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Summary duction in gluconeogenesis would result in a reduction in endog- 
enous glucose production. 

Persistent endogenous hepatic glucose production is character- We have recently shown that the newborn lamb requires a far 
istic of the newborn lamb in resP"se to exogen""s glucose greater increase in plasma insulin concentration to significantly 
infusion' The that decreased for reduce endogenous glucose production (lO-fold increase in plasma 
insulin may be a major mechanism accounting for the imprecision insulin vs. 3-fold increase required in adult) (5). The reason for 
in glucose homeostasis was tested in 28 unanesthetized, mixed this developmental difference in glucose control is not clear, 
breed, term lambs. Either 0, 5.7, 6.2, or 12.5 mg glucose/kg/min although we postulated hepatic insensitivity to insulin in the 
was infused for a period of 2 hr after which simultaneous infusion newborn may account for it. In those studies, we produced hyper- 
of 0, 1.25, or 6.25 mU porcine insulin/kg/min was administered insulinemia with hyperglycemia by exogenous glucose infusion; 
for hr produce a eugl~cemic, state. we were unable to differentiate the effect of hyperglycemia from 
Gluconeogenesis from lactate was measured by determining the hyperinsulinemia. Furthermore, we did not study gluconeogenesis 
ratio of 14C to 3H in plasma glucose during the simultaneous which is an important regulatory mechanism for glucose homeo- 
infusion of l4C~lacta te  and 3H~-glucose. Endogenous hepatic stasis. 
glucose production was determined by the prime-constant infusion To dissociate the effects of plasma glucose from plasma insulin 
technique using 3H6 glucose during a the control of glucose production and gluconeogenesis, varying 
min turnover period after the infusions. All animals maintained a concentrations of glucose and insulin were infused into newborn 
constant plasma glucose concentration and glucose specific activ- lambs for sufficient time to produce steady state equilibrium 
ity during the turnover period. Gluconeogenesis was significantly concentrations of plasma glucose and insulin. Plasma glucose, 
suppressed when insulin levels were in the 49-61 P U / ~  range insulin, glucagon, and glucose specific activity were determined 
although endogenous glucose production was not affected. When and gluconeogenesis and endogenous glucose production were 
plasma insulin concentrations were above 200 p U / d ,  both glu- derived. 
coneogenesis and endogenous glucose production were signifi- 
cantly suppressed. These changes were observed irrespective of 
the steady state blood glucose concentration. Plasma glucagon MATERIALS AND METHODS 

concentrations were the same in all experimental groups and were Twenty-eight mixed breed newborn lambs (3.5 & 0.3 days old; 
not affected by glucose and insulin infusion nor were they respon- weight 4.6 + 0.2 kg) (M & SE) were the subjects of this study. The 
sive to differences in plasma glucose or insulin concentrations. newborn lambs were allowed to deliver spontaneously and were 
Our data indicates that insulin may be the major hormone for the fed ad libitum by their mother until the study was initiated. 
control of glucose homeostasis in the neonatal lamb and that there Thereafter, the protocol of fasting, catheterization, stabilization, 
is a quantitative difference in the response of the various glucose and initial base line blood sampling has previously been described 
homeostatic mechanisms to insulin. (5). During the 6-hr infusion period, the animals received either 

0.45% saline or varying concentrations of exogenously adminis- 

Speculation tered glucose (5.7, 6.2, 12.5, or 21.7 mg/kg/min) and 17 animals 
additionally received exogenous porcine insulin (1.25 or 6.25 mU/ 

Regardless of the plasma glucose concentration and the result- kg/min) with a separate pump via the external jugular catheter at 
ant counter-regulatory responses that may occur during prolonged the 2nd hr of the glucose infusion continuously through the 
continuous glucose infusion, endogenous glucose production in the experimental period. There was a total of six groups of animals 
neonatal lamb may be primarily controlled by insulin. which received various rates of glucose and/or insulin infusion. 

