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In the rat, the suckling-weaning transition is attended by marked changes of nutrition 
(Henning, 1981; Girard et al. 1992). During the suckling period and until 15 d of age, 
milk (a diet poor in carbohydrate and rich in fat) constitutes the only source of nutrients 
for the newborn rat. Then, the newborn rat begins to nibble the laboratory chow 
provided to the mother (a diet rich in carbohydrate and poor in fat) and the amount of 
milk ingested progressively decreases. Between 28 and 30 d after birth, weaning is 
achieved and the newborn rats are fed with the laboratory chow, i.e. a high-carbohydrate 
low-fat diet. These nutritional changes are associated with large modifications in the 
concentration of circulating hormones which are important for the regulation of glucose 
metabolism. The suckling period in the rat is characterized by high plasma glucagon and 
low plasma insulin levels (Girard et al. 1977). When the rats are spontaneously weaned 
onto the laboratory chow, plasma glucagon progressively decreases and plasma insulin 
progressively increases (Girard et al. 1977). The increase in plasma insulin and the 
decrease in plasma glucagon are faster and larger when the rats are abruptly weaned to a 
high-carbohydrate low-fat diet at 20 d (Perdereau et al. 1990). In contrast, abrupt 
weaning onto a high-fat low-carbohydrate diet prevents the changes in plasma insulin 
and glucagon (Perdereau et al. 1990). It is obvious that the changes in hormonal pattern 
account for a large part of the metabolic adaptations observed during the suckling- 
weaning transition. In suckling rats, glucose tolerance in response to intraperitoneal 
glucose injection is decreased (Tsujikawa & Kimura, 1981) and a residual glucose 
production persists during intravenous glucose infusion (FerrC et al. 1985). These 
variables are normalized after weaning onto a high-carbohydrate diet (Tsujikawa & 
Kimura, 1981; FerrC et al. 1985). This suggests that a state of insulin resistance is present 
during the suckling period which rapidly disappears after weaning onto a high- 
carbohydrate diet. The aim of the present paper is to review the factors contributing to 
the changes of tissue insulin sensitivity during the suckling-weaning transition. 

QUANTIFICATION OF CHANGES IN INSULIN SENSITIVITY DURING THE 
SUCKLING-WEANING TRANSITION 

Glucose metabolism and insulin sensitivity have been studied in 15-d-old suckling rats 
and in 30-d-old rats weaned at 21 d onto a high-carbohydrate low-fat diet (HC; gkg: 600 
carbohydrate, 250 protein, 50 fat, 50 cellulose, 50 minerals) or onto a high-fat 
carbohydrate-free diet (HF; g/kg: 430 fat, 370 protein, 150 cellulose, 50 minerals), by 
using radioactive glucose and the euglycaemic hyperinsulinaemic clamp (Issad et al. 
1987,1988). 
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In the basal state, the blood glucose concentration was slightly higher in HF-weaned 
rats (1240 mg/l) than in suckling or HC-weaned rats (1050 mg/l), but their rates of 
glucose turnover were similar: 14 mg/min per kg in suckling and HC-weaned rats and 13 
mg/min per kg in HF-weaned rats (Issad et al. 1987, 1988). This confirms previous 
findings showing that the glucose turnover rate was 1.5- to 2-fold higher in suckling and 
HC-weaned rats than in postabsorptive adult rats (Snell & Walker, 1973). Plasma insulin 
concentration was higher in HC-weaned rats than in HF-weaned and suckling rats: 50 v. 
respectively 30 and 20 pU/ml (Issad et al. 1987, 1988). 

During the euglycaemic clamp, plasma insulin concentration rose to 370 and 350 
pU/ml in HC- and HF-weaned rats respectively, but increased to 900 pU/ml in suckling 
rats despite similar insulin infusion rates, indicating a decreased insulin clearance in 
suckling rats. Hepatic glucose production was totally suppressed in HC-weaned rats 
whereas it remained at 40% of its basal value in suckling and in HF-weaned rats. The 
increase in glucose utilization was much higher in HC-weaned rats than in suckling rats. 
Thus, a state of insulin resistance was present in the liver and insulin-sensitive tissues of 
suckling rats; this disappeared after weaning onto a high-carbohydrate diet, but not after 
weaning onto a high-fat diet (Issad et al. 1987, 1988). 

