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Abstract:

The liver glucose production (LGP) levels of 15-h overnight fasted weaned rats submitted to short-term insulin-induced hypoglyce-

mia (ST-IIH) and long-term IIH (LT-IIH) were compared. Experiments to characterize ST-IIH or LT-IIH that followed an intraperito-

neal (ip) injection (1.0 U/kg) of regular (ST-IIH) or insulin detemir (LT-IIH) were performed and glycemia were measured

0 (normoglycemic control), 0.5 h (ST-IIH), 4 h and 6 h (LT-IIH) later. The values of glycemia (mg/dl) were 77.8 ± 7.2 (normoglyce-

mic control), 26.2 ± 6.1 (ST IIH 0.5 h), 21.2 ± 7.6 (LT-IIH 4 h) and 35.3 ± 14.5 (LT-IIH 6.0). The LGP levels were measured in the rats

submitted to ST-IIH (0.5 h) and LT-IIH (4 h or 6 h). The rats that received ip saline were used as the normoglycemic control group

(COG). The livers from the COG and IIH groups (ST-IIH or LT-IIH) were perfused in situ with infusion of L-alanine (5 mM), L-glutamine

(10 mM), glutamine dipeptide (5 mM), L-lactate (2 mM) or glycerol (2 mM). The ST-IIH rats showed a higher LGP level than COG group

following the L-glutamine infusion (p < 0.05), but the LGP levels that were measured following the L-lactate, L-alanine, glutamine dipep-

tide (5 mM), L-lactate (2 mM) or glycerol infusion remained unchanged. Moreover, if the period of IIH was expanded to 4 h following in-

sulin injection, the LGP levels induced by L-alanine, glutamine dipeptide or glycerol infusion also increased (p < 0.05, LT-IIH vs. COG).

However, the LGPfrom the L-lactate infusion remained unchanged until 6 h after insulin injection. In conclusion, these results suggest that

the intensification of liver gluconeogenesis during ST-IIH and LT-IIH in weaned rats is not a synchronous “all or nothing” process; instead,

this process integrated in a temporal manner and is specific for each gluconeogenic substrate.
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Abbreviations: AUC – area under the curve, COG – normo-

glycemic control group, IIH – experimental hypoglycemic

group, ip – intraperitoneal, LGP – liver glucose production,

LT-IIH – long-term insulin-induced hypoglycemia, NAD� –

nicotinamide adenine dinucleotide (oxidized form), NADH –

nicotinamide adenine dinucleotide (reduced form), ST-IIH –

short-term insulin-induced hypoglycemia

Introduction

Insulin-induced hypoglycemia is common in the

young children with type 1 diabetes, which may par-

tially account for its high mortality rate in the 1–4
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year-old age group [5]. For this reason, insulin-in-

duced hypoglycemia is the rate-limiting step in

achieving excellent control of glycemia in type 1 dia-

betic children [18].

Weaned rats submitted to insulin-induced hypogly-

cemia are a suitable experimental model of hypogly-

cemia in early age because, like diabetic children,

they demonstrate a higher tendency to show severe in-

sulin-induced hypoglycemia if compared with adult

rats [19, 20].

Moreover, considering that liver gluconeogenesis is

crucial to the maintenance of glycemia during insulin-

induced hypoglycemia [6, 11, 13] and that the transi-

tion from the weaning to the adult age is an unfavor-

able condition for gluconeogenesis [4, 8], it is critical

to investigate this metabolic pathway in weaned rats

submitted to insulin-induced hypoglycemia.

The results of a previous study agree with this

proposition [17]; the authors demonstrated that

weaned rats submitted to short-term insulin-induced

hypoglycemia showed a higher liver capacity for pro-

ducing glucose from L-glutamine, but the liver gluco-

neogenesis of L-alanine, glutamine dipeptide, L-lactate

and glycerol were unchanged. However, the meta-

bolic changes that occurred during long term insulin-

induced hypoglycemia were not investigated.

