
The aim of this study was to examine the effects of dexamethasone (Dex) on functional properties of the
rat insulin receptor (IR). Male Mill Hill hooded rats, 3, 6, 12, 18 and 21 months old, were injected with
Dex (4 mg/kg) and rat liver and erythrocytes were used for experiments 18 h after Dex administration.
Treatment with Dex lowered the specific binding (SB) of insulin (INS) in the liver of 3- and 18-month-
old rats and concentration of INS binding sites (N1, N2) and the dissociation constant of low-affinity
binding sites (Kd2) in the liver of 6- and 18-month-old rats. In addition, Dex treatment lowered the liver
IR protein level in all analyzed groups, except 21-month-old rats where it remained unchanged, but
raised the IR mRNA level in 18-month-old rats. In erythrocytes, treatment with Dex decreased SB and
Kd2 (in animals 3 and 6 months old) and N1 (in ones 3 and 18 months old). Following Dex treatment, the
INS plasma level increased (in rats 3, 18 and 21 months old), while glucose (Glu) concentration increased
in 3 and 12 months old, but decreased in 6- and 21-month-old rats. In summary, Dex exerts the strongest
effect on the erythrocyte IR of 3- and 6-month-old rats and the hepatic IR of 18-month-old rats. IR in
both tissues is almost insensitive to Dex in 12- and 21-month-old rats. The pattern of age-related changes
of IR induced by Dex does not correlate with changes of plasma Glu and INS.
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INTRODUCTION

Insulin (INS) signaling is mediated by a complex, highly integrated network that
controls several processes. Insulin binding to insulin receptor (IR) results in receptor
autophosphorylation on tyrosine residues and the tyrosine phosphorylation of insulin
receptor substrates (IRS proteins). This allows the activation of two main signaling
pathways: the phosphatidylinositol 3-kinase (PI3K)–protein kinase B pathway,
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which regulates most of the metabolic actions of INS, and the Ras–mitogen-activat-
ed protein kinase pathway, which is responsible for expression of some genes and
cooperates with the PI3K pathway to control cell growth and differentiation [35].

Glucocorticoid (CORT)-induced diabetes is associated with hepatic INS resistance
[1, 8, 15] coupled with increased glucose (Glu) production by liver [31]. Liver is
selected for the study of the effects of CORT on insulin receptor (IR) function, since
CORT interfere with insulin suppression of basal hepatic Glu output as well as INS-
stimulated amino acid uptake and lipogenesis [25, 29]. 

The relationship between aging and INS signaling has attracted substantial atten-
tion, because of the numerous evidences indicating age-related increase in incidence
of INS resistance and Type 2 diabetes [9]. Changes in synthesis and secretion of INS,
IR and post-receptor changes are critical factors of the Glu intolerance associated
with aging. Although various defects in signaling pathway of INS have been report-
ed in humans and animals during aging, the exact mechanisms involved in the INS
resistance have not been elucidated yet [3, 17]. 

The intense interest in adrenal function in aging individuals in recent years is in
large measure related to the fact that the aging is followed by CORT excess influ-
encing the age-related processes of energy metabolism [37]. However, in spite of
numerous studies investigating independently effects of CORT and aging on INS
action, CORT effects on INS signaling during aging, as well as combined effects of
CORT and aging as well-known diabetogenic factors, are studied very rarely [2, 4,
24, 36]. 

The aims of this study were twofold: to determine 1) whether changes in
IR induced by dexamethasone (Dex) injection are age- and tissue-dependent and
2) whether Dex treatment would significantly alter the plasma INS and Glu level.

Specifically, we addressed the hypothesis that during aging Dex attenuates the
ability of INS to regulate INS and Glu level by interfering with INS signaling, and
that Dex acts primarily through changes in the specific IR.

MATERIALS AND METHODS

Materials

RIA INS kit and [125I] INS (S.A. ≈ 200 μCi/mg) were purchased from INEP (Zemun,
Serbia). Porcine INS was purchased from Galenika (Zemun, Serbia). Polyclonal anti-
IRβ subunit antibody was a product of Santa Cruz Biotechnology Inc. (Santa Cruz,
CA, USA). Reagents for bicinchoninic acid (BCA) assay were purchased from
Pierce (Rockford, IL, USA). [Alpha-32P] dCTP kit for cDNA labeling and rapid
hybridization buffer were purchased from Amersham (Buckinghamshire, England,
UK). Tripton, yeast extract and agar were obtained from DIFCO (Detroit, MI, USA).
Dex and all other chemicals were purchased from Sigma-Aldrich Corporation
(St. Louis, MO, USA).



Animals

Male Mill Hill hooded rats (3, 6, 12, 18 and 21 months old) were maintained at 22
°C, with 12/12 h light-dark regime (rat chow and water ad libitum).

