u c t i o n  
( H G P )  by  insul in  is impa i red .  In  con t ras t ,  us ing the 
s a m e  t e c h n i q u e ,  the  suppres s ion  o f  H G P  or  hepa t i c  
insul in  sensi t iv i ty  has  b e e n  s h o w n  to  be  u n c h a n g e d  
in w o m e n  [7] and  e n h a n c e d  in s h e e p  [20]. T h e  val idi ty 
o f  the  conc lus ions  o f  these  studies,  howeve r ,  needs  
ca re fu l  cons ide ra t i on .  Firstly, in all t he  an ima l  s tudies 
[10, 16-19]  the  c lamps  w e r e  p e r f o r m e d  at  the  basal 
g l y c a e m i a  o f  e ach  g r o u p  which  was inva r i ab ly  lower  
in the  p r e g n a n t  c o m p a r e d  to  n o n - p r e g n a n t  groups.  A 
d i rec t  c o m p a r i s o n  b e t w e e n  p r e g n a n t  and  non-p reg -  
n a n t  animals ,  t h e r e f o r e ,  is no t  e n t i r e l y  val id  as insulin 
is d e p e n d e n t  on  the  p reva i l ing  g lucose  leve l  for  its 
abi l i ty  to  suppress  H G P  [21-23].  Secondly ,  in all these  
an ima l  studies,  add i t i ona l  g lucose  t r a c e r  was no t  ad- 
de d  to  the  g lucose  in fusa te  so as to  avo id  la rge  falls 
in g lucose  specif ic  act iv i ty  dur ing  the  c l amp  proce-  
dures.  I t  has  b e e n  shown  tha t  t r a c e r  e s t ima t ions  of  
H G P  dur ing  h y p e r i n s u l i n a e m i c  e u g l y c a e m i c  c lamps 
can  be  u n d e r e s t i m a t e d  if the  g lucose  in fusa te  is not  
l abe l l ed  [24]. In  the  h u m a n  s t udy  [7], val id  conclu-  
sions cou ld  be  m a d e  as the  c l amps  w e r e  p e r f o r m e d  
at 5.0 mmol/1 in all g roups  and  add i t i ona l  t r a ce r  was 
a d d e d  to  the  g lucose  infusate .  

In  the  c u r r e n t  s tudies  we set  ou t  to  d e t e r m i n e ,  with 
the  m e t h o d o l o g i c a l  diff icul t ies  o f  the  p r e v i o u s  s tudies 
in mind ,  the  e f fec ts  o f  la te  p r e g n a n c y  in the  ra t  o n  the 
suppress ib i l i ty  o f  H G P  by  insulin.  H y p e r i n s u l i n a e m i c  
e u g l y c a e m i c  c l amp  p r o c e d u r e s  w e r e  p e r f o r m e d  in 
ch ron i ca l l y  ca the te r i sed ,  consc ious  con t ro l  virgin 
and  p r e g n a n t  rats. C l a m p  g l y c a e m i a  was m a t c h e d  in 
b o t h  g r o u p s  at the  virgin basal  level .  T h e  suppress ion  
of  H G P  was also assessed in c o n t r o l  virgin and  preg-  
na n t  ra ts  du r ing  a g lucose  in fus ion  p r o t o c o l  in which 
g l y c a e m i a  was a l lowed  to  rise a b o v e  the  eug lycaemic  
ranges.  

Materials and methods 

Experimental animals. Female, age-matched (100 days on 
day 0) Sprague Dawley rats (Monash University Animal Facil- 
ity, Clayton, Vic., Australia) were used. The studies were per- 
formed in unstressed, chronically catheterised, conscious, con- 
trol virgin and pregnant rats. All animals were housed in a tem- 
perature controlled environment (22~ and were subject to 
controlled lighting (12 h dark/12 h light). Animals had free ac- 
cess to water and standard laboratory chow (Barastoc, Paken- 
ham, Vic., Australia). Chronic bilateral jugular catheters were 