Therefore, to better elucidate the contribution of liver

gluconeogenesis to the maintenance of glycemia during

hypoglycemia in weaned rats, the activation of the liver

glucose production levels during short-term and long-

term insulin-induced hypoglycemia were compared.

Material and Methods

Materials

Insulin detemir (Levemir) was purchased from Novo

Nordisk (São Paulo, SP, Brazil). L-lactate dehydroge-

nase was obtained from Sigma Chemical Company

(St. Louis, MO, USA). L-glutamine, L-alanine, L-lactate,

L-alanyl-L-glutamine (glutamine dipeptide) and all

other reagents were received from the suppliers.

Animals

Male Wistar weaned rats (21–23 days) weighing ap-

proximately 50 g were used in the study. The manipu-

lation followed the Brazilian law regarding the pro-

tection of animals and was performed with the per-

mission of the state animal welfare committee. The

rats were maintained under a constant temperature

(23°C) with an automatically controlled photoperiod

(12 h light/12 h dark). The rats had free access to wa-

ter and food (standard commercial laboratory diet –

Nuvilab®) until the day before the experiment when

they were fasted overnight (15 h).

Short-term insulin-induced hypoglycemia

(ST-IIH) and long-term IIH (LT-IIH)

ST-IIH or LT-IIH was induced with an intraperitoneal

(ip) injection of regular (1 U/kg) or insulin detemir

(1 U/kg). The dose was based on previous investiga-

tions [16, 17].

The glycemia was measured 0 at 0 h (normoglycemic

control), 0.5 h (ST-IIH), 4 h (LT-IIH) and 6 h (LT-IIH)

after the administration of the insulin detemir. The blood

was collected by decapitation and immediately centri-

fuged to obtain the serum for the glucose determination.

Liver perfusion technique

Rats fasted overnight were anesthetized with an ip in-

jection of sodium thiopental (40 mg/kg) at 0.5 h, 4 h

or 6 h following the saline (normoglycemic control

group, i.e., COG) or the insulin injection (experimen-

tal hypoglycemic rats, i.e., IIH group).

After a suitable level of anesthesia was achieved,

the rats were submitted to a laparotomy. The livers

were perfused in situ with a constant flux (4 ml/min × g)

using Krebs Henseleit bicarbonate buffer, pH 7.4, that

was saturated with O�/CO� (95/5%). The perfusion

fluid was pumped into a controlled temperature (37°C)

membrane oxygenator prior to entering the liver via

the portal vein. This experimental approach discarded

the influence of hepatic glycogen catabolism, the

changes in hepatic blood flux and the variability of

blood glucose precursors [12].

The gluconeogenic substrates were L-alanine (5 mM),

L-glutamine (10 mM), glutamine dipeptide (5 mM),

L-lactate (2 mM) and glycerol (2 mM). The concen-

tration of each gluconeogenic substrate was based on

a previous study [17].

A typical liver perfusion experiment is illustrated in

Figure 1. Following a pre-infusion period (10 min),

the gluconeogenic substrate was dissolved in the per-

fusion fluid and was infused for 40 min; this was fol-

lowed by a period of post-infusion (10 min). The sam-
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ples of the effluent perfusion fluid were collected at

5-min intervals and the concentration of the glucose

was determined using a lab kit test (Labtes®).

The kinetics of the glucose production from a glu-

coneogenic substrate are illustrated in Figure 1. After

the infusion of the glucose precursor was initiated, the

glucose production increased progressively. The dif-

ferences in the glucose production during and before

the infusion of the gluconeogenic substrate allowed

for the calculation of the area under the curves

(AUCs), which are expressed as mol/g. The AUCs

that are shown in Tables 1–3 were obtained from

similar experiments as the experiment that is illus-

trated in Figure 1.

In a portion of the experiments, the liver produc-

tion of pyruvate and L-lactate were measured from the

effluent perfusion fluid. The concentrations of pyru-

vate [3] and L-lactate [9] were measured with stan-

dard enzymatic techniques that utilized lactate dehy-

drogenase.