All groups were of comparable age and weight. Blood sampling 
for glucose, insulin, and glucagon was done as previously de- 

Precise hepatic control of glucose homeostasis in the adult scribed (5). 3~6-D-glucose (25 pCi/kg), the most suitable and 
results in the diminution of endogenous glucose production in accepted tracer for determining glucose kinetics (7), and 14Cu-L- 
response to glucose infusion at a rate equal to the basal endoge- lactate (10 pCi/kg) were given simultaneously by the prime-con- 
nous glucose production (5, 9, 25). It is assumed that with glucose stant infusion technique of Steele et al. (24) after 6 hr of infusion 
infusion, an elevation in plasma glucose and insulin will result in to determine gluconeogenesis and endogenous glucose production. 
an appropriate reduction of endogenous glucose production and Six blood Sam les were obtained during the turnover period for B will achieve a new steady state concentration of plasma glucose glucose 3~ and ' C specific activity. Deproteinized plasma samples 
by insulin which inhibits gluconeogenesis and glycogenolysis and were passed through Dowex-1 (Cl-) and Dowex-50 (H') resin 
stimulates glycogenesis (4,6, 17). In adults, after hepatic glycogen columns to separate glucose from lactate and charged glucose 
stores are depleted, gluconeogenesis is the most important regu- metabolites (5). These columns were capable of removing 99.7 + 
latory mechanism for glucose homeostasis (18). An effective re- 0.2% of lactate and 99.3 + 0.3% of pyruvate added to plasma while 
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permitting 99.6 + 0.3% of glucose to pass through. The effluent 
was collected, lyophilized, and 3H and 14C counts measured. The 
mean 3H and 14C glucose specific activity was determined (usually 
within a f 5% range). Endogenous glucose production was calcu- 
lated as described by Steele et al. (24). The ratio (r) of the 14C to 
3H plasma glucose specific activities, normalized to an equivalent 
dose of 14C-lactate and 3H-glucose, was used to measure changes 
in lactate gluconeogenesis. The r is, however, not a quantitative 
measure of gluconeogenesis (i.e., percent incorporation) but is a 
relative measure of changes in the flow of 14C from lactate into 
glucose. 

Plasma glucose, insulin, and glucagon concentrations were de- 
termined as previously described (5). Statistical analysis was by 
paired (for intraanimal comparisons) or unpaired (for interanimal 
and intergroup comparisons) t tests. 

RESULTS 

Figure 1 shows that the base line plasma glucose values were 
similar in all study groups. The control group (receiving 0.45% 
NaCl) had a plasma glucose concentration averaging 117 + 5 
mg/dl (M + SE) during the base line period which stabilized at a 
mean level of 92 * 11 mg/dl during the turnover period. Lambs 
receiving 5.6 and 6.2 mg glucose/kg/min evidenced a significant 
rise in plasma glucose concentration during the infusion period 
(P < 0.025). When 1.25 mU/kg/min of exogenous insulin was 
infused in the animals receiving 6.2 mg glucose/kg/min for 2 hr, 
plasma glucose concentration fell and was similar to that noted in 
the control animals during the turnover period. The animals 
receiving 6.2 mg glucose/kg/min and 6.25 pU insulin/kg/min 
were hypoglycemic as evidenced by a plasma glucose concentra- 
tion (29 + 3 mg/dl) significantly lower than the control animals 
during the turnover period (P < 0.001). The animals receiving 
21.7 mg glucose/kg/min had a significant rise in plasma glucose 
concentration with a mean concentration of 464 + 23 mg/dl 
during the turnover period. 

Animals receiving 12.5 mg glucose/kg/min evidenced a signifi- 
cant rise in plasma glucose concentration after 30 min of infusion 
in comparison to the control animals (P  < 0.01) and in comparison 
to those groups of animals receiving 6.2 mg glucose/kg/min (P 
< 0.025). When 6.25 mU.of insulin/kg/min was given at 2 hr of 
infusion, plasma glucose' concentration fell to euglycemic levels 
and plateaued at a mean of 113 mg/dl during the turnover period. 
The latter value was similar to those noted in the control animals 
and in those animals receiving 6.2 mg glucose/kg/min and 1.25 
m u  insulin/kg/min. 