Hepatic insulin resistance during the suckling period or after weaning onto a high-fat 
diet is probably due to a post-receptor defect in insulin action since insulin receptor 
number and tyrosine kinase (EC 2.7.1.112) activity did not change during the suckling- 
weaning transition (Blazquez et al. 1976; Shinha & Jenquin, 1987; Margolis et al. 1990). 
The high levels of plasma glucagon which prevail during the suckling period or after 
weaning onto a high-fat diet (Beaudry et al. 1977; Girard et al. 1977; Issad et al. 1988) 
could also exert anti-insulin effects on hepatic glucose production. Hepatic glycogen 
content remains very low during the suckling period and increases only after weaning 
onto a high-carbohydrate diet (Snell & Walker, 1973). Thus, hepatic glucose production 
during the suckling period and after weaning onto a high-fat diet is essentially derived 
from gluconeogenesis (Beaudry et al. 1977; FerrC et al. 1977, 1985; Decaux et al. 1986), 
whereas hepatic glucose production after weaning onto a high-carbohydrate diet is 
essentially derived from glycogenolysis (Snell & Walker, 1973). The fact that gluco- 
neogenesis is less sensitive than glycogenolysis to insulin inhibition (Chiasson et al. 1976) 
could also account for the persistence of a residual glucose production during 
hyperinsulinaemia in the suckling and HF-weaned rats. 

The use of euglycaemic hyperinsulinaemic clamp coupled with injection of radioactive 
2-deoxyglucose has shown that stimulation of glucose utilization by insulin was markedly 
decreased in skeletal muscles and white adipose tissue of suckling rats. After weaning 
onto a high-carbohydrate diet, skeletal muscles and adipose tissue became very sensitive 
to insulin action. The increase in insulin sensitivity that occurred at weaning was linked 
to the dietary transition from a high-fat to a high-carbohydrate diet, since skeletal 
muscles and adipose tissue of rats weaned onto a high-fat diet remained insulin-resistant 
(Issad et al. 1988). The mechanisms responsible for muscle insulin resistance have not 
been determined but could involve a defect in: (1) insulin receptors function, (2) glucose 
transport, or (3) enzymes catalysing different steps of glucose metabolism. Muscle 
insulin resistance during the suckling period is probably due to a post-receptor defect in 
insulin action since insulin receptor number and tyrosine kinase activity are higher in the 
suckling than in the HC-weaned rats (Wang, 1985; Alexandrides et al. 1989). The 
increase in insulin responsive (GLUT-4) glucose transporter mRNA and protein levels 
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Fig. 1. Insulin effect on translocation of glucose transporter GLUT-4 from the low-density microsomes (LDM) 
to plasma membranes (PM) in isolated rat adipocytes. Suckling rats were 15 d old, high carbohydrate low-fat 
(HC)-weaned and high-fat carbohydrate-free (HF)-weaned rats were 30 d old and were weaned at day 21. 
GLUT-4 concentration was determined by scanning densitometry of western blots performed with a specific 
antibody against GLUT-4. (O), In the absence of insulin; (m), in the presence of insulin. Redrawn from 
Leturque etal. (1991). 

that occur after weaning onto a HC diet could play an important role in the increased 
sensitivity of muscle to insulin (Leturque et al. 1991). 