inserted under intraperitoneal pentobarbitone (Boehringer In- 
gelheim, Artarmon, NSW, Australia) anaesthesia (60 mg/kg) 
on day 0. The intravenous part of the catheters was made 
from silastic tubing (internal diameter (ID) 0.020 inches; Dow 
Coming, Midland, Mich., USA), while the subcutaneous and 
exteriorised parts were made from medical grade polyethylene 
tubing (ID 0.58 mm; Dural Plastics, Auburn, NSW, Australia). 
The first catheter was positioned via the right jugular vein in 
the right atrium for blood sampling. The second, shorter cathe- 
ter was placed in the left jugular vein for infusions. Once se- 
cured into the veins, the free ends were tunnelled subcutane- 
ously to the back of the neck, exteriorised through a skin inci- 
sion and flushed with i ml 0.9 % NaC1 containing 10 U/ml hep- 
arin (Bull Laboratories, Mulgrave, Vic, Australia). The exteri- 
orised ends were then heat sealed 3 cm from the skin. Follow- 
ing the surgery, the rats were individually housed in specially 
designed metabolic cages and allowed to recover. 

All metabolic tests were performed on day 7 at which time 
the pregnant rats were at 19 days gestation. Laboratory chow 
was removed at 06.00 hours, the catheters were connected to 
infusion and sampling pumps (Gilson Minipuls 2; Villiers, Le- 
bel, France) at 08.00 hours and the experiments commenced 
at 10.00 hours (time 0 min). In all experiments, the sampling 
catheters and connecting tubing were filled with heparinised 
saline to maintain patency between blood samples. In order to 
avoid anaemia and intravascular volume depletion, the eryth- 
rocytes from all blood samples were resuspended in heparin- 
ised saline and transfused back to the same rat periodically 
through the respective experiment. Throughout the experi- 
ments the rats were allowed to move freely within the confines 
of the metabolic cages. In all experiments a baseline blood 
sample (300 ~tl) was taken at time 0 min. Two series of studies 
were performed. 

Hyperinsulinaemic euglycaemic clamp studies. Whole-body 
glucose kinetics were measured under basal and hyperinsulin- 
aemic euglycaemic conditions in virgin and pregnant rats as 
follows. A primed (5 min priming dose of 12.5 ~tCi/kg), contin- 
uous infusion (0.25 ~tCi. kg -1. rain -1) of [6-3H]glucose (New 
England Nuclear, Boston, Mass., USA) was commenced at 
time 0 min. A primed (10 • continuous rate for 5 min) continu- 
ous infusion of insulin (Actrapid; CSL-Novo, North Rocks, 
NSW, Australia) at either 0 (basal studies), 12.0 (virgin clamp) 
or 9.6 pmol. kg -1. min -1 (pregnant clamp) was also com- 
menced at time 0 min. The 20 % lower insulin infusion rate 
was used in the pregnant clamp studies as the volume of distri- 
bution of maternal insulin in the pregnant rat does not include 
the fetus. The [6-3H]glucose and insulin were infused together 
in a solution of 0.9 % NaC1 and Haemaccel (ratio 9:1). During 
the clamp studies blood glucose was measured every 10 min 
and accordingly a variable 20 % glucose infusion was used to 
maintain plasma glucose at 6.0 mmol/1 in both groups. To avoid 
large fluctuations in plasma glucose specific activity, 7.0 IxCi/ml 
[6-3H]glucose was added to the 20 % glucose infusate. Steady- 
state plasma glucose and exogenous glucose infusion rates 
were achieved in the clamp studies by 80 min. Three blood 
samples (300 Ixl) spaced at 10-rain intervals were taken from 
time 100 min in both the basal and clamp studies for plasma 
glucose, insulin and [6-3H]glucose specific activity determina- 
tions. At the end of the experiments timed collections of the 
infusates were obtained for accurate determination of the 
[6-3H]glucose and exogenous cold glucose infusion rates. 

Glucose infusion studies. Whole-body glucose kinetics were 
measured basally and during low- and high-dose glucose infu- 
sions in virgin and pregnant rats. A primed (5 min priming 
dose of 12.5 ~tCi/kg) continuous infusion (0.25 ~tCi-kg -1. 
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Table 1. Plasma glucose and insulin levels, GIR, Total Ra, HGP and MCR during the basal and hyperinsulinaemic euglycaemic 
clamp studies in virgin and pregnant rats 

Virgin Pregnant 

Basal Clamp Basal Clamp 

Glucose (mmol/l) 
Insulin (pmol/1) 
GIR (btmol. kg < - min q) 
Total Ra (btmol �9 kg q �9 min q) 
HGP (btmol - kg -1 - min 1) 
MCR (ml. kg -1 - min 1) 

