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The feto-placental glucose steal phenomenon is a major cause of
maternal metabolic adaptation during late pregnancy in the rat

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
extent to which a feto-placental glucose steal phe-
nomenon contributes to the process of maternal
metabolic adaptation to late pregnancy. Glucose me-
tabolism was studied in virgin control, pregnant rats
and virgin rats with a phlorizin-induced model of the
feto-placental glucose steal phenomenon. Whole
body glucose kinetics and glucose uptake into indi-
vidual tissues were measured in anaesthetised rats
basally and during hyperinsulinaemic euglycaemic
clamps. The basal glucose metabolism of the preg-
nant rats was closely mimicked by the phlorizin-treat-
ed rats. Basal plasma glucose was 39% and 38 %
lower (p <0.0001 for both); hepatic glucose produc-
tion was 21 % and 26 % higher (p <0.05 for both);
and plasma glucose clearance was 109 % and 104 %
higher (p <0.0001 for both) in the pregnant and
phlorizin-treated rats, respectively, compared to the

control rats. Basal glucose uptake into peripheral tis-
sues was lower in both the pregnant and phlorizin-
treated compared to the control rats, being most evi-
dent in heart (p <0.01 for both) and brown adipose
tissue (p < 0.001 for both). In the clamp studies, im-
pairment of glucose uptake into skeletal muscle was
observed in both the pregnant and phlorizin-treated
rats compared to the control rats. In conclusion, the
feto-placental glucose steal phenomenon is a major
contributing factor to postabsorptive glucose metab-
olism in late pregnancy. This phenomenon also con-
tributes to the impairment of maternal insulin-stimu-
lated peripheral glucose uptake. [Diabetologia
(1994) 37: 976-984]
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The developing feto-placental unit demands a pro-
gressively increasing nutrient supply through the lat-
er stages of pregnancy. Gestational hormones are
clearly involved in adapting maternal metabolism so
as to ensure this nutrient supply. Early to midpreg-
nancy is a period of maternal energy storage through
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a process of “facilitated anabolism” [1, 2]. Undoubt-
edly important to this process are the hormones oes-
trogen [3-5], progesterone [4, 5] and placental lacto-
gen [6] which augment pancreatic islet beta-cell re-
sponsiveness and increase insulin levels. In contrast,
maternal metabolism late in pregnancy is character-
ised by a process of “accelerated starvation” such
that the increased maternal energy stores can be rap-
idly mobilised during postabsorptive periods. Pla-
cental lactogen [7], prolactin [8], progesterone [9]
and cortisol [2] have been implicated in producing a
physiological insulin resistance which has at least a
permissive role in the process of “accelerated starva-
tion”. It is unknown, however, the extent to which a
feto-placental steal of maternal nutrients, including
glucose, influences maternal metabolism in late preg-
nancy. It would seem logical to expect that an obli-
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gate maternal glucose loss to the developing concep-
tus, which we have termed “the feto-placental glu-
cose steal phenomenon”, would promote the meta-
bolic milieu of “accelerated starvation”. Further to
this, glucose deprivation in non-pregnant individuals,
whether caused by diets low in carbohydrate [10, 11]
or by starvation [12, 13], has been shown to produce
glucose intolerance and insulin resistance. It may be
that through similar mechanisms the feto-placental
glucose steal phenomenon also contributes to the in-
sulin resistance of late pregnancy.

Phlorizin infused into rats causes marked urinary
glucose loss [14]. In the present study we have used
phlorizin-treated virgin rats to model the feto-placen-
tal glucose steal phenomenon of pregnancy. Whole
body glucose kinetics and glucose uptake into indi-
vidual peripheral tissues were studied in control vir-
gin, phlorizin-treated virgin and pregnant rats under
both fasting and hyperinsulinaemic euglycaemic
clamp conditions. Initial validation experiments
were performed on functionally anephric rats to ex-
clude a direct effect of phlorizin on glucose metabo-
lism.

Materials and methods

Experimental animals. Female, age-matched (100 days) Spra-
gue Dawley rats (Monash University Animal Facility, Clay-
ton, Vic., Australia) were used. All animals were housed in a
temperature controlled environment (22 °C) and were subject
to controlled lighting (12 h dark/12 h light). Animals had free
access to water and standard laboratory chow (Barastoc, Pa-
kenham, Vic., Australia).