The liver perfusion experiments were performed on

pairs of rats; one rat was from the IIH group and other

served as a COG. Therefore, the ability of the liver to

produce glucose from L-glutamine, L-alanine, gluta-

mine dipeptide, L-lactate and glycerol from the rats

that were submitted to IIH (ST-IIH or LT-IIH) or COG

were compared.

Statistical analysis

The data were analyzed with an unpaired Student’s

t-test or by ANOVA using the Graph-Pad Prism soft-

ware (version 5.0). The results are reported as the

means ± the standard deviation of the means (SD);

p < 0.05 was considered to be statisticallysignificant.

Result

The values (means ± SD, n = 5) that were obtained for

glycemia at 0 h (Control normoglycemic), 0.5 h

(ST-IIH), 4 h (LT-IIH) and 6 h (LT-IIH) after insulin

administration were 77.8 ± 7.2, 26.2 ± 6.1, 21.2 ± 7.6

and 35.3 ± 14.5 mg/dl, respectively.

The results from the in situ liver perfusion experi-

ments are presented in Tables 1–3.

Table 1 shows that the production of glucose, pyru-

vate and L-lactate from L-alanine was unchanged at

0.5 h (ST-IIH) after the insulin administration. How-

ever, the livers from the IIH group showed higher
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Fig. 1. Demonstrative experiments of glucose production from
glutamine (10 mM) in the perfused livers of 15-h fasted weaned rats
that received insulin (IIH) or saline (COG). The effluent perfusate was
sampled at 5-min intervals and was used for glucose determination

Tab. 1. Glucose, pyruvate and L-lactate production from L-alanine (5 mM) in the livers of the normoglycemic control group (COG) and the hy-
poglycemic (IIH) group of 15-h fasted rats. The liver experiments were performed at 0.5 h and 4.0 h after the administration of saline (COG) or
insulin (IIH group). The areas under the curves (AUCs) were obtained as described in the Materials and Methods and in Figure 1. The AUCs
values (µmol/g) were expressed as the means ± SD of 4–7 liver perfusion experiments

AUC (µmol/g) from L-alanine

Glucose production Pyruvate production L-lactate production

COG IIH COG IIH COG IIH

0.5-h 4.2 ± 2.2 5.7 ± 2.0 2.2 ± 1.0 2.3 ± 1.2 6.8 ± 1.6 7.5 ± 2.2

4.0-h 3.9 ± 1.1 6.9 ± 1.3* 8.7 ± 1.3 13.9 ± 1.5* 10.0 ± 2.1 14.6 ± 1.7*

* p < 0.05 vs. COG



(p < 0.05) glucose, pyruvate and L-lactate production

from L-alanine at 4.0 h (LT-IIH) after the insulin ad-

ministration (IIH vs. COG).

As shown in Table 2, neither the glucose nor the

pyruvate production from L-lactate was changed at

0.5 h (ST-IIH) or 4 h (LT-IIH) after the insulin

administration (IIH vs. COG) and the values remained

unchanged when the period of IIH was expanded to 6 h

(LT-IIH) after the insulin administration.

The livers from the IIH rats showed higher (p <

0.05) levels of glucose production from L-glutamine

at 0.5 h (ST-IIH) and 4 h (LT-IIH) after insulin

administration (IIH vs. COG). However, higher (p <

0.05 vs. COG) levels of glucose production from the

glutamine dipeptide or glycerol was measured at 4 h

(LT-IIH), but not at 0.5 h (ST-IIH), after the insulin

was administered (Tab. 3).

Discussion

Because the IIH was well established at 0.5 h

(ST-IIH) and maintained until 6 h (LT-IIH) after insu-

lin administration, the liver gluconeogenesis in rats

submitted to ST-IIH and LT-IIH was investigated.

Because L-alanine utilizes all of the steps of the

gluconeogenic pathway [14], this amino acid was the

first liver glucose precursor that was investigated. In

addition, because gluconeogenesis depends on the

oxygen supply and on several cellular compartments

(the plasma membrane, cytosol, mitochondria and mi-

crosomal fraction), the glucose, L-lactate and pyru-

vate that are released as byproducts of L-alanine ca-

tabolism can be used as markers of the integrity of the

hepatocyte [16].

