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Abstract:

Background: The contribution of liver glycogen catabolism to hyperglycemia and glucose intolerance induced by pharmacological

hypercortisolism were investigated.

Methods: For this purpose, adult male Wistar rats that received 1.0 mg/kg dexamethasone (DEX) ip at 8:00 a.m. (DEX group) or sa-

line (CON group) once a day for 5 consecutive days were compared.

Results: Experimental hypercortisolism was confirmed by higher (p < 0.05) glycemia, lower (p < 0.05) body weight and glucose in-

tolerance. In the fed state, the basal glycogen catabolism and the glucagon (1 nM) and epinephrine (2 µM) induced glycogen

catabolism were similar between the groups. The activation of glycogen catabolism induced by phenylephrine (2 µM) and iso-

proterenol (20 µM) were increased (p < 0.05) and decreased (p < 0.05), respectively, in DEX rats. Furthermore, DEX rats exhibited

higher (p < 0.05) glycogen catabolism during the infusion of cAMP (3 µM). However, during the infusion of cAMP (15 µM), 6MB-

cAMP (3 µM) or cyanide (0.5 mM), the intensification of glycogen breakdown was similar. Thus, in general, hypercortisolism does

not influence the basal glycogen catabolism and the liver responsiveness to glycogenolytic agents in the fed state. In contrast with fed

state, fasted rats (DEX group) showed a more intense (p < 0.05) basal glycogen catabolism.

Conclusion: The contribution of glycogen catabolism to hyperglycemia during hypercortisolism depends of the nutritional status,

starting from a negligible participation in the fed state up to a significant contribution in the fasted state.
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Abbreviations: AUC – area under the curve, cAMP –

adenosine-3’-5’-cyclic monophosphate, CON – control, DEX

– dexamethasone, GCs – glucocorticoids, GTT – glucose toler-

ance test, ip – intraperitoneally, LGP – liver glucose produc-

tion, 6-MB-cAMP – N6-monobutyryl-adenosine-3’-5’-cyclic

monophosphate, PEPCK – phosphoenolpyruvate carboxyki-

nase, RT-CGMS – real-time continuous glucose monitoring

system

Introduction

Glucocorticoids (GCs) produced by the adrenal gland

cortex are steroid hormones involved in a variety of

different physiological functions, from the immune

system to the regulation of glycemia and liver func-
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tion. Moreover, GCs are highly efficient in treating

a variety of inflammatory and autoimmune disorders.

Unfortunately, high blood GCs levels can increase the

risk of infections, hypertension, peptic ulcers, osteo-

porosis, depression and hyperglycemia [1, 8, 26].

Hyperglycemia associated with hypercortisolism is

characterized in both liver and peripheral tissues, re-

sulting in excessive liver glucose production and de-

creased insulin-mediated glucose uptake, respectively

[3, 10]. The decreased glucose uptake is consequence

of the inhibition of the translocation of GLUT4 glu-

cose transporters to the plasma membrane in response

to insulin [42].

Excessive liver glucose production associated with

hypercortisolism has been attributed to increased

gluconeogenesis rate [6, 18, 29] and involves the fol-

lowing metabolic changes: (a) intensification of pro-

teolysis and lipolysis to provide additional substrates

for liver glucose production and (b) ability to induce

the synthesis of the rate-limiting gluconeogenic en-

zymes, e.g., fructose-1,6-biphosphatase, pyruvate car-

boxykinase, and phosphoenolpyruvate carboxykinase

(PEPCK).

However, the contribution of glycogen catabolism

to liver glucose overproduction induced by treatment

with GCs in the form of dexamethasone (DEX) is not

well established. For example, the liver glycogen lev-

els are affected by GCs in a variable manner that are

either increased [12, 15, 41] or decreased [2, 41] de-

pending on the experimental conditions.

Because the permissive actions of GCs are in-

volved in the control of liver glycogen metabolism

[11, 32, 39], the following question was raised: can

liver glycogen catabolism contribute to hyperglyce-

mia induced by hypercortisolism?