Figure 2 shows the peripheral plasma insulin values of the 
newborn lambs. The initial base line plasma insulin values aver- 
aged 20 +- 1.8 @/ml for all lambs and remained stable at 23 f 2 
pU/ml when 0.45% saline was infused during the turnover period. 
In those animals receiving 5.7 and 6.2 mg glucose/kg/min, there 
was no statistically significant elevation in plasma insulin concen- 
tration during the first 2 hr when compared with the controls. 
When 1.25 m u  insulin/kg/min was infused in those animals 
receiving 6.2 mg glucose/kg/min, a significant elevation of plasma 
insulin concentration was noted in comparison to the control 
animals (P < 0.005). During the turnover period, the plasma 
insulin concentration averaged 61 + 5 pU/ml in these animals. 
The animals receiving 2 1.7 mg glucose/kg/min had plasma insulin 
concentrations of 3 16 + 138 pU/ml during the turnover period. In 
the group receiving 6.2 mg glucose/kg/min and 6.25 m u  insulin/ 
kg/min, the plasma insulin concentration reached an average of 
236 + 15 pU/ml, significantly different from the control animals 
(P  < 0.001) and significantly different in comparison to those 
animals who received 6.2 mg glucose/kg/min and 1.25 m u  insu- 
lin/kg/min (P < 0.05). 

The animals receiving 12.5 mg glucose/kg/min had a signifi- 
cantly higher plasma insulin concentration during the first 2 hr of 
the infusion period in contrast to the control animals ( P  < 0.05), 
and in contrast to the animals receiving 6.2 mg glucose/kg/min 
(P < 0.05). These differences were accentuated when 6.25 m u  
insulin/kg/min was administered for the final 4 hr of the infusion 
period as well as during the turnover period. During the turnover 
period, the average plasma insulin concentration was 481 f 52 
pU/ml, significantly higher than when neither glucose nor insulin 
was infused to the control animals (P < 0.001) or when 6.2 mg 
glucose/kg/min was infused with either 1.25 or 6.25 m u  insulin/ 
kg/min, respectively (P < 0.025). 

Figure 3 shows the plasma glucagon levels for the neonatal 
lambs. There were no statistical differences between initial basal 
glucagon levels in any of the groups. While the average plasma 
glucagon concentration remained elevated throughout the infu- 
sion and turnover periods for the control animals, there were no 
statistical differences between the control group and any group 
infused with glucose and insulin. 

Figure 4 shows that increasing the rate of glucose infusion 
without insulin administration (groups 2 and 3) produced a step- 
wise increase in plasma glucose and insulin concentrations when 
compared with controls (group 1). The hyperglycemia induced 
elevation in plasma insulin concentration is associated with a 
significant (P  '< 0.05 in group 2 and P < 0.001 in group 3) 
reduction in gluconeogenesis, but the significant (P  < 0.001) 
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Fig. 1. Plasma glucose values in the newborn lambs after exogenous glucose and insulin infusions at rates indicated. 
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Fig. 2. Plasma insulin values in the newborn lambs after exogenous glucose and insulin infusions at rates indicated. 
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Fig. 3. Plasma glucagon values in the newborn lambs aAer exogenous glucose and insulin infusions at rates indicated. 

reduction in endogenous glucose production is seen only when 
marked hyperglycemia and hyperinsulinemia were achieved 
(group 3). With insulin administration, we observed a significant 
( P  < 0.001) and stepwise increase in plasma insulin depending on 
the dose of insulin given and, at the same time, by simultaneous 
glucose infusion we produced a state of euglycemia or hypergly- 
cemia in association with the hyperinsulinemic state. With a slight 
increase in plasma insulin (61 pU/ml, group 4), we produced a 
significant (P  < 0.001) reduction in gluconeogenesis with a slight, 
but not significant reduction in endogenous glucose production. 
With moderate to marked hyperinsulinemia (236 and 481 pU/ml, 
groups 5 and 6), there was significant (P < 0.005) reduction of 
gluconeogenesis and endogenous glucose production with hypo- 
glycemia (group 5) and euglycemia (group 6). 