6.7 + 0.2 6.5 _+ 0.3 4.8 • 0.1  b 6.1 • 0.4 
79 + 6 154 _+ 18 89 • 9 242 + 30 c 

- 8 0  • 5 - 1 3 5  • 14 d 
49 + 3 109 + 5 60 • 3 a 140 + 11 c 
49 + 3 29 + 3 60 • 3 a 6 • 60 
7.3 • 0.4 17 • 1 12.6 • 0.7 b 23 + 2 r 

Values are means + SEM of 7-8 rats in each group, a p < 0.05, b p < 0.0001 VS basal virgin; c p < 0.05, a p < 0.01 vs clamp virgin 

min 1) of [6-3H]glucose in 0.9 % NaC1 was commenced at time 
0 min. In addition, 10 % glucose was infused at a constant rate 
of 60 ~tmol �9 kg i. min < (low dose) from time 120 to 180 min 
and 25 % glucose was infused at a constant rate of 150 ~mol. 
kg -1- rain -1 (high dose) from time 180 to 240 min. To avoid 
large fluctuations in plasma glucose specific activity, 3.5 and 
8.75 ~tCi/ml [6-3H]glucose was added to the 10 % and 25 % glu- 
cose infusates, respectively. Three blood samples (300 ~tl) 
spaced at 10-min intervals were taken at the end of each infu- 
sion period (i. e. from time 100 min, 160 min and 220 min) for 
plasma glucose, insulin and [6-3H]glucose specific activity de- 
terminations. At the end of the experiments, timed collections 
of all the infusates were obtained for accurate determination 
of the [6-3H]glucose and exogenous cold glucose infusion rates 
for each period. 

Analytical methods. Glucose levels in blood and plasma were 
measured using a 23 AM YSI Glucose Analyser (Yellow 
Springs Instrument Company, Yellow Springs, Ohio, USA). 
Plasma insulin was measured using a double antibody method 
(Phadeseph; Pharmacia, Uppsala, Sweden). To measure plas- 
ma glucose specific activity 50 ~tl of the plasma samples were 
deproteinised with an equal volume of saturated Ba(OH)2 
and 5.5 % Z n S O  4. One hundred microlitres of each superna- 
tant was passed through an anion exchange resin column 
(Dowex-2X8, 200-400 mesh, C1 form; Bio-Rad Laboratories, 
Richmond, Calif., USA) to remove labelled charged metabo- 
lites (lactate/pyruvate). The columns were washed with dis- 
tilled water and the eluents were dried (60 ~ to remove tritia- 
ted water. The dried eluents were resuspended in 4 ml water 
and after addition of 8 ml scintillation fluid (Readyvalue; 
Beckman, Palo Alto, Calif., USA) were counted for [3H] dpm 
in the gel phase using a beta-scintillation counter (Beckman 
Instruments, Irvine, Calif., USA). The timed [6-3H]glucose 
infusate collections were also dried, resuspended and counted 
as above. 

Calculations. At steady state, the total body glucose appear- 
ance rate (Ra) 0xmol/min) is equal to the total body glucose 
disposal rate (Rd) and Ra equals the glucose tracer infusion 
rate (dprn/min) divided by the plasma glucose specific activity 
(dpm/btmol). In the fasted state, Ra is equal to the hepatic glu- 
cose production rate (HGP). During the hyperinsulinaemic 
clamp and the glucose infusion studies, Ra is equal to the sum 
of HGP and the rate of infused unlabelled glucose. Thus, 
HGP is equal to the difference between the tracer-determined 
Ra and the directly measured glucose infusion rate (GIR). 
The plasma glucose metabolic clearance rate (MCR) (ml/min) 
equals Rd (btmol - kg -1 . min -1) divided by the plasma glucose 
concentration (btmol/ml). 

Statistical analys& 

Results are presented as mean + SEM. Statistical significance 
of differences were assessed by the Student's unpaired or 
paired t-test. 