Validation experiments. To validate the use of phlorizin, we
studied two groups of functionally anephric rats: control ne-
phrectomised and phlorizin-treated nephrectomised. Follow-
ing an overnight fast the rats were anaesthetised with 60 mg/
kg intraperitoneal pentobarbitone (Boehringer Ingelheim, Ar-
tarmon, NSW, Australia). Both renal arteries were tied
through a midline laparotomy incision. The incision was then
covered with gauze soaked in warmed normal saline (0.9 %
NaCl). Silastic cannulas (0.012 in. internal diameter, Dow
Corning Australia, Hawthorn, Vic., Australia) were inserted
into the right jugular vein (one cannula for basal studies, two
cannulas for insulin clamp studies) for infusions and the left
carotid artery for blood sampling. A tracheostomy was also
performed to assist maintenance of the airway. These surgical
procedures were followed by a 30-min rest period. Body tem-
perature was maintained at 38 °C using a heat lamp and a rec-
tal temperature probe (Tele-thermometer, Yellow Springs In-
strument Company, Yellow Springs, Ohio, USA). Anaesthesia
was maintained by intermittent doses (15 mg/kg) of intraperi-
toneal pentobarbitone as required. Infusates were prepared as
follows. Phlorizin (Sigma Chemical Co., St.Louis, Mo., USA)
initially dissolved in propylene glycol (Sigma Chemical Co.)
49 mg/ml) (phlorizin-treated nephrectomised rats) or propy-
lene glycol only (control nephrectomised rats) were diluted in
Haemaccel (polygeline 35 g/l, Behring Institut, Marburg, Ger-
many) and 0.9% NaCl in a ratio of 2:1:17. Rats received a
primed (0.25 ml in 5 min) continuous infusion (0.01 ml/min)
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of the phlorizin or control infusate via a jugular vein catheter
from time O for the duration of the experiment. Measure-
ments of whole body glucose kinetics and individual tissue glu-
cose uptake indices under basal and hyperinsulinaemic eugly-
caemic conditions were performed as described below. The
phlorizin infusate, if given to intact rats, acutely induced
marked glycosuria (21.5+2.2 umol - kg™* - min™), thus con-
firming it’s bioavailability when administered in this way.

Study experiments. Three groups of rats were studied: control
virgin; phlorizin-treated virgin and pregnant. The phlorizin-
treated rats received phlorizin dissolved in propylene glycol at
a rate of 0.075 g/day via subcutaneously situated osmotic
pumps (Model 2MI1, Alza Corporation, Palo Alto, Calif.,
USA). Osmotic pumps were inserted into all animals (control
and pregnant rats had propylene glycol vehicle loaded pumps
only) under intraperitoneal pentobarbitone anaesthesia
7 days prior to metabolic assessment. The rats were fasted
from 18.00 hours on day 6 and at 08.00 hours on day 7 were an-
aesthetised, cannulated and rested for 30 min, as described
above, prior to the commencement of metabolic assessment.
The pregnant rats were at 19 days gestation on day 7. Measure-
ments of whole body glucose kinetics, NEFA levels and indi-
vidual tissue glucose uptake indices under basal and hyperin-
sulinaemic euglycaemic conditions were performed as descri-
bed below.

Measurement of whole body glucose kinetics. A primed (5 min
priming dose of 6.25 pCi’kg) continuous infusion (0.25 pCi
kg™ - min™!) of [6-°H]glucose (New England Nuclear, Bos-
ton, Mass., USA) was commenced at time 0 min in all stu-
dies. A primed (5 x continuous rate for 5 min) continuous in-
fusion of insulin (Actrapid, CSL-Novo, North Rocks, NSW,
Australia) at either 0.0 (basal studies), 3.0 (low-dose clamp)
or 12.0mU - kg™ - min™ (high-dose clamp) was also com-
menced at time 0 min. As the volume of distribution of mater-
nal insulin does not include the fetus, 20 % lower insulin infu-
sion rates of 2.4 (low-dose clamp) and 9.6 mU - kg™! - min™
(high-dose clamp) were used in the pregnant rats. Basal and
low-dose clamp studies only were performed in the validation
experiments. The [6-*H]glucose and insulin were infused to-
gether as additives to the phlorizin or control infusates in the
validation experiments; whereas they were infused together
within a solution of 0.9 % NaCl and Haemaccel (ratio 9:1) in
the study experiments. During the clamp studies blood glu-
cose was measured every 10 min and accordingly a variable
glucose infusion (10 % glucose in low-dose clamp and 20 %
glucose in high-dose clamp studies) was used to maintain plas-
ma euglycaemia at 6.0 mmol/l in the validation experiments
and 5.0 mmol/l in the study experiments. To avoid large fluc-
tuations in plasma glucose specific activity 3.5 and 7.0 uCi/ml
[6-*H]glucose was added to the 10% and 20 % glucose infu-
sates, respectively. Steady-state plasma glucose and exogen-
ous glucose infusion rates were achieved in the clamp studies
by 70 to 100 min. Three arterial blood samples (300 ul) spaced
at 5-min intervals were taken from time 70 min in the basal
studies and from time 100 to 130 min in the clamp studies for
plasma glucose, insulin and [6-*H]glucose specific activity de-
terminations. The erythrocytes from all blood samples were re-
suspended in 0.9 % NaCl and given back to the animal periodi-
cally through the experiments. The urinary bladder was emp-
tied at time 0 min by suprapubic pressure. At the end, urine
was collected from the bladder by needle aspiration for deter-
mination of the rate of urinary glucose loss. At the end of the
experiments timed collections of the infusates were obtained
for accurate determination of the [6-*H]glucose infusion and
exogenous cold glucose infusion rates.
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Measurement of NEFA levels. Heparinised 0.9% NaCl was
avoided until after blood samples were taken for NEFA mea-
surement. In both basal and clamp studies blood samples
(300 pl) were taken at the 20 and 50 min time points for mea-
surement of serum NEFA levels.