DISCUSSION 

Original observations by Soskin er al. (22) suggested the hy- 
pothesis of autoregulation of hepatic glucose production by the 
magnitude of glucose delivery to the liver, which has been con- 
firmed by others (8, 15). In fact, Bishop et al. (3) and Steele et al. 
(23) have suggested that infused glucose decreases endogenous 

glucose production by causing an increase in the rate of endoge- 
nous insulin secretion, which others (13) believe is similar to what 
occurs physiologically upon ingestion of a high carbohydrate 
meal. 

In adult sheep, we have demonstrated a significant reduction in 
endogenous glucose production when peripheral plasma insulin 
was raised to a mean of 50 pU/ml by glucose infusion (5). In 
lambs, we have also demonstrated that a significantly higher 
plasma insulin level is required to effectively reduce the endoge- 
nous glucose production. We postulated that the reason for this 
difference in adult and newborn lambs with respect to the insulin 
effect on endogenous glucose production is due to the hepatic 
insensitivity to insulin in the neonate. We also raised the question 
of the role of hyperglycemia and its autoregulatory effect on 
glucose homeostasis which may influence the endogenous glucose 
production rate. Therefore, in this study, we manipulated the 
experimental groups to produce various levels of plasma glucose 
and insulin concentrations so that different magnitudes of hyper- 
insulinemia could be achieved with either hypo-, hyper-, or eugly- 
cemic states. With these variables. we have examined their effects 
on gluconeogenesis as well as endogenous glucose production, 
simultaneously assessed in the same animals. 
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GLUCOSE 

MG/KWMIN 

MG GLVCOSEMG/MIN 0 5.7 21.7 6.2 6.2 12.5 
mU INSULIN/KG/MIN 0 0 0 1.25 625 6.25 

N 4 4 3 6 6 5 

GROUP I I I 111 IV v VI 

Fig. 4. Plasma glucose and insulin concentrations, endogenous glucose production rate, and ratio of incorporation (r) (M f SE) of "C from infused 
lactate found in plasma glucose to the 3H from the infused glucose found in plasma glucose (see Materials and Methods in text) in the newborn lamb 
after exogenous glucose and insulin infusions. Data are presented from the steady state periods during which glucose turnover was determined. 

When subjects are studied in a steady metabolic state, the 
interpretation of tracer kinetics is simplified compared to when 
disequilibrium states are analyzed. Our experiments were designed 
so that a steady state for glucose and insulin was achieved during 
the determination of gluconeogenesis and endogenous glucose 
production. We have quantified endogenous glucose production 
by the method of Steele et al. (24). . 

The de novo production of 14C-labeled glucose by lambs infused 
with 14C-lactate demonstrates that gluconeogenesis from lactate is 
occuring in the presence of various concentrations of glucose and 
insulin. Although neither the rate of gluconeogenesis nor the 
amount of new glucose produced can be measured by the 14C- 
lactate infusion technique as we employed it, the ratio r deter- 
mined when steady state glucose concentrations and 14C and 3H 
specific activities exist identifies relative changes of magnitude in 
lactate glu?oneogenesis. A decrease in r indicates a decrease in the 
amount of 14C incorporation into glucose and, hence, an unquan- 
tified decrease in lactate gluconeogenesis. 

The systemic administration of insulin in these studies is non- 
physiologic and the measurement of peripheral insulin concentra- 
tion does not allow us to determine the concentration of insulin 
reaching the liver through the portal system. It has been assumed 
that peripheral insulin concentration is in synchrony with the 
insulin concentration in the portal circulation (i.e., parallels pe- 
ripheral venous levels during infusion of insulin) and that changes 
in peripheral insulin concentrations are related to changes in 
hepatic metabolism. Because hepatic extraction of insulin has 
been demonstrated to be highly variable, only gross changes are 
interpretable (1 1). 