L-alanine infused in the liver crosses the cell mem-

brane and is then converted to pyruvate. From the

cytosol, pyruvate enters mitochondria where it is car-

boxylated and then leaves the mitochondria as malate

[7]. In the cytosol, malate is converted to oxaloacetate

and then to phosphoenolpyruvate and after various

steps, is converted by microsomal glucose-6-phos-

phatase to glucose, which is released from the hepato-

cyte [1]. As expected, an increased glucose production

was observed following the infusion of L-alanine.

In contrast with the adult rats [13], the production of

glucose, pyruvate and L-lactate from L-alanine in the

livers of the weaned rats submitted to ST-IIH (0.5 h)

were not different if compared with COG. However,

the glucose production from L-alanine increased at

4 h (LT-IIH) after insulin administration (IIH vs. COG).
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Tab. 2. Glucose and pyruvate production from L-lactate (2 mM) in the
livers of the normoglycemic control group (COG) and the hypoglyce-
mic (IIH) group of 15-h fasted rats. The liver experiments were per-
formed at 0.5 h, 4.0 h and 6.0 h after the administration of saline
(COG) or insulin (IIH group). The areas under the curves (AUCs)
were obtained as described in the Materials and Methods and in Fig-
ure 1. The AUCs values (µmol/g) were expressed as the means ± SD
of 4–6 liver perfusion experiments

AUC (µmol/g) from L-lactate (µmol/g)

COG IIH

Glucose production 0.5-h 12.7 ± 6.2 12.0 ± 3.7

Pyruvate production 0.5-h 2.9 ± 1.6 2.8 ± 1.8

Glucose production 4.0-h 19.1 ± 5.0 20.6 ± 3.4

Pyruvate production 4.0-h 7.2 ± 0.9 8.5 ± 1.1

Glucose production 6.0-h 12.0 ± 1.8 15.4 ± 4.1

Pyruvate production 6.0-h 9.2 ± 1.5 8.8 ± 3.6

p > 0.05 vs. COG for all comparisons

Tab. 3. Glucose production from L-glutamine (10 mM), glutamine
dipeptide (5 mM) and glycerol (2 mM) in the livers of the normoglyce-
mic control group (COG) and the hypoglycemic (IIH) group of 15-h
fasted rats. The liver experiments were performed at 0.5 h or 4.0 h after
the administration of saline (COG) or insulin (IIH group). The areas
under the curves (AUCs) were obtained as described in the Materials
and Methods and in Figure 1. The AUCs values (µmol/g) were ex-
pressed as the means ± SD of 3–6 liver perfusion experiments

AUC (µmol/g) from L-glutamine, glutamine dipeptide and glycerol

COG IIH

L-Glutamine

0.5-h 3.8 ± 1.2 6.9 ± 1.8*

4.0-h 3.2 ± 1.4 5.0 ± 1.5*

Glutamine dipeptide

0.5-h 1.6 ± 0.5 1.5 ± 0.6

4.0-h 0.8 ± 0.2 2.6 ± 1.2*

Glycerol

0.5-h 10.6 ± 3.4 11.7 ± 2.8

4.0-h 9.6 ± 1.4 12.9 ± 2.3*

* p < 0.05 vs. COG



This result may be partly attributed to the increased

catabolism of L-alanine because the levels of L-lactate

and pyruvate released from this amino acid were in-

creased (Tab. 1).

In the second set of experiments, which used L-lac-

tate as a gluconeogenic substrate, we observed that

the production of glucose and pyruvate production

were unchanged at both 0.5 h (ST-IIH) and 4 h (LT-

IIH) following insulin administration (IIH vs. COG).

For this reason, the period of the IIH was expanded to

last until 6 h following the insulin injection. Nonethe-

less, the LGP from L-lactate did not change (Tab. 2).