Measurement of individual tissue glucose utilisation indices. A
modification of the labelled 2-deoxyglucose technique describ-
ed by Kraegen et al. [15] was used. The basal and clamp stud-
ies were continued following the blood samples for measure-
ment of whole body glucose kinetics. A bolus of [*C]2-deoxy-
glucose (100 pCi, New England Nuclear, Boston, Mass., USA)
was given intravenously and blood samples (300 ul) were
taken 2, 5, 10, 15, 20, 30 and 45 min later for measurement of
plasma glucose and the time course of [“C]2-deoxyglucose dis-
appearance. After the 45-min blood sample, the rats were im-
mediately killed with an intravenous overdose of pentobarbi-
tone and samples of brain, white and brown adipose tissue, dia-
phragm, heart, soleus, red and white gastrocnemius and red
and white quadriceps, and in pregnant rats, placenta and fetus
were rapidly removed and frozen in liquid nitrogen for subse-
quent analysis.

Analytical methods..Glucose levels in blood, plasma and ur-
ine 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). Serum
NEFA were measured using an enzymatic colorimetric com-
mercial kit (Wako Pure Chemical Industries, Osaka, Japan).
To measure plasma tracer concentrations, 50 ul of plasma
was de-proteinised with an equal volume of saturated
Ba(OH), and 5.5 % ZnSO,. The supernatant of the samples
for specific activity of glucose were passed through an anion
exchange resin column (Dowex-2x8, 200-400 mesh, Cl
form, Bio-Rad Laboratories, Richmond, Calif., USA) to re-
move labelled charged metabolites (lactate/pyruvate). The
columns were washed with water and the samples were
dried (60°C) to remove tritiated water. All samples were
then resuspended in 4 ml water and after addition of 8§ ml
scintillation fluid (Readyvalue, Beckman, Palo Alto, Calif.,
USA) were counted in a beta-scintillation counter (Beck-
man Instruments, Irvine, Calif., USA). The timed [6-
SH]glucose infusate collections were also dried, resuspended
and counted as above. [M*C]2-deoxyglucose dpm were coun-
ted using a quench corrected (external standard) double iso-
tope programme. Tissues (up to 250 mg) for measurement of
[““C]2-deoxyglucose -uptake were digested in 1ml 1mol/l
NaOH. Placentas (x3) and fetuses (x2) were digested, re-
spectively, in 2 ml and 10 ml of 1 mol/l NaOH. The digestion
was performed over 90 min in a shaking water bath set at
60°C. After digestion, the maternal tissue samples were
made up to 2ml with 1mol/l NaOH and then neutralised
with 2 ml of 1 mol/l HCL. The placental and fetal digestates
were made up to 5 ml and 20 ml with 1 mol/l NaOH, respec-
tively, and neutralised with equal volumes of 1 mol/l HCL.
Two separate 1-ml aliquots of the digestates were taken.
Two ml HCIO, (6% weight/volume) was added to the first
aliquot and 1 ml Ba(OH), followed by 1 ml ZnSO, was ad-
ded to the second aliquot. After centrifugation the HCIO, su-
pernatants contained [**C]2-deoxyglucose plus [**C]2-deoxy-
glucose 6-phosphate while the Ba(OH),/ZnSO, supernatants
contained only [**C]2-deoxyglucose. Two ml of each superna-
tant was made up to 4 ml with water to which 8 ml of scintil-
lation fluid was added. The C radioactivity was counted
using the dual label programme on the beta-scintillation
counter.
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Calculations. In steady state, the total body glucose appear-
ance rate (Ra) is equal to the [6-’H]glucose tracer infusion
rate (dpm/min) divided by the plasma glucose specific activity
(dpm/umol). After an overnight fast, the Ra is equal to the he-
patic glucose production rate (HGP). When blood glucose is
constant the total body glucose disposal rate (Rd) is equal to
Ra. During the hyperinsulinaemic clamp studies, the Ra is the
sum of the HGP and the rate of infused unlabelled glucose.
Thus, HGP is equal to the difference between the tracer-deter-
mined Ra and the directly measured glucose infusion rate. The
total body glucose uptake rate (Ru) equals the Rd minus the
urinary glucose loss. The plasma glucose clearance rate
(GCR) equals the Rd divided by the plasma glucose concen-
tration. Glucose utilisation indices for individual tissues were
calculated from the mean plasma glucose level (umol/ml) fol-
lowing the bolus of [*C]2-deoxyglucose multiplied by the
radioactivity of [**C]2-deoxyglucose 6-phosphate per mass of
tissue (dpm/100 g) divided by the area under the plas-
ma [*“C)2-deoxyglucose radioactivity disappearance curve
(dpm - min - ml™!) [15]. The radioactivity of [**C]2-deoxyglu-
cose 6-phosphate was calculated from the difference between
the radioactivity measured in the HCIO, supernatant and the
Ba(OH),/ZnsO, supernatant of the tissue digestates.