The rates of endogenous glucose production in the lambs re- 
ceiving saline or 5.7 mg glucose/kg/min are similar to those 
reported for the fetal lamb or suckling lamb (26) and the preterm 
and term Rhesus monkey (21). Infusion of 8 mg glucose/kg/min 
to preterm Rhesus monkeys causes a decrease in endogenous 
glucose production in those animals which responded with a 
significant increase in plasma insulin concentration. The animals 
which did not have a significant insulin response, however, did 
not decrease endogenous glucose production. Although there are 
species and experimental design differences, our data also indicate 
that insulin plays a key role in the control of endogenous glucose 
production. 

Glycogenesis, glycogenolysis, and gluconeogenesis are the ma- 
jor mechanisms for the control of hepatic glucose production. 
Insulin inhibits glycogenolysis and gluconeogenesis and enhances 
glycogenesis resulting in the net suppression of endogenous glu- 
cose production (4,6, 17). Our data show that a moderate elevation 
of plasma insulin level effectively reduced gluconeogenesis (groups 
2 and 4), but did not influence endogenous glucose production. 
The latter is reduced only when a much higher insulin level was 
achieved (groups 3, 5, 6). 

These observations may be based on two underlying reasons: 1) 
gluconeogenesis in the neonate may not be a dominant mechanism 
for glucose homeostasis, therefore, a reduction in this process may 
not effectively influence the overall endogenous glucose produc- 
tion rate; 2) there may be a quantitative difference in the plasma 
insulin requirement to influence the enzymatic activities control- 
ling the various hepatic glucose regulatory mechanisms. 

The paradoxical persistence of gluconeogenesis even when sig- 
nificant hyperglycemia and hyperinsulinemia are present may, 
however, be a result of futile cycling. Rognstad et al. (19,20) have 
demonstrated in both kidney cortex segments and isolated liver 
parenchymal cells of the rat that gluconeogenesis is isotopically 
reversible. This is documented by the fact that during active 
gluconeogenesis, i.e., net glucose synthesis, label from '4C"-glucose 
or 14C1-galactose can be found in "glycolytic" products such as 
lactate, amino acids, and COz. Friedman et al. (12) have demon- 
strated pyruvate recycling during gluconeogenesis at a rate nearly 
one-half of the gluconeogenic rate in perfused rat liver. 

It has been suggested that glucose concentration may play an 
autoregulatory role in glucose homeostasis by various mechanisms 
including its influence on glucagon, epinephrine, and adrenal 
cortical hormones (14, 16, 23). This concept probably does not 
apply in the neonatal lamb for the following two reasons: 1) the 
plasma glucagon concentrations were similar in all study groups 
and 2) the observed changes in gluconeogenesis and endogenous 
glucose production under the influence of various insulin levels 
were similar in either hypo-, hyper-, or euglycemic states. 

Under conditions of prolonged (6-8 hr) continuous glucose 
administration, endogenous glucose production in the neonatal 
lamb appears to be controlled by circulating insulin. Glucagon, a 
potent glycogenolytic and gluconeogenic stimulator in acute ex- 
periments (1, 18), appears not to be capable of stimulating gluco- 
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neogenesis or glycogenolysis under conditions of insulin-induced 
hypoglycemia. Review of plasma glucagon concentrations in re- 
sponse to the combination of exogenous glucose and insulin 
infusions reemphasizes the failure of significant response to either 
hypo- or hyperglycemia in the neonate tbat we have noted previ- 
ously in response to exogenous glucose alone (5) and that has been 
noted by others in adult sheep (2). Plas and Nunez (18) report 
that in cultured fetal hepatocytes, a resistance to glucagon stimu- 
lation appears after a first stimulation. This phenomenon may be 
operative in our experiments which would then support the sug- 
gestion of Felig et al. (LO) that glucose homeostasis is achieved in 
response to /3-cell pancreatic secretion rather than a combined a 
and P-cell response. 
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