Results 

All  the  ra ts  u sed  in t he  s t u d y  r e c o v e r e d  wel l  f r o m  the  
su rge ry  a t  d a y  0 a n d  h a d  pos i t i ve  w e igh t  ga ins  f r o m  at  
leas t  d a y  3. O v e r  all t he  e x p e r i m e n t s ,  the  p r e g n a n t  
(P)  c o m p a r e d  to  v i rg in  (V)  ra t s  g a i n e d  m o r e  w e i g h t  
b e t w e e n  d a y  0 a n d  d a y 7  (44_+3 vs 5_+2 g, P vs V; 
p < 0.0001) a n d  w e r e  h e a v i e r  o n  d a y  7 (317 _+ 5 vs 
257 + 4 g, P vs V; p < 0.0001).  

Hyperinsulinaemic euglycaemic clamp studies. Plas -  
m a  g lucose  spec i f ic  ac t iv i t ies  w e r e  s h o w n  to  b e  in 
s t e a d y  s t a t e  o v e r  the  2 0 - m i n  s a m p l i n g  p e r i o d  in b o t h  
the  v i rg in  a n d  p r e g n a n t  ra t s  du r ing  b o t h  t he  b a s a l  
a n d  c l a m p  e x p e r i m e n t s .  I m p o r t a n t l y ,  the  a d d i t i o n  o f  
[6-3H]glucose  t r a c e r  to  t he  g lucose  i n fusa t e  o f  t he  
c l a m p  s tud ies  a v o i d e d  the  p r o b l e m  of  a d e l a y  in 
r e a c h i n g  s t e a d y  s t a t e  and ,  t h e r e f o r e ,  the  p o t e n t i a l  
p r o b l e m  o f  H G P  u n d e r e s t i m a t i o n  [24]. 

T h e  basa l  a n d  c l a m p  p l a s m a  g lucose ,  p l a s m a  insu-  
lin a n d  w h o l e - b o d y  g l u c o s e  k ine t i c  d a t a  a re  s h o w n  in 
Tab l e  1. U n d e r  ba sa l  cond i t ions ,  p l a s m a  g l u c o s e  was  
28 % l o w e r  in t he  p r e g n a n t  c o m p a r e d  to v i rg in  rats.  
Basa l  insul in  l eve l s  w e r e  n o t  d i f fe ren t .  To ta l  R a  o r  
H G P  was  22 % h i g h e r  a n d  M C R  was  73 % h i g h e r  in 
the  p r e g n a n t  c o m p a r e d  to  v i rg in  rats. U n d e r  t h e  
c l a m p  cond i t ions ,  as p l a n n e d ,  the  p l a s m a  g l u c o s e  le-  
ve l  a c h i e v e d  fo r  t he  p r e g n a n t  ra ts  was  n o t  d i f f e r e n t  
f r o m  the  v i rg in  rats.  Th i s  l eve l  was  s ign i f ican t ly  h igh-  
e r  t h a n  the  ba sa l  l eve l  fo r  the  p r e g n a n t  r a t s  
(p < 0.01). T h e  c l a m p  p l a s m a  insul in  levels  w e r e  n o t  
m a t c h e d  b e t w e e n  g r o u p s  b e i n g  54 % h i g h e r  in t h e  
p r e g n a n t  rats.  In  o r d e r  to  a c h i e v e  m a t c h e d  p l a s m a  
g lucose  levels,  the  G I R  fo r  the  p r e g n a n t  c o m p a r e d  
to  v i rg in  r a t s  was  69 % higher .  To ta l  R a  a n d  M C R  
w e r e  aga in  s ign i f i can t ly  h i g h e r  in the  p r e g n a n t  c o m -  
p a r e d  to  v i rg in  ra t s  in t he  c l a m p  studies.  H G P  was  
s u p p r e s s e d  d u r i n g  the  c l a m p s  b y  4 1 %  f r o m  b a s a l  in 
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Table  2. P l a sma  glucose  speci f ic  activity levels at sampl ing  t imes 
dur ing  the  g lucose  infus ion  s tud ies  in virgin and p r e g n a n t  rats 

Plasma glucose specific Virgin Pregnant  
activity (dpm/~tmol) 

Basal 
100 min 12 290 + 2660 9 390 _+ 1640 
110 min 13 020 + 2970 9205 + 1632 
120 min 12390 + 2620 9016 + 1410 

Low glucose infusion period 
160 min 12610 + 1624 12200 _+ 1110 
170 min 12990 + 1533 12660 _+ 1280 
180 min 13 560 + 1900 13 670 + 1280 a 

High glucose infusion period 
220 min 11850 + 1530 12070 + 730 
230 min 11820 + 1392 12750 + 880 
240 min 11390 + 1243 12480 + 700 

Values are  m e a n s  + S E M  of  6 ra ts  in each  group, a p < 0.05 vs 
p r e g n a n t  160 min  using pa i r ed  t - t e s t  

the virgin rats and by 90 % from basal in the preg- 
nant rats. 