To answer this question, we will focus on glycogen

catabolism during hypercortisolism induced by the

administration of DEX in rats.

Materials and Methods

Materials

Adenosine-3’-5’-cyclic monophosphate (cAMP), N6-mo-

nobutyryl-cAMP (6-MB-cAMP), phenylephrine and

isoproterenol were purchased from Sigma Chemical

Co. (St. Louis, USA). Glucagon (Glucagen®), epi-

nephrine (Drenalin®) and DEX (Decadron®) were ob-

tained from Novo Nordisk (São Paulo, Brazil),

Ariston (São Paulo, Brazil) and Aché (São Paulo,

Brazil), respectively. All other reagents were used as

received from the suppliers.

Animals and treatment

Albino male Wistar rats weighing about 160 g were

used. The manipulation followed the Brazilian law re-

garding the protection of animals and was performed

with the approval of the state animal welfare commit-

tee. The rats were maintained under constant tempera-

ture (23°C) with automatically controlled photoperiod

(12 h light/12 h dark), and free access to water and

food (standard laboratory diet).

The experimental group received DEX (1.0 mg/kg,

intraperitoneally (ip)), 8:00 a.m. once a day for 5 con-

secutive days (DEX group) and the control group

(CON group) received the same treatment with saline.

This treatment schedule was based on a previous

work [28].

Body weight was measured at the first day and im-

mediately before the experiments, which were per-

formed 24 h after the last administration of DEX or

saline, i.e., 8:00 a.m.

Experimental hypercortisolism (DEX group) was

confirmed by the higher (p < 0.05) glycemia in the fed

and fasted state and lower (p < 0.05) final body

weight (Tab. 1).

Oral glucose tolerance test (GTT) measured by

real-time continuous glucose monitoring

system (RT-CGMS)

The RT-CGMS device is composed of glucose sensor,

transmitter that sends data to the monitor using radio

frequency and monitor that provides readings in real

time (Medtronic Guardian® Real-Time CGMS).
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Tab. 1. Glycemia (mg/dl) and body weight (g) of rats treated with sa-
line (CON group) or dexamethasone (DEX group) during 5 days.
Each data represents the mean ± SEM (n = animal per group). * p <
0.05 (CON vs. DEX). # p < 0.05 (initial vs. final body weight)

CON DEX

Glycemia (fed state) 134.0 ± 2.7 (24) 152.5 ± 7.8* (24)

Glycemia (fasted state) 89.4 ± 5.0 (13) 131.5 ± 5.0* (13)

Initial body weight

Final body weight

162.5 ± 1.7# (24)

194.8 ± 1.8 (24)

164.2 ± 1.7# (24)

141.1 ± 2.1* (24)



In order to install the RT-CGMs, the rats were anes-

thetized (thiopental, ip, 45 mg/kg), the back skin area

was shaved, and the sensor was inserted in the in-

terscapular area of the skin (subcutaneous tissue).

After the connection of the transmitter with the moni-

tor, a 2 h initialization period was required before

starting the calibration of the RT-CGMS. For this pur-

pose, glycemia was measured from a blood droplet

obtained after a small incision at the tip of the tail

with a home glucometer. The RT-CGMS was cali-

brated at least twice a day and the system measured

glucose levels in the range from 40 to 400 mg/dl.

Oral GTT was done 36 h after the installation of

RT-CGMS device. For this purpose CON and DEX

rats received oral (gavage) glucose (1 g/kg) and the

glucose concentration was evaluated up to 120 min

after glucose administration.

After the conclusion of the experiment, the sensor

was removed and data stored on a network database

were downloaded to a personal computer connected

to the internet.

Figure 1 shows a demonstrative experiment where

the kinetics of glucose concentration (each 5 min) af-

ter oral glucose administration (1 g/kg) was evaluated

by using RT-CGMs technique.

DEX rats exhibited glucose intolerance confirming

the experimental hypercortisolism.