Statistical analysis

Results are presented as mean = SEM. Statistical significance
of differences were assessed by the Student’s unpaired z-test.
In the study experiments, comparisons of means were made
between the control and pregnant, and between the control
and phlorizin rat groups only, unless otherwise stated. Statisti-
cal analysis was performed on logarithmically transformed
values if the distribution of data was skewed.

Results

Validation experiments. The results of the validation
experiments are shown in Table 1. Under basal condi-
tions plasma glucose and insulin, and whole body glu-
cose kinetics were not different between the control
nephrectomised and the phlorizin-treated nephrecto-
mised rats. The basal glucose utilisation indices were
not different in most tissues. Modest differences only
were observed in brain (phlorizin-treated nephrecto-
mised less than control nephrectomised) and white
adipose tissue (phlorizin-treated nephrectomised
greater than control nephrectomised). During the
low-dose hyperinsulinaemic euglycaemic clamp stud-
ies, similar levels of plasma glucose were achieved;
however, plasma insulin levels were slightly, but not
significantly, higher in the phlorizin-treated nephrec-
tomised rats. Whole body glucose kinetics were
again not significantly different between the control
nephrectomised and phlorizin-treated nephrecto-
mised rats. The clamp tissue glucose uptake index
measurements tended to be slightly higher (7 of
10 tissues) in the phlorizin-treated nephrectomised
rats which was most probably an appropriate re-
sponse to the slightly higher insulin levels in this
group. These data demonstrate that, with the doses
used, phlorizin does not directly alter glucose me-
tabolism in tissues other than in the renal tubules.
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Table 1. Plasma glucose and insulin levels, HGP, Rd, GCR, and peripheral tissue glucose utilisation index measurements (GUI)
during basal and low-dose hyperinsulinaemic euglycaemic clamp studies in control nephrectomised and phlorizin-treated nephrec-

tomised rats

Control nephrectomised

Phlorizin nephrectomised

Basal Clamp Basal Clamp
Glucose (mmol/l) 87106 83+03 86105 7906
Insulin (mU/1) 2043 105+ 14 201 126 +24
HGP (umol - kgt - min?) 37+4 43+4 38+2 336
Rd (umol - kg™ - min?) 37+4 88 +7 38+2 94+9
GCR (ml - kg™ - min™?) 4502 105+0.6 44102 11.9+£09
GUIT (umol - 100 g - min™?) in:
Brain 18.6+1.2 141+24 145+0.9° 13.1+1.6
White adipose tissue 07+0.1 1.8+05 1.1+0.1° 1.8+0.2
Brown adipose tissue 2317 89 +27 38+13 11533
Diaphragm 95+1.0 155+1.9 84+22 24.0+27°
Heart 34+£08 23.9+2.7 3407 252+7.1
Soleus 25104 83+13 20£0.1 81+0.9
Red gastrocnemius 26+03 91+0.7 25+03 10.7£0.6
White gastrocnemius 1.1+01 26£03 14402 35+03
Red quadriceps 34104 9.6+1.0 39106 134+1.4
White quadriceps 12+0.1 36105 1.5+02 49+0.6

Values are means + SEM of 4-6 rats in each group. 2 p < 0.05 vs control basal. ® p < 0.05 vs control clamp

Study experiments. The changes in rat weight from
days 0 to 6, and the rat weight on day 7 were not dif-
ferent between the control (-1£1 and 236 +3 g, re-
spectively) and .phlorizin-treated rats (—2+2 and
233 + 4 g). As expected the pregnant rats had a signif-
icantly higher weight gain between days0 and 6
(30£3 g, p <0.0001 vs control) and were heavier on
day7 (290+6 g, p <0.0001 vs control). Food con-
sumption between days 0 and 6 was higher in the
phlorizin-treated (90 £2 g) and pregnant (102 %2 g)
compared to the control rats (69 3 g, p <0.0001 for
both). Urinary glucose loss was negligible in control
and pregnant rats (less than 0.1 ymol - kg™? - min™ in
all rats). In the phlorizin-treated rats urinary glucose
loss was 23+ 5, 25+3 and 26+ 3 umol - kg™ - min!
in the basal, low-dose and high-dose clamp studies,
respectively.