Glucose infusion studies. Plasma glucose specific ac- 
tivity results for these studies are shown in Table 2. 
Plasma glucose specific activities were at steady state 
for the 20 min of sampling during the basal and the 
high-dose glucose infusion periods in both groups. 
Glucose specific activity, however, tended to increase 
throughout  the 20 min sampling period of the low- 
dose glucose infusions in both the pregnant and virgin 
rats (12 % and 8 %, respectively); being significant in 
the pregnant rats only. The addition of [6-3-H]glucose 
tracer to the glucose infusates successfully avoided 
large changes in glucose specific activity such that 
the small rises in glucose specific activity in the low- 
dose glucose infusion periods of both groups were 
most probably due to small, but real, reductions in 
H G P  over the t ime of sampling. The reported HGP 
results for the low-dose glucose infusion periods, cal- 
culated using the steady-state formula, were not  dif- 
ferent to the results calculated using the non-steady- 
state formula of Steele [25]. 

The plasma glucose, insulin and whole-body glu- 
cose kinetic results for these studies are shown in 
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Table 3. The pat tern of basal glucose kinetics was 
not different to that described above. The measured 
low- and high-glucose infusion rates, expressed per 
unit of rat weight, tended to be slightly higher in the 
pregnant than the virgin rats; but the differences 
were not statistically significant. The plasma insulin 
levels measured during the low- and high-glucose in- 
fusion periods were 47 % and 116% higher in the 
pregnant rats, respectively, compared to the corre- 
sponding levels in the virgin rats. The plasma glucose 
level remained lower and the plasma glucose MCR 
levels remained higher in the pregnant compared to 
virgin rats during the glucose infusion periods; al- 
though these differences were only significant for 
the low-glucose infusion period. HGP, expressed per 
unit of rat weight, was suppressed to similar levels in 
both groups during the respective glucose infusion 
periods. 

The dose-responses of plasma insulin to plasma 
glucose and the percentage suppression of HGP  to 
plasma glucose for the pregnant  and virgin rats are 
shown in Figure 1A and B, respectively. Both were 
markedly shifted to the left in the pregnant rats. The 
dose-responses of the percentage suppression of 
HGP to plasma insulin and the increment in plasma 
glucose MCR to plasma insulin for the pregnant and 
virgin rats are shown in Figure 2A and B, respec- 
tively. The dose-responses of the percentage suppres- 
sion of HGP to plasma insulin were not different be- 
tween the groups. The dose-response of the incre- 
ment  in plasma glucose M C R  to plasma insulin, how- 
ever, was shifted to the right in the pregnant com- 
pared to virgin rats. 

Discussion 

The present studies show that HGP suppression by 
insulin is not impaired during late pregnancy in the 
rat. Furthermore,  this suppression occurs, in associa- 
tion with the stimulation of insulin secretion, at a low- 
er level of glycaemia than in virgin rats. These results 
indicate that the set point  for plasma glucose homeo- 
stasis is lowered during late pregnancy in the rat due 

Table  3. P l a s ma  g lucose  and  insulin levels, G I R ,  Total Ra ,  H G P  and  M C R  dur ing the  basal ,  low g lucose  infusion (Low G. Inf.) and  
high glucose infus ion  (High  G. Inf.)  pe r iods  in virgin and  p r e g n a n t  rats 

Virgin Pregnant  

Basal Low G. Inf. High G. Inf. Basal Low G. Inf. High G. Inf. 