INSULIN SENSITIVITY OF I S O L A T E D  ADIPOCYTES D U R I N G  T H E  SUCKLING- 
WEANING TRANSITION 

The mechanisms responsible for the changes of insulin sensitivity in white adipose tissue 
during the suckling-weaning transition have been investigated in vitro using isolated 
adipocytes (Issad et al. 1989). Insulin binding to isolated adipocytes and tyrosine kinase 
activity of purified insulin receptors were higher in suckling rats than in HF-weaned and 
HC-weaned rats (Issad et al. 1989; Maury et al. 1992a). In contrast, insulin-stimulated 
glucose transport was markedly reduced in adipocytes from suckling and HF-weaned rats 
compared with those from HC-weaned rats (Issad et al. 1989; Leturque et al. 1991). As 
the translocation of glucose transporters from the intracellular membranes to the plasma 
membrane was not affected (Fig. l ) ,  the decreased glucose transport in adipocytes from 
suckling rats was due to a reduced number of intracellular insulin-responsive glucose 
transporters (GLUT-4; Leturque et al. 1991). Moreover, total glucose metabolism was 
increased 3-fold by insulin in adipocytes from HC-weaned rats, whereas glucose 
metabolism was totally unresponsive to insulin in adipocytes from suckling or HF- 
weaned rats (Fig. 2; Issad et al. 1989). The increased glucose utilization in response to 
insulin in adipocytes from HC-weaned rats was essentially due to a stimulation of 
lipogenesis (Fig. 1; Issad et al. 1989). This suggested that insulin resistance in adipose 
tissue of suckling and HF-weaned rats results from a very low capacity for lipogenesis 
(Tsujikawa & Kimura, 1980; Issad et al. 1989). This has been confirmed by experiments 
in which lipogenesis was acutely (2 h) inhibited by 5-(tetradecyloxy)-2-furoic acid 
(TOFA; an inhibitor of acetyl-CoA carboxylase; EC 6.4.1.2; McCune & Harris, 1979) in 
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Fig. 2. Effects of insulin on glucose transport and glucose metabolism in isolated adipocytes of suckling, 
high-carbohydrate low-fat (HC)-weaned and high-fat carbohydrate-free (HF)-weaned rats. For measurement 
of glucose transport, adipocytes were incubated for 20 s in 50 pM-[U-'4C]ghCOSe in the presence or absence of 
insulin (800 yU/ml) and cell-associated radioactivity was determined. For measurement of glucose metabolism, 
adipocytes were incubated for 2 h in 5 mmoVl [U-14C]glucose in the presence or absence of insulin (800 
FUlml). Values are means with their standard errors represented by vertical bars for four to six determin- 
ations. Total glucose metabolism represents the incorporation of [U-14C]glucose into C02, glycerol, lactate and 
fatty acids. Lipogenesis represents the incorporation of [U-*4C]glucose into COz and fatty acids. (U), In the 
absence of insulin; (M), in the presence of insulin. Redrawn from Issad etal. (1988). 

adipocytes of HC-weaned rats. TOFA did not decrease glucose transport, but it 
markedly decreased the rate of glucose utilization in response to insulin, and induced a 
state of insulin resistance (Fig. 3) similar to the one observed in suckling or HF-weaned 
rats (see Fig. 2). 

The low rate of lipogenesis during the suckling period, its large increase at weaning 
onto a HC diet and its maintenance at a low level after weaning onto a HF diet, resulted 
from parallel changes in the activity of pyruvate dehydrogenase complex (PDH) 
composed of three catalytic proteins: pyruvate decarboxylase (subunits E1a and E$; EC 
1.2.4.1), dihydrolipoamide acetyltransferase (subunit Ez; EC 2.3.1.12) and dihydro- 
lipoamide dehydrogenase (subunit E3; EC 1.8.1.4), fatty acid synthase (EC 2.3.1.85), 
acetyl-CoA carboxylase and ATP-citrate lyase (EC 4.1.3.8; Hahn, 1970; Tsujikawa & 
Kimura, 1980; Gandemer et al. 1982; Coup6 et al. 1990; Issad et al. 1989; Perdereau et al. 
1992). It has been shown that the low activity of acetyl-CoA carboxylase, fatty acid 
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Fig. 3. Effects of an acute inhibition of lipogenesis by tetradecyloxyfuroic acid (TOFA) on the effect of insulin 
on glucose transport and glucose metabolism in isolated adipocytes of 30-d-old rats weaned at 21 d onto a 
high-carbohydrate low-fat diet. For measurement of glucose transport, adipocytes were incubated for 5 s with 
14C-labelled 3-O-methylglucose (100 FM) in the presence or absence of insulin (800 pU/ml). Adipocytes were 
pre-incubated for 30 min in the absence or in the presence of TOFA (100 p ~ ) .  For measurement of glucose 
metabolism adipocytes were incubated for 2 h in 5 mmoM [U-14C]glucose in the presence or absence of insulin 
(800 FU/ml). Values are means with their standard errors for four to six determinations. Total glucose 
metabolism represents the incorporation of [U-14C]glucose into COz, glycerol, lactate and fatty acids. 
Lipogenesis represents the incorporation of [U-14C]glucose into CO2 and fatty acids. (O), In the absence of 
insulin; (M), in the presence of insulin. 