In the third set of experiments, the liver gluconeo-

genesis from L-glutamine, which enters the gluconeo-

genesis pathway after the pyruvate carboxylase step

and before the phosphoenolpyruvate carboxykinase

step [17], was investigated. The results showed an in-

creased (p < 0.05 IIH vs. COG) glucose production

during the ST-IIH (0.5 h after insulin administration),

which was maintained during the LT-IIH (4 h after the

insulin administration).

In the next set of experiments, the liver gluconeo-

genesis from glutamine dipeptide or glycerol were

investigated. The results were similar to those

observed for L-alanine; the glucose production at 0.5 h

(ST-IIH) after insulin injection was unchanged (IIH

vs. COG) and the glucose production at 4 h (LT-IIH)

after insulin administration increased (p < 0.05 IIH vs.

COG) (Tab. 3).

The mechanism of the higher glucose production

ability during IIH likely involves an increased release

of counter-regulatory hormones, which can activate

the enzymes alanine aminotransferase, glutaminase,

phosphoenolpyruvate carboxykinase and glucose-

6-phosphatase [2, 15], which overcome the inhibitory

effect of the insulin on hepatic gluconeogenesis.

From the liver perfusion experiments that were

described above (Tabs. 1–3), it is possible to establish

a time sequence of the changes that occur during

gluconeogenesis for different glucose precursors

during ST-IIH and LT-IIH. The process begins with

the L-lactate that enters the gluconeogenesis pathway

as pyruvate [7] and uses all the steps of gluconeo-

genesis. The results suggest that the gluconeogenesis

that occurred during ST-IIH and LT-IIH was not

activated or inhibited, but rather, it was maintained.

Furthermore, because the conversion of L-lactate to

pyruvate depends on the activity of lactate dehydroge-

nase and the potential of cytosolic NADH: NAD�

[10], we can infer that these variables remained un-

changed in the IIH weaned rats.

It is noteworthy that L-glutamine was the unique

liver gluconeogenic substrate that showed an increased

ability to produce glucose during ST-IIH (0.5 h after

insulin injection). This result raises the following

question: why did the livers from the IIH rats show

increased glucose production from L-glutamine at

0.5 h following the administration of insulin but not

from L-alanine or glycerol?

Before answering this question, it is necessary to

consider that L-alanine, which enters the gluconeogenesis

pathway as pyruvate, utilizes all of the steps of this

metabolic pathway. Therefore, the superior metabolic

performance of L-glutamine could be related to its

entrance in the gluconeogenic pathway following py-

ruvate carboxylase. In other words, L-glutamine may

bypass the pyruvate carboxylase step. However, glyc-

erol, which bypasses both the pyruvate carboxylase and

the phosphoenolpyruvate carboxykinase steps, did not

show an increased liver glucose production at 0.5 h

after insulin administration. Another interesting possi-

bility is that the mitochondrial glutaminase [15] is

more intensely activated in the livers of hypoglycemic

weaned rats. In agreement with this proposition and

as shown by the demonstrative experiment that is

depicted in Figure 1, steady-state conditions of glucose

production were attained approximately 15 and 30 min

after the infusion of L-glutamine in the COG and IIH

groups was initiated, respectively. Moreover, because

the higher gluconeogenesis from glycerol occurred at

4 h, but not at 0.5 h, after insulin injection, the

possibility of the activation of fructose-1,6-bisphos-

phatase, which is the main enzyme between the phos-

phoenolpyruvate carboxykinase and glucose- 6-phos-

phatase steps, must be considered.

In conclusion, these results suggest that the

intensification of liver gluconeogenesis during ST-IIH

and LT-IIH in weaned rats was not a synchronous “all

or nothing” process; instead, this process was inte-

grated in a temporal manner and was specific for each

gluconeogenic substrate.

Finally, our results have great clinical interest be-

cause they help to elucidate the complexity of the

condition of ST-IIH and LT-IIH in weaned rats and

provide additional information regarding the predis-

position to severe hypoglycemia in the young children.
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