Glucose (mmol/1) 5.7 + 0.3 6.9 _+ 0.3 8.4 _+ 0.6 4.3 _+ 0.1 b 5.5 _+ 0.2 e 7.7 _+ 0.4 
Insulin (pmol/1) 68 + 11 104 + 11 152 + 14 94 + 9 147 _+ 10 c 326 + 27 f 
G I R  (~mol �9 kg -1 �9 min -1) - 54 _+ 4 134 + 9 - 60 + 2 151 + 5 
Total Ra (txmol - kg 1. min 1) 48 + 3 89 + 3 158 + 10 56 + 5 93 + 4 169 + 10 
H G P  (vmol �9 kg -1 . min -~) 48 + 3 35 _+ 4 24 + 3 56 + 5 33 _+ 4 18 + 8 
M C R  (ml - kg -~ - min -1) 8.5 + 0.2 13.0 _+ 0.6 19.4 + 2.2 13.1 _+ 1.2 a 17.0 + 0.9 a 22.3 + 2.0 

Values are  m e a n s  _+ S E M  of  6 rats  in each  group,  a p < 0.05, b p < 0.005 VS basal  virgin, c p < 0.05, d p < 0.01, e p < 0.005 VS lOW glucose  
infus ion virgin, f p  < 0.001 vs h igh  g lucose  infus ion virgin 
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to adaptations in the pancreat ic  islet-hepatic axis. It is 
also apparent  f rom these studies, that despite the 
wel l -documented  per ipheral  insulin resistance of late 
pregnancy, overall glucose assimilation is enhanced 
at this stage in the pregnant  rat. 

The hyperinsulinaemic euglycaemic clamp studies 
convincingly show that H G P  is almost totally sup- 
pressible in the pregnant  rat  at only modera te  levels 
of  hyperinsul inaemia ( -  240 pmol/l). This is at wide 
variance with the results of  Rossi et al. [17] who also 
pe r fo rmed  hyperinsul inaemic euglycaemic clamp 
studies in unstressed, chronically catheterised con- 
scious rats. They found that  in late pregnancy H G P  
was suppressible by only 20-30 % at extremely high 
levels of matemal  plasma insulin ( -  1700-2400 pmol/1). 
The main difference be tween  their study and the 
present  one was the level of  glycaemia at which the 
pregnant  rats were  c lamped (4.0-4.1 mmol/1 in Rossi 
et al. [17] vs 6.1 mmol/1 in the present  study). These 
varying results suggest that  the ability of insulin to 
suppress HGP, at least in pregnancy, does depend on 
the  level of  the prevailing plasma glucose. It also 
needs  to be taken into account,  however,  that the pe- 
r iod of food removal  prior to metabolic testing was 
quite long (24 h) in the s tudy of Rossi et al. [17], as it 
was also in some of the rabbit  studies (18 h) [18, 19]; 

whereas  food was removed  only 4 h prior to the com- 
m e n c e m e n t  of metabolic testing in the current  study. 
It has been  shown in non-pregnant  anaesthetised 
rats, that prolonged fasting (3 days) impairs the abil- 
ity of insulin to both suppress H G P  and promote  pe- 
ripheral  glucose utilisation [26]. It may  be that the 
24-h fast in the pregnant  rats in the study of Rossi et 
al. [17] was equivalent  to a 3-day fast in non-pregnant  
rats due to the well-described p h e n o m e n o n  of 'accel- 
e ra ted  starvation'  of pregnancy [1, 2, 4]. 

Conclusions concerning differences in peripheral  
and hepatic  insulin sensitivity be tween  the virgin and 
pregnant  rats cannot  be made  f rom the current  clamp 
studies as the insulin levels achieved were different 
be tween  the groups. The higher insulin levels in the 
pregnant  rat clamps were  almost certainly due to en- 
dogenous  release of insulin f rom the maternal  beta  
cells in response to the small rise in glycaemia. It is 
becoming clear, therefore ,  that  the hyperinsul inaemic 
euglycaemic clamp has serious limitations when  it 
comes to comparing the insulin sensitivity of preg- 
nant  and non-pregnant  groups. Correc t ion  of the dis- 
parity be tween  the basal glucose levels in the clamps 
results in ei ther  elevated endogenous  insulin levels 
in the pregnant  rats (if the glucose level of the 
pregnant  group is raised) or an imbalance in the 
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counter-regulatory hormones  (if the glucose level of 
the non-pregnant  group is lowered). 