The basal plasma glucose, plasma insulin and
whole body glucose kinetic data are shown in Fig-
ure 1. Under basal conditions plasma glucose levels
were 39 % and 38 % lower in the pregnant and phlor-
izin-treated rats, respectively, compared to the con-
trol rats. The basal insulin levels were corresponding-
ly 43 % lower in the phlorizin-treated compared to
the control rats, but were not different between the
pregnant and the control rats. The basal HGP rates
were 21 % and 26 % higher in the pregnant and phlor-
izin-treated rats, respectively, compared to the con-
trol rats. Ru rates were 21 % higher in the pregnant
(includes uptake into the feto-placental unit) com-
pared to the control rats (p <0.05), and 41 % lower
in the phlorizin-treated (excludes urinary glucose
loss) compared to the control rats (N.S. p=0.1)
(data not shown). Plasma GCR rates were 109 %
and 104 % higher in the pregnant and phlorizin-treat-

ed rats, respectively, compared to the control rats. Ba-
sal glucose uptake index results are shown in Fig-
ure 2. Brain glucose uptake indices were not signifi-
cantly different between groups. Basal glucose up-
take indices in all other tissues tended to be lower in
the pregnant and phlorizin-treated rats compared to
the control rats. Of particular note, the glucose up-
take indices in brown adipose tissue were 91 % and
93 % lower and in heart were 81 % and 88 % lower
in the pregnant and phlorizin-treated rats, respective-
ly, compared to the control rats. In the pregnant rats,
the basal glucose uptake indices of the placenta and
fetus (Table 2) were 391 % and 358 % greater, respec-
tively, compared to the average basal glucose uptake
index of all the maternal tissues studies, excluding
brain.

The low-dose clamp and high-dose clamp plasma
glucose, plasma insulin and whole body glucose ki-
netic results are shown in Table 3. Similar levels of
glycaemia and hyperinsulinaemia were achieved be-
tween the groups in both the low-dose and high-dose
clamp studies. Hyperinsulinaemia suppressed HGP
from basal levels in the pregnant rats by 32 % in the
low-dose clamp (p <0.05) and by 27 % in the high-
dose clamp (N.S. p = 0.09) studies and failed to sup-
press HGP with either insulin dose in the control or
phlorizin-treated rats. Rd and plasma GCR were not
significantly different between groups at both insulin
doses. Ru was 29 % lower in the phlorizin-treated
compared to the control rats (p < 0.001) during the
low-dose clamp studies (data not shown). The clamp
glucose uptake index results are shown in Table 4.
As expected brain glucose uptake indices did not re-
spond to hyperinsulinaemia and there remained no
differences between groups. Brown adipose tissue
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Fig.1. (A, B, C,D) Basal (A) plasma glucose concentrations,
(B) plasma insulin concentrations, (C) hepatic glucose pro-
duction rates (HGP) and (D) plasma glucose clearance rates
(GCR) in control (rn=9) O, pregnant (n=7) & and phlori-
zin-treated (n=35) MW rats. *p <005 vs control rats,
T p <0.001 vs control rats, § p < 0.0001 vs control rats

and heart glucose uptake indices greatly increased in
response to hyperinsulinaemia in all groups and
there were no differences between groups in the
high-dose clamp study. Glucose uptake indices in red
gastrocnemius and red quadriceps muscles were
55% and 52 % lower in the pregnant rats, and 42 %
and 55 % lower in the phlorizin-treated rats, respec-
tively, in the low-dose clamp study, and 36 % and
25 % lower in the pregnant rats, and 19 % and 22 %
lower in the phlorizin-treated rats, respectively, in
the high-dose clamp study compared to the control
rats. Similar trends were observed in the other skele-
tal muscles but to a lesser degree. No significant dif-
ferences between groups were seen in the response
of white adipose tissue to insulin. The glucose uptake
indices of the placenta (Table 2) were 60 % and 57 %
higher in the low-dose clamp (p <0.05) and high-
dose clamp (N.S.) studies, respectively, compared to
the basal studies. The glucose uptake indices of the
fetus (Table 2) were 29% and 27 % higher in the
low-dose clamp (N.S.) and high-dose clamp studies
(N.S.) compared to basal studies.