synthase and ATP-citrate lyase in adipocytes from suckling and HF-weaned rats and 
their high activity after weaning onto a HC diet were due to changes in the 
concentration of mRNA coding for these enzymes (Coup6 et al. 1990; Perdereau et al. 
1992). Similarly, the low activity of the PDH complex in adipocytes from suckling and 
HF-weaned rats and its high activity after weaning onto a HC diet were due to changes in 
the concentration of mRNA coding for Ela subunit of the PDH complex, the other 
subunit being less affected (Maury et al. 1992b). The rapid (2-4 h) and large (10-20-fold) 
increase in the concentration of mRNA coding for acetyl-CoA carboxylase and fatty acid 
synthase in adipose tissue of suckling rats receiving oral carbohydrate, suggests a 
regulation of the expression of these genes at the transcriptional level (Coup6 et al. 1990; 
Maury et al. 1992b; Perdereau et al. 1992). As hyperinsulinaemia alone (euglycaemic 
hyperinsulinaemic clamp) did niit reproduce the effects of oral glucose administration 
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(hyperglycaemia and hyperinsulinaemia) in suckling rats, this suggested that insulin and 
glucose must act synergistically to increase lipogenic enzyme gene expression in white 
adipose tissue (Coup6 et al. 1990). 

FACTORS RESPONSIBLE F O R  T H E  DEVELOPMENT OF INSULIN SENSITIVITY 
OF ADIPOSE TISSUE A F T E R  W E A N I N G  O N T O  A H I G H - C A R B O H Y D R A T E  D I E T  

The fact that the insulin resistance of white adipose tissue observed during the suckling 
period is maintained after weaning onto a HF diet supports the view that the 
development of insulin sensitivity after weaning onto a HC diet is due to the switch from 
a high-fat to a high-carbohydrate diet. The consumption of a diet rich in carbohydrate 
after weaning induces large variations in blood glucose and plasma insulin concentrations 
after every meal (Coup6 et al. 1990). This is particularly striking immediately after 
weaning, when the pups are still insulin-resistant. It might be hypothesized that large 
variations in blood glucose and plasma insulin levels could induce the synthesis of 
proteins involved in short-term insulin action such as: glucose transporters (Leturque 
et al. 1991) and lipogenic enzymes (Coupe et al. 1990), leading to an increased capacity 
for overall glucose metabolism. In keeping with this, we have recently studied rats 
weaned onto a HC diet containing acarbose, an inhibitor of intestinal a-glucosidases 
(Maury et al. 1993). In rats weaned onto a HC diet containing acarbose, the postprandial 
changes in blood glucose and plasma insulin were markedly blunted (Maury et al. 1993). 
The increase in lipogenic enzyme activity was reduced by 50% and insulin sensitivity of 
isolated adipocytes was markedly lowered (Maury et al. 1993). This suggests that the 
prandial fluctuations in blood glucose and plasma insulin (and not their absolute 
concentrations) were important for stimulation of specific gene transcription. This has 
been recently confirmed by in vitro experiments. Explants from adipose tissue of 
19-d-old suckling rats were cultured 6-24 h in a serum-free minimal essential medium 
(Foufelle et al. 1992). A large accumulation of fatty acid synthase (FAS) and acetyl-CoA 
carboxylase mRNA was observed in explants of adipose tissue cultured in the presence 
of insulin (lo-’ M) and glucose (5 mM). Insulin did not induce FAS and acetyl-CoA 
carboxylase mRNA accumulation when the culture medium was deprived of glucose, but 
the effects of insulin on FAS and acetyl-CoA carboxylase mRNA levels were markedly 
potentiated when the glucose concentration in the medium was increased to 10 and 20 
mM (Fig. 4; Foufelle et al. 1992). The effects of glucose and insulin on FAS and 
acetyl-CoA carboxylase mRNA levels were antagonized by dexamethasone, glucagon 
and isoproterenol and were potentiated by thyroid hormones (F. Foufelle, P. FerrC and 
J. Gerard, unpublished results). Thus, insulin and glucose are the main factors involved 
in the initial induction of FAS and acetyl-CoA carboxylase mRNA in white adipose 
tissue. 