The glucose infusion studies were performed in or- 
der to assess the control of endogenous glucose pro- 
duction during pregnancy in the more  physiological 
circumstances of concurrently raised plasma insulin 
and glucose levels. These studies also had a further 
advantage over the clamp studies in that the only 
source of insulin was entirely endogenous. The dose- 
responses of plasma insulin to plasma glucose 
(Fig. 1A) and the percentage suppression of hepatic 
glucose product ion to plasma glucose (Fig. 1B) were 
similar in that both were markedly shifted to the left 
in the pregnant  rats. Both these results indicate that 
the maternal  glucose set point is lowered in late preg- 
nancy in the rat. It is also clearly apparent  from Fig- 
ure 1A that the beta cell is hyperresponsive to glu- 
cose in pregnancy, as is indicated by the increased 
slope of the response. The shift of the insulin to glu- 
cose dose-response curve is consistent with previous 
reports [27, 28], as is the hyperresponsiveness of insu- 
lin secretion to glucose [1-3, 13-15]. 

The molecular basis of the adaptat ion in the mater- 
nal beta cells to late pregnancy is not known, but 
there is considerable evidence which implicates the 
gestational hormones  oestrogen [3, 14], progesterone 
[3, 14] and placental lactogen [3, 27, 28] as being im- 
portant. It is also interesting to speculate that ele- 
vated non-esterified fatty acids (NEFA), as found in 
pregnancy, may have a role in the beta cell adaptation 
as it has been shown that exposure to NEFA increase 
low K m glucose usage in cultured normal  islets [29]. 
Undoubtedly  the stimulation of insulin release at a 
lowered glucose level will be a major  contributor to 
the lowered glucose set point for H G P  suppression. 
It is not  possible to determine from these studies, 
however, whether  intrinsic adaptat ion of the hepato- 
cyte to late pregnancy also contributes to the plasma 
glucose set point  lowering. The glucose set point  for 
the suppression of glucagon secretion has not  been 
explored in the current studies but could potentially 
be important  to the control of H G E  Enhanced  sup- 
pression of glucagon by glucose late in pregnancy 
has been shown in human pregnancy [30]. 

The dose-responses of the percentage suppression 
of H G P  to plasma insulin (Fig. 3A), were not differ- 
ent between the pregnant and virgin groups, at least 
within the insulin ranges which overlapped ( - 9 0 -  
150 pmol/1). Direct comparison of hepatic insulin sen- 
sitivity is again difficult, however, as disparity exists 
in the levels of glycaemia between groups for any 
given insulin level. Nevertheless, the finding that 
HGP was suppressed to a similar degree in both 
groups (41 + 5 vs 51 + 5 % from basal, P vs V; N.S.) 
at matched insulin levels (147 _+ 10 vs 152 + 14 pmol/l, 
P vs V; N.S.) but at plasma glucose levels which were 
much lower in the pregnant rats (5.5_+0.2 vs 
8.4 + 0.6 mmol/1, P vs V;p < 0.0001), is very suggestive 

that the pregnant  compared to virgin liver is at least as 
sensitive to insulin. This finding is therefore more in 
keeping with the results of the previously reported 
sheep [20] and human  [7] clamp studies, both of which 
failed to show maternal  hepatic insulin resistance late 
in pregnancy. 

Glucose assimilation in the pregnant compared to 
virgin rats was shown to be enhanced during the 
clamp studies. The GIR required to maintain plasma 
glucose at about  6 mmol/1 was 68 % higher if ex- 
pressed per unit of rat weight, or 99 % higher if ex- 
pressed per whole rat (p < 0.005), in the pregnant 
compared to virgin rats. Glucose assimilation was 
also shown to be enhanced in the pregnant rats during 
the lower dose glucose infusion of 60 m m o l - k g  -1. 
min -a, as plasma glucose remained significantly lower 
in this group. The higher GIR of 150 m m o l .  kg -1- 
min -1 resulted in similar glucose levels in both groups. 
It is important  to realise, however, that the former 
rate of glucose supply is more  physiological than the 
latter higher rate. The reduced slope of the dose-re- 
sponse of the increment  in MCR to plasma insulin in 
the pregnant rats (Fig. 2B) is consistent with there be- 
ing peripheral insulin resistance. While the peripheral 
insulin resistance should have the effect of impeding 
glucose assimilation in the pregnant rats, this was not 
manifest in either study, most probably due to the 
counteractive effects of the beta-cell hyperrespon- 
siveness and effective suppression of HGP. 