The serum NEFA level results are shown in Ta-
ble 5. NEFA levels were 33 % higher in the pregnant
rats compared to the control rats basally and re-
mained significantly higher compared to the control
rats at 20 min, but not at 50 min, in both the low-dose
and high-dose clamp studies. There were no differen-
ces in NEFA levels basally or during the clamp stu-
dies between the phlorizin-treated and control rats.

Discussion

Tt is generally believed that maternal metabolic adap-
tation to late pregnancy is predominantly mediated
by gestational hormones. In this paper we present evi-
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Fig.2. (A, B) Basal peripheral tissue glucose uptake index
measurements (GUT) in (A) brain (BR), white adipose tissue
(WAT), brown adipose tissue (BAT), diaphragm (D), heart
(H); and in (B) soleus (SOL), red gastrocnemius (RG), white
gastrocnemius (WG), red quadriceps (RQ) and white quadri-
ceps (WQ) muscles in control (n =9) O, pregnant (n = 6)
and phlorizin treated (n = 4) W rats. * p < 0.05 vs control rats,
1 p <0.01 vs control rats, § p < 0.001 vs control rats

Table 2. Tissue glucose utilisation index measurements (GUI)
of placenta and fetus during basal and low-dose (LDC) and
high-dose (HDC) hyperinsulinaemic euglycaemic clamp stud-
ies in pregnant rats

GUI Basal (n=6) LDC(n=8) HDC
(wmol - 100 g7 - (n=7)
min™)

Placenta 79+1.1 125+ 1.6 123+24
Fetus 72+1.0 94 +0.7 92+1.0

Values are means £ SEM. 2 p < 0.05 vs basal

dence firstly, that a feto-placental glucose steal phe-
nomenon operates in late pregnancy, and secondly,
that this phenomenon has major influences, indepen-
dently from the effects of gestational hormones, on
the maternal metabolic milieu.

That a feto-placental glucose steal operates in
pregnancy is shown in the basal glucose kinetic data.
Despite the observed increased basal HGP and pe-
ripheral glucose disappearance in pregnancy, glucose
uptake into most maternal tissues was reduced. The
increased glucose flux must therefore have gone to
the feto-placental unit. This is confirmed by the fact
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Table 3. Plasma glucose and insulin levels, HGP, Rd and rates of plasma glucose clearance (GCR) during the low-dose clamp
(LDC) and high-dose clamp (HDC) studies in control, pregnant and phlorizin-treated rats

Control Pregnant Phlorizin

LDC HDC LDC HDC LDC HDC

(n=9) (n="7) (n=8) (n=7) (n=8) (n=6)
Plasma glucose (mmol/l) 54£02 5002 53%03 5302 53x02 51%£03
Plasma insulin (mU/1) 705 247 +29 68+7 200 £28 64+7 243 +35
HGP (pmol - kg™ - min™) 31+3 38+4 28%5 305 41+ 12 37£6
Rd (umol - kg™ - min™?) 73+3 1048 66+ 8 1076 81+4 12011
GCR (ml - kg? - min™) 13.9£0.9 20714 123+1.5 201£0.8 151406 23019

Values are means + SEM. 2 p < 0.01 vs control LDC

Table 4. Peripheral tissue glucose utilisation index measurements (GUT) during the low-dose (LDC) and high-dose (HDC) clamp

studies in control, pregnant and phlorizin-treated rats

GUI Control Pregnant Phlorizin

(wmol - 100 g™ - min™) Y5 "0 HDC (n=7) IDC(n=8) HDC(n=7) IDC(n-8) HDC (n-6)
Brain 148+ 1.6 155+14 145+2.0 13.1£09 16.3£2.0 125+14
White adipose tissue 13403 1.6+02 09+01 14+04 1.3+02 1.7+02
Brown adipose tissue 69 =10 60+8 43+ 8 62+6 72+10 87+15
Diaphragm 182 32z%1 20+3 29 £ 19 16+2 302
Heart 42+4 45£3 3749 4616 28152 53+4
Soleus 4604 82107 2.8+0.2° 5809 36104 8310.6
Red gastrocnemius 70+£0.7 11.3+04 31+0.3° 7.21+0.8° 4.1+£0.5P 92+1.1
White gastrocnemius 24104 62106 14+01 3.7£0.4° 1.9+02 46104
Red quadriceps 84+08 14.0x04 40+0.3° 11.0 £ 1.04 52+0.6P 10.9 £ 0.5°
White quadriceps 3.8+0.6 8.0£02 34+06 73+0.6 32+01 6.6 0.8

Values are means £ SEM. ?p < 0.05, °p <0.01, ¢p <0.001 vs control LDC; ¢ p <0.03, °p < 0.01 vs control HDC

that the glucose uptake indices of the placenta and fe-
tus were considerably higher than those of most ma-
ternal tissues. Clearly there is preferential feto-pla-
cental glucose uptake with resultant glucose depriva-
tion of maternal tissues.