Animals were divided into 2 experimental groups: control (CONT) and Dex-treat-
ed. Each experiment was performed 3 times using 3 rats per group. Animals were
injected intraperitoneally with Dex (4 mg/kg b.wt.) and after overnight fasting sacri-
ficed 18 h after Dex administration. The CONT animals used after an overnight fast-
ing, received 0.14 M NaCl with 1% ethanol i.p., were kept at room temperature and
sacrificed along with their Dex-treated counterparts. Experimental protocols were
approved by local Ethical Committee and they were in compliance with “Good lab-
oratory animal practise”.

Determination of plasma INS and Glu concentration

The blood samples of all rats were collected after overnight fast by exsanguination,
from non-anesthetized animal, into chilled heparin-coated tubes. Plasma INS con-
centration was measured by RIA method using rat INS standards, as previously
described [16]. Glu concentration was determined by o-toluidine method, according
to the manufacturer protocol.

Preparation of liver plasma membranes and erythrocytes

Preparation of liver cell membranes was performed by the modified method of
Hoffman et al. [14] as described previously [16]. In brief, rat liver were quickly
removed, weighed, minced and homogenized with motor-driven glass-teflon homog-
enizer in 4 volumes (w/v) of a TES buffer, pH 7.4, containing 25 mmol/L Tris, 1.25
mmol/L EDTA, 0.25 mol/L sucrose, protease inhibitors cocktail. The homogenate
was centrifuged for 30 min at 12,000 × g, at 4 °C and NaCl and MgSO4 were added
into the obtained supernatant. Membranes were pelleted 40 min at 40,000 × g,
washed twice in 50 mmol/L Tris buffer pH 7.4, and then resuspended in the same
buffer containing bovine serum albumin (BSA). Protein concentration was deter-
mined by the method of Lowry et al. [19] using (BSA) as a standard.

Rat blood was collected for isolation of erythrocytes, into heparinized tubes and
centrifuged for 10 min at 2,500 rpm at 4 °C to remove plasma and white blood cells
[10]. Obtained pellet was washed 3 times with saline and once with G buffer, pH 7.4
containing 50 mmol/L HEPES, 50 mmol/L Tris, 2 mmol/L EDTA, 10 mmol/L glu-
cose, 10 mmol/L MgCl2, 10 mmol/L CaCl2, 5 mmol/L KCl, 50 mmol/L NaCl, 0.1%
BSA and then resuspended in G buffer. Obtained erythrocytes suspension was adjust-
ed for binding assay (1×109 cells/ml) [16].
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INS binding

INS binding to liver membranes and erythrocytes was performed as we previously
described [16, 17]. Rat liver cell membranes (50 μg of plasma membrane proteins)
were incubated with 0.2 nmol/L [125I] INS in presence of increasing concentration of
unlabeled INS (1 pmol/L-1 μmol/L) in Tris buffer pH 7.4, containing 0.1% BSA, for
18 h at 4 °C. The reaction was stopped by addition of cold 16% polyethylene glycol.
After centrifugation, supernatant was removed and pellet of plasma membranes was
counted in the gamma counter (Nuclear Enterprises, Ltd., Edinburgh, Scotland,
U.K.).

To determine INS binding to erythrocytes, 400 μl of erythrocyte suspension was
incubated with 0.1 ng of [125I] INS and various amount of unlabeled INS (0–105 ng)
in G buffer. After incubation of 18 h at 4 °C, 200 μl of cold G buffer was added into
200 μl of suspension and layered over a 200 μl of dibutyl phthalate. After centrifu-
gation the erythrocyte pellet was counted in the gamma counter [16].

Specific binding (SB) was calculated by subtracting nonspecific INS binding from
total INS binding, and data were then analyzed by using the Ligand program [23].

Immunoblotting

Soluble membranes of rat liver cells were prepared by the method of Saad et al. [30].
The liver was homogenized with motor-driven glass-teflon homogenizer in 4 vol-
umes (w/v) of a ice-cold buffer pH 7.4 containing 50 mmol/L Hepes, 2 mmol/L
EDTA, cocktail of protease inhibitors, 1% Triton X-100. Protein content was deter-
mined by the BCA method [34]. The homogenate was centrifugated at 40,000 rpm
for 1 h. Supernatants were subjected to sodium dodecyl sulfate polyacrilamide gel
electrophoresis (SDS-PAGE), transferred to a nitrocellulose membrane, and probed
with the primary antibody against the IR (used at 1 : 100 dilution; Santa Cruz
Biotechnology Inc.). This was followed by incubation with alkaline phosphatase
conjugated anti-rabbit antibody (