CONCLUDING REMARKS 

A marked increase in liver, muscle and adipose tissue sensitivity to insulin occurs after 
weaning onto a high-carbohydrate diet in the rat. The cellular and molecular mechanisms 
involved in this process have been studied in a series of in vivo and in vitro experiments 
on white adipose tissue. These experiments strongly support the view that the increase in 
insulin-regulatable glucose transporter (GLUT-4) and lipogenic enzyme mRNA concen- 

https://doi.org/10.1079/PNS19930068 Published online by Cambridge University Press

https://doi.org/10.1079/PNS19930068


T H E  D I G E S T I V E  T R A C T  I N  N U T R I T I O N A L  A D A P T A T I O N  33 1 

* * .  

1 O O r  * * *  

Glucose(mM). . . 0 5 20 0 5 20 - 
100 nM-Insulin 

Fig. 4. Effect of glucose and insulin on fatty acid synthase (EC2.3.1.85; FAS) and acetyl-CoA carboxylase (EC 
6.4.1.2; ACC) mRNA concentrations in cultured adipose tissue from 19-d-old suckling rats. Adipose tissue was 
cultured in serum-free minimal essential medium for 6 h under various conditions. Results are expressed in 
arbitrary densitometric units as the mean of three independent experiments. Mean values were significantly 
different from values obtained in the absence of glucose (10 mM-lactate and 1 a -pyruva te  being present as 
oxidative substrates): *P<O.OS, **P<O.Ol, ***P<O.OOl. Redrawn from Foufelle et al. 1992. 

trations and activities that occur in white adipose tissue after weaning onto a HC diet is 
dependent on increased variations in plasma insulin and glucose concentrations. An 
increased glucose metabolism in white adipose tissue is necessary for the expression of 
insulin effects on lipogenic enzyme mRNA accumulation, since insulin is ineffective in 
v i m  in the absence of glucose. It has been suggested that glucose-6-phosphate could play 
an important role in the effect of insulin on lipogenic enzyme gene expression in white 
adipose tissue (Foufelle et al. 1992). Other hormones and substrates cou!d also play a 
role in the surge of lipogenesis after weaning. The fall in plasma glucagon after weaning 
onto a HC diet could reinforce the insulin-induced accumulation of lipogenic enzyme 
mRNA since this hormone strongly inhibits lipogenic enzyme gene expression in white 
adipose tissue (F. Foufelle, P. FerrC and J. Girard, unpublished results). The decrease in 
the dietary supply of fat and the fall in plasma unesterified fatty acid after weaning onto a 
HC diet could also potentiate the accumulation of lipogenic enzyme mRNA since 
long-chain fatty acids and particularly polyunsaturated fatty acids are potent inhibitors of 
lipogenic enzyme gene expression (Clarke et al. 1990). 
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