The overall pattern of basal whole body and indi-
vidual tissue glucose kinetics in the pregnant rats
was closely mimicked by the phlorizin-treated rats.
Basal HGP was elevated while basal glycaemia was
lower in both compared to the control rats. This rela-
tive hypoglycaemia was due to an increased rate of
plasma glucose clearance in both. Basal glucose up-
take index measurements were markedly reduced in
heart and brown adipose tissue in both the pregnant
and phlorizin-treated compared to control rats. Ske-
letal muscle glucose uptake indices basally were also
reduced in the phlorizin-treated compared to control
rats, as was the trend in the pregnant rats. These re-
sults indicate that a glucose steal, as was produced in
the phlorizin-treated rats, can independently repro-
duce most of the characteristics of basal glucose me-
tabolism of late pregnancy. The fasting plasma insu-
lin levels were appropriately suppressed in response
to the hypoglycaemia in the phlorizin-treated rats,
but this did not occur in the pregnant rats. This differ-
ence between the phlorizin-treated and pregnant rats
was most probably due to the trophic effects of gesta-
tional hormones on the pancreatic islet beta cell in
the pregnant rats. This raised “constitutive” insulin

Table 5. Serum NEFA during basal and low and high-dose hy-
perinsulinaemic euglycaemic clamp studies in control, preg-
nant and phlorizin-treated rats

NEFA (mmol/1) Control Pregnant Phlorizin
Basal 097+0.07 129+0.10*° 090%0.13
Low-dose clamp

20 min 0.45+£0.08 0.82+0.14* 0.51+0.04
50 min 041£0.06 062+010 045+0.04
High-dose clamp

20 min 036+0.02 0.61+0.08 040+0.04
50 min 0.28+0.04 0421006 0.34+0.06

Values are means + SEM of six to nine rats in each group.
 p < 0.05 vs control

secretion in pregnancy may explain the fasting hypo-
glycaemia which occurs prior to increases in glucose
turnover while the conceptus is relatively small [16].
In the hyperinsulinaemic euglycaemic clamp stud-
ies, although there were no significant differences ob-
served in Rd and plasma GCR between groups, im-
pairment of insulin-stimulated glucose uptake into
skeletal muscle was observed in both the pregnant
and phlorizin-treated compared to control rats. Ru
was also significantly lower in the phlorizin com-
pared to control rats in the low-dose clamp study. Pla-
cental glucose uptake was higher in the clamp com-
pared to the basal studies; consistent with there
being a placental response to insulin in the rat as sug-
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gested by Leturque [17]. It needs to be considered,
however, that some of the increase in placental glu-
cose uptake in the current clamp compared to basal
studies may have been due to the 20 % higher glu-
cose levels. These results indicate that in the preg-
nant rat maternal skeletal muscle is insulin resistant,
but whole body glucose assimilation is not impaired.
Presumably, the maternal peripheral insulin resis-
tance is a mechanism by which a postprandial glu-
cose load is spared for feto-placental use. The fact
that reduced insulin-stimulated glucose uptake was
also seen in the skeletal muscles of the phlorizin-
treated rats suggests that the glucose steal phenomen-
on is contributive to this process of maternal post-
prandial glucose sparing.

The basal glucose turnover findings between the
control and pregnant rats in this study are consistent
with those of previous studies in rats [16, 18] and hu-
mans [19, 20]. Our basal glucose uptake index find-
ings are also consistent with those of Holness et al.
[21] who convincingly showed, in postabsorptive con-
scious rats, that glucose uptake into maternal heart
and skeletal muscles is diminished during late preg-
nancy. In addition, we have shown markedly reduced
basal glucose uptake into brown adipose tissue in the
pregnant compared to virgin rats. There is an impor-
tant difference, however, between the current hyper-
insulinaemic euglycaemic clamp studies and the simi-
lar studies performed by Leturque [17, 18]. We
clamped each group at equivalent levels of euglyc-
aemia. Leturque, in contrast, clamped each group ac-
cording to it’s respective fasting glucose level which
was 25 % lower in the pregnant compared to the vir-
gin rats. As peripheral glucose uptake [22] and HGP
[23] are responsive to the prevailing glucose level,
we are more certain that the differences found be-
tween the groups in our studies are due to' differen-
ces in insulin action and not due to differences in glu-
cose availability.