The basal results in both the clamp and glucose in- 
fusion studies are consistent with those of previous 
investigators [5-7] in addition to our own previous 
work [4]. In late pregnancy under  basal conditions, 
plasma glucose is lowered despite there being an in- 
creased influx of glucose from the maternal  liver. As 
previously repor ted from our laboratory, this can be 
explained by the effect of glucose loss to the feto-pla- 
cental unit or the 'feto-placental glucose steal phe- 
nomenon '  [4]. The previously reported finding that 
fasting hypoglycaemia also occurs early in pregnancy 
[5, 31], at which time a significant feto-placental glu- 
cose steal is not  operative, suggests that o ther  influ- 
ences (most probably hormonal)  are also involved in 
the lowering of the glucose homeostasis set point. In- 
terestingly, beta-cell hyperresponsiveness develops 
early in pregnancy [31, 32] and this is associated with 
enhanced glucose assimilation at that stage [2]. Ogata 
et al. [5], on the basis of basal findings, also concluded 
that there was lowering of the plasma glucose set 
point in pregnancy. 

With respect to hepatic metabolism, the current 
studies have only assessed the responsiveness of 
HGP suppression to glucose and insulin. The effec- 
tiveness of glucose and insulin to promote  glucose up- 
take by the liver and to stimulate glycogen storage in 
the liver have not  been investigated but are obviously 
important  to the overall control of glucose homeo- 
stasis in pregnancy. It is possible that the 'insulin 
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sensi t ive '  l iver  o f  p regnancy ,  in r e sponse  to  high post-  
prandia l  po r t a l  insul in  levels,  m a y  have  a signif icantly 
e n h a n c e d  capac i ty  to s to re  glucose  in the  f o r m  of  gly- 
cogen  dur ing  the  fed  state.  

We suggest  t ha t  the  adap ta t ions  of  the  pancrea t i c  
i s le t -hepat ic  axis dur ing  pregnancy,  which  resul t  in 
the  lower ing  o f  the  p l a sma  glucose  set point ,  a re  re- 
sponsible  fo r  the  p rocess  of  ' fac i l i ta ted  anabo l i sm '  as 
p r o p o s e d  by  F r e i n k e l  [1]. In  ear ly  pregnancy ,  'facili- 
t a t ed  anabo l i sm '  involves  b o t h  the  m a t e r n a l  l iver 
and  pe r i phe ra l  t issues wi th  the  resu l t an t  e f fec t  of  an 
a cc um ula t i on  o f  m a t e r n a l  ene rgy  s tores  p r e d o m i -  
nant ly  in the  f o r m  of  ad ipose  t issue t r ig lycer ide  [1, 
2]. In late p regnancy ,  the  ef fec ts  of  ' fac i l i ta ted  anabo-  
lism' are  r e s t r i c t ed  to  the  m a t e r n a l  l iver  due  to  the 
d e v e l o p m e n t  o f  insul in res is tance  p r e d o m i n a n t l y  
within the  m a t e r n a l  p e r i p h e r a l  tissues. In the  fed 
state,  the  p e r i p h e r a l  insul in res is tance  spares  glucose 
for  use by  the  f e to -p l acen t a l  unit .  The  m a t e r n a l  liver, 
however ,  via  ' f ac i l i t a ted  anabo l i sm '  buf fers  this 
spa red  g lucose  such tha t  the  deve lop ing  fe to -p lacen-  
tal  unit  does  no t  n e e d  to  deal  with m a r k e d  surges  in 
glucose  supply. 

In conc lus ion ,  m a j o r  adap ta t ions  of  the  panc rea t i c  
i s le t -hepat ic  axis o c c u r  in n o r m a l  p r e g n a n c y  in the 
rat  which resu l t  in lower ing  of  the m a t e r n a l  p lasma 
glucose  set po in t .  C o n s i d e r a t i o n  needs  to  be  g iven  to 
the  m e c h a n i s m s  u n d e r l y i n g  these  adap ta t ions  and  to 
the  ro le  tha t  t h e y  p lay  in the  con t ro l  of  g lucose  ho-  
meostas is  in b o t h  n o r m a l  and  d iabet ic  h u m a n  preg-  
nancy. 
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