Liver perfusion experiments in fed and fasted

rats

Rats from CON and DEX groups were anesthetized

with thiopental injection (ip, 45 mg/kg). The abdomen

was opened by a midline incision and blood was col-

lected from portal vein for glucose determination [5].

After this procedure, a cannula was inserted in the

portal vein and the liver was perfused in situ as previ-

ously described [34]. The perfusion fluid, Krebs-

Henseleit buffer (pH 7.4) saturated with an oxy-

gen/carbon dioxide mixture (95/5 per cent) was

pumped at constant flow (4 ml/min × g of liver)

through a temperature regulated (37°C) membrane

oxygenator prior to entering the liver via a cannula in-

serted in the portal vein. Moreover, a second canula

was inserted in the cava vein for the collection of the

perfusate.

When livers are perfused in a non-recirculating

system with medium containing no glucose, L-lactate

or pyruvate, these products are washed out due to

high concentration gradients between cytosol and ex-

tracellular fluid. This condition provides liver glyco-

gen catabolism rates that can be intensified with the

infusion of glycogenolytic agents [4].

Glycogenolytic agents were: epinephrine (2 µM),

phenylephrine (2 µM), isoproterenol (20 µM), cAMP

(3 and 15 µM), 6-MB-cAMP (3 µM), glucagon (1 nM)

and cyanide (0.5 mM). The concentration of each sub-

stance was based on previous studies [20, 22, 24, 25].

Glucose [5], pyruvate [7] and L-lactate [13] in the

perfusate were measured at 2-min intervals. Assum-

ing that L-lactate, pyruvate and glucose released into

the perfusate are the main products of carbohydrate

degradation, glycogenolysis should be calculated by

the sum of glucose plus the half-sum of L-lactate and

pyruvate [glucose + ½ (L-lactate + pyruvate)]. The re-

lease of these metabolites provides with good ap-

146 Pharmacological Reports, 2013, 65, 144�151

Fig. 1. Demonstrative experiments of the kinetics of
glucose concentration (each 5 min) after oral glu-
cose administration (1 g/kg) measured by real-time
continuous glucose monitoring system (RT-CGMS).
RT-CGMS were performed as described in Materi-
als and Methods. Glucose was administered at time
0 min. Key: � – fed rats previously treated during
5 days with saline (CON group); ¡ – fed rats previ-
ously treated during 5 days with dexamethasone
(DEX group); GTT – glucose tolerance test



proximation the glycogenolysis rate because pyruvate

oxidation, pentose-monophosphate shunt and recy-

cling of pyruvate into glucose are minimal [19]. In ad-

dition, glycolysis was calculated by the sum of L-

lactate plus pyruvate (L-lactate + pyruvate).

The liver was removed and weighted at the end of

each experiment to allow precise metabolic calcula-

tions. All metabolic measurements were expressed as

µmol × min × g tissue fresh weight.

Typical liver perfusion experiments are exhibited

in Figure 2. Following a period of 10 min (0–10 min)

where the basal glycogen catabolism was evaluated,

the glycogenolytic agent was dissolved in the perfu-

sion fluid and was infused for 20 min (10–30 min);

this was followed by an additional period without the

glycogenolytic agent (20 min). The activation of gly-

cogen catabolism was inferred by the differences in

the glucose, L-lactate and pyruvate production during

(10–30 min) and before (0–10 min) the infusion of the

glycogenolytic agent, which allowed calculating the

area under the curves (AUCs), expressed as µmol/g.

Thus, the AUCs shown in Tables 2–4 were obtained

from similar experiments illustrated in Figure 2.

For glycogen evaluation, livers were perfused as

described above. However, immediately after the pe-

riod of 10 min without glycogenolytic agent infusion

(0–10 min), livers were removed and immediately

frozen in liquid nitrogen for further assaying of liver

glycogen concentration [17].

Statistical analysis

Data were analyzed by unpaired Student’s t-test or

ANOVA, using the Graph-Pad Prism software (ver-
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Fig. 2. Demonstrative experiments of liver glucose (A), L-lactate (B) and pyruvate (C) production and glycogenolysis (D) from cyanide
(0.5 mM). Livers were perfused as described in Materials and Methods. Area under the curve values (µmol/g) were expressed as the means
± SEM of 5-6 liver perfusion experiments in fed rats previously treated during 5 days with saline (CON group, �) or dexamethasone (DEX group, ¡).
Negative AUC values (2C) represent lower pyruvate values during the infusion of cyanide in comparison with basal values

A B

C D



sion 5.0). The results were presented as the means

± the standard error of the means (n = number of ex-

periments); p < 0.05 was considered statistically sig-

nificant.

Results

The liver glycogen levels (µmol/g) of DEX group

(170.2 ± 30.3, n = 5) and CON group (159.1 ± 16.1,

n = 5) in the fed state was not different (p > 0.05).

The intensification of glycogen catabolism during

infusion of glucagon or epinephrine (CON vs. DEX)

was similar (Tab. 2). However, livers from DEX

group exhibited increased and decreased glycogen

breakdown during infusion of phenylephrine and iso-

proterenol, respectively (Tab. 2).

As showed in Table 3, livers from DEX group ex-

hibited higher (p < 0.05) glycogen catabolism during

infusion of cAMP (3 µM). However, during infusion

of cAMP (15 µM) or 6MB-cAMP (3 µM) the intensi-

fication of glycogen breakdown was not different

(CON vs. DEX).
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Tab. 2. Liver glucose, L-lactate, pyruvate, glycolysis and glycogenolysis from glucagon (1 nM), epinephrine (2 µM), phenylephrine (2 µM) and
isoproterenol (20 µM) in fed rats treated with saline (CON group) or dexamethasone (DEX group) during 5 days. The area under curves
(µmol/g) was obtained as described in Figure 2 and was expressed as the means ± SEM of 3–6 experiments. Negative values represent lower
values during infusion of the glycogenolytic agent in comparison with basal values. * p < 0.05 (CON vs. DEX)

Glucagon Epinephrine Phenylephrine Isoproterenol

CON DEX CON DEX CON DEX CON DEX

Glucose 25.9 ± 5.9 31.1 ± 8.8 63.0 ± 7.0 67.8 ± 4.8 17.8 ± 3.7 31.4 ± 3.1* 24.4 ± 2.6 14.8 ± 2.5*

L-lactate –7.1 ± 1.2 –7.5 ± 1.2 4.6 ± 0.9 6.9 ± 0.5 5.6 ± 0.6 7.9 ± 1.9 –2.4 ± 0.7 1.9 ± 0.3

Pyruvate –1.4 ± 0.2 –1.5 ± 0.18 1.6 ± 0.4 2.0 ± 0.3 2.2 ± 0.1 1.4 ± 0.1* –0.5 ± 0.05 0.5 ± 0.1

Glycolysis –8.5 ± 1.5 –9.1 ± 1.4 5.3 ± 1.1 5.4 ± 0.5 7.5 ± 0.7 9.1 ± 2.0 –2.3 ± 0.6 2.4 ± 0.3

Glycogenolysis 21.6 ± 5.4 27.2 ± 8.2 61.1 ± 6.8 69.2 ± 4.8 29.1 ± 1.0 39.8 ± 1.6* 23.4 ± 2.3 15.6 ± 1.8*

Tab. 3. Liver glucose, L-lactate, pyruvate, glycolysis and glycogenolysis from adenosine-3’-5’-cyclic monophosphate (cAMP) or
N6-monobutyryl-cAMP (6MB-cAMP) in fed rats treated with saline (CON group) or dexamethasone (DEX group) during 5 days. The area under
curves (µmol/g) was obtained as described in Figure 2 and was expressed as the means ± SEM of 4–7 experiments. Negative values represent
lower values during infusion of the glycogenolytic agent in comparison with basal values. * p < 0.05 (CON vs. DEX)

cAMP (3 µM) cAMP (15 µM) 6MB-cAMP (3 µM)

CON DEX CON DEX CON DEX

Glucose 11.9 ± 2.9 37.8 ± 3.2* 38.8 ± 7.7 40.2 ± 7.2 23.8 ± 6.1 29.0 ± 6.9

L-lactate 1.99 ± 0.6 –4.55 ± 0.3* –6.2 ± 0.7 –8.9 ± 1.4 –5.5 ± 1.2 –8.0 ± 2.2

Pyruvate 0.35 ± 0.03 –0.84 ± 0.1* –1.2 ± 0.16 –2.4 ± 0.4* –1.35 ± 0.34 –2.0 ± 0.35

Glycolysis 2.3 ± 0.7 –5.0 ± 0.7* –7.1 ± 0.84 -–2.5 ± 1.2* –6.5 ± 1.5 –10.0 ± 9.3

Glycogenolysis 11.7 ± 2.1 35.9 ± 2.5* 34.8 ± 7.4 30.2 ± 7.5 20.9 ± 5.6 24.5 ± 6.4

Tab. 4. Liver glucose, L-lactate, pyruvate, glycolysis and glycogen-
olysis from cyanide (0.5 mM) in fed rats treated with saline (CON
group) or dexamethasone (DEX group) during 5 days. The area un-
der curves (µmol/g) was obtained as described in Figure 2 and was
expressed as the means ± SEM of 5–6 experiments. Negative values
represent lower values during infusion of cyanide in comparison with
basal values. * p < 0.05 (CON vs. DEX)

CON DEX

Glucose 11.6 ± 1.6 6.8 ± 2.3

Pyruvate –2.8 ± 0.3 –1.7 ± 0.5

Glycolysis 20.0 ± 2.4 11.7 ± 2.4*

Glycogenolysis 21.2 ± 2.5 11.3 ± 3.7



DEX group revealed tendency of lower activation

of glycogen catabolism (CON vs. DEX), as inferred

by the lower degree of intensification of liver glucose

production and glycogenolysis during the infusion of

cyanide (Tab. 4).

Finally, livers from DEX group (fasted state) ex-

hibited more intense (p < 0.05) basal glycogen ca-

tabolism (Fig. 3).

Discussion

Some relevant aspects of the pharmacological effects

of GCs administration obtained in this investigation

confirm that our experimental model is suitable to in-

vestigate metabolic aspects of hypercortisolism previ-

ously demonstrated in other studies [18, 28, 29]. One

of them is the rapid decrease in body weight (Tab. 1).

Another feature of the animal model reported in this

study was hyperglycemia (Tab. 1) and oral glucose in-

tolerance (Fig. 1) in rats treated with DEX.

Oral glucose intolerance was detected by using the

RT-CGMS technique, which allows identifying glu-

cose trends in real time [36]. However, it must be con-

sidered that RT-CGMS devices measure interstitial

glucose [16] and there is a physiologic time lag be-

tween blood glucose and interstitial glucose levels,

which are estimated between 3 and 14 min [31]. How-

ever, considering the experimental conditions of this

study, this time lag does not influence the interpreta-

tion of results. In other words, rats treated with DEX

showed higher (p < 0.05) glucose concentration after

glucose administration (Fig. 1).

Considering that the permissive actions of GCs influ-

ence the hormone-sensitive phospholipase C/diacyl

glycerol/inositol 1,4,5-trisphosphate [21] and the adeny-

late cyclase/phosphodiesterase system [14, 21] involved

in the control of the glycogen metabolism, the effects of

glucagon, epinephrine, phenylephrine and isoproterenol

on glycogen catabolism were investigated.

The effects of glucagon and epinephrine which ac-

tivate adenylate cyclase/cAMP system on liver glu-

cose, pyruvate and L-lactate production, glycolysis

and glycogenolysis were similar (CON vs. DEX).

However, the responsiveness of glycogen breakdown

to phenylephrine (a-adrenergic agonist) and iso-

proterenol (b-adrenergic agonist) in the DEX group

was quite different, i.e., increased and decreased gly-

cogen catabolism, respectively (Tab. 2). Because liv-

ers from CON and DEX rats showed the same glyco-

gen levels, our findings suggest desensitization of

b-adrenergic receptors in livers from DEX rats. These

results are relevant due to the fact that hepatic b-adre-

enoreceptors play an important role for the effect of

epinephrine in a large number of experimental [14,

30] and clinical conditions [23, 27].

Considering that cAMP is the second messenger of

b-adrenergic receptors and the fact that cAMP and

synthetic analogues permeate the liver cell membrane

producing metabolic effects [22, 34], these substances

were tested (Tab. 3).

It is well known that the intracellular cAMP levels

are proportional to the extra cellular concentration

used in liver perfusion experiments [37, 38]. Thus, at

concentration of 3 µM, the amount of cAMP that

reached the intracellular medium was enough to acti-

vate glycogenolysis, increasing the availability of glu-

cose to undergo glycolysis (Tab. 3). This explanation

is valid to CON group but DEX group exhibited inhi-

bition of glycolysis during infusion of cAMP (3 µM).

Furthermore, due to the fact that the amount of cAMP

that inhibits glycolysis is higher than necessary to ac-

tivate glycogenolysis [34], it is possible that the

higher cAMP levels in livers of DEX rats was a result

of the lower activity of phosphodiesterases.

To verify this possibility, livers were infused with

cAMP concentration where the intracellular availabil-

ity of this second messenger overcomes the capacity

of its degradation by phosphodiesterases [34]. Thus,

by using cAMP (15 µM), similar (CON vs. DEX) ac-

tivation of liver glycogenolysis and glycolysis inhibi-
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Fig. 3. Glucose production in livers from fasted rats. Livers were per-
fused as described in Materials and Methods. Values were ex-
pressed as the means ± SEM of rats previously treated during 5 days
with saline (CON group, �) or dexamethasone (DEX group, ¡)



tion was observed. In agreement with these results,

6-MB-cAMP, an analogue of cAMP resistant to hy-

drolysis by phosphodiesterases [40], also promoted

similar (CON vs. DEX) activation of glycogenolysis

and glycolysis inhibition.

Thus, a question can be raised: how we could reconcile

the lower activation of glycogen catabolism during infu-

sion of isoproterenol with greater activation of glycogen

catabolism promoted by infusion of cAMP (3 µM)? The

explanation for this apparent discrepancy certainly in-

cludes the fact that the mechanism of the decreased re-

sponsiveness to isoproterenol occurred in some step be-

fore cAMP formation. These mechanisms could include:

phospohorylation [9], resensibilization [35] and/or inter-

nalization of b-adrenergic receptors [33].

The results obtained with the infusion of glucagon,

epinephrine, phenylephrine, isoproterenol, cAMP and

6-MB-cAMP suggested that hypercortisolism does not

intensify the liver responsiveness to glycogenolytic

agents. This proposition was reinforced by the fact that

cyanide, a respiratory chain inhibitor, which bypasses

membrane receptors to activate glycogenolysis and gly-

colysis [24], revealed tendency of lower activation of

glycogen breakdown in livers from DEX rats (Tab. 4).

On the other hand, fasted rats from DEX group ex-

hibited more intense (p < 0.05) basal liver glycogen ca-

tabolism (Fig. 3). Moreover, considering that in this ex-

perimental condition all glucose comes from glycogen

[4, 20, 22, 24, 25, 34], it was concluded that the liver

glucose overproduction from glycogen could contrib-

ute to the fasting hyperglycemia induced by treatment

with DEX. At this point, it is necessary to emphasize

that the basal catabolism rate in livers from DEX rats

was about 10–20 times higher than that observed in liv-

ers from CON rats and therefore, it is not necessary to

evaluate the liver glycogen concentration or investigate

the activation of glycogen catabolism with infusion of

glycogenolytic agents to prove the very intense liver

glycogen breakdown in livers from DEX rats.

Thus, it was concluded that the contribution of gly-

cogen catabolism to hyperglycemia during hipercorti-

solism depends of the nutritional status starting from

a negligible participation in the fed state up to a sig-

nificant contribution in the fasted state.
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