Previous investigators using hyperinsulinaemic eu-
glycaemic clamp techniques in rats [18] and rabbits
[24, 25] have concluded that maternal metabolic
adaptation in pregnancy is associated with hepatic in-
sulin resistance. The validity of these studies needs to
be questioned. Firstly, the levels of glycaemia be-
tween pregnant and non-pregnant groups were most-
ly unmatched. Secondly, it has been shown that tracer
estimations of HGP during clamp procedures can be
underestimated if the glucose infusate is not label-
led, as achievement of tracer steady state can be de-
layed [26]. Furthermore, in contrast to these studies,
enhanced [27, 28] and unchanged [20] hepatic insulin
sensitivity in pregnancy have also been reported. In-
terestingly in the present study, in which tracer was
added to the glucose infusion, HGP was partially sup-
pressed in the pregnant rats only. We suspect that our
failure to suppress HGP during the clamp procedures
in the control and phlorizin-treated rats was due to

C.J. Nolan and J. Proietto: Feto-placental glucose steal

the effects of the anaesthesia and surgical proce-
dures as has been shown by Clark et al. [29]. Clearly,
further studies investigating the effects of pregnancy
on maternal hepatic glucose metabolism need to be
performed.

Phlorizin is a potent competitive inhibitor of so-
dium-dependent glucose transporters and through
this action in the proximal renal tubule promotes gly-
cosuria [14, 30]. It is less clear, however, whether
phlorizin effectively competes with glucose for bind-
ing to facilitative glucose transporters which are re-
sponsible for insulin-dependent and independent glu-
cose transport into most tissues. The results of pub-
lished in vitro studies, in which moderately high con-
centrations of phlorizin (1 to 5 mmol/l) have been
used, suggest that phlorizin does inibit facilitative
glucose transport [31-33]; but the inhibition is weak
in comparison to the related substance phloretin
[33]. Phlorizin, in vivo, has not been shown to impair
glucose utilisation [14, 34| and actually improves in-
sulin action in diabetic animals; an effect believed to
be due to the normalisation of glycaemia secondary
to the induced glycosuria [34]. Phlorizin is elimi-
nated from the circulation by active secretion of the
parent drug into the renal tubules and by rapid conju-
gation to phlorizin glucuronide in the liver [35]. It is
probable that the concentrations of phlorizin
reached in vivo, at the doses used, are very low com-
pared to the concentrations used in the previous in vi-
tro experiments. In the current validation experi-
ments, we acutely infused phlorizin into functionally
anephric rats at an equivalent rate to that used in the
longer-term study experiments. The acutely infused
phlorizin was shown to be biologically active in in-
tact rats as it induced marked glycosuria. In the an-
ephric rats, both basally and under insulin-stimulat-
ed conditions, phlorizin did not directly inhibit glu-
cose utilisation by the whole animal or inhibit glu-
cose uptake into individual tissues. We conclude
from these validation studies that, at the dose used,
phlorizin has no significant direct effect on glucose
metabolism via facilitative glucose transporter inhibi-
tion. Therefore the metabolic effects caused by phlor-
izin in the study experiments must be secondary to
the glycosuric action of this drug or the “glucose
steal”.

The mechanisms by which the glucose steal phe-
nomenon might impair glucose uptake into peripher-
al tissues needs to be considered. Basally, the steal re-
sults in hypoglycaemia such that concentration-de-
pendent glucose transport via the facilitative glucose
transporters will be reduced. Further to this, the hy-
poglycaemia will be associated with relative hypoin-
sulinaemia such that insulin-stimulated glucose trans-
port will also be minimised. The glucose-fatty acid cy-
cle as proposed by Randle et al. [36] and further char-
acterised by others [37, 38], in which increased levels
of NEFA oxidation are associated with an inhibition
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of glucose transport, could also be involved in impair-
ing glucose uptake during both basal and insulin-
stimulated conditions. NEFA levels were measured
in the present study and were found to be elevated
basally in pregnancy but not in the phlorizin-treated
rats. It is still possible however, that both NEFA flux
and NEFA oxidation rates were elevated in both the
pregnant and phlorizin-treated animals.

In conclusion, the feto-placental glucose steal phe-
nomenon, as modelled in this study with phlorizin-
treated rats, can independently produce all the fea-
tures of basal glucose kinetics of late pregnancy. It is
likely, therefore, that the glucose steal is the predomi-
nant factor regulating postabsorptive maternal glu-
cose metabolism at this stage of pregnancy; and that
this phenomenon is the major driving force of “ac-
celerated starvation”. The glucose steal phenome-
non also significantly contributes, late in pregnancy,
to the impairment of insulin-stimulated glucose up-
take into maternal skeletal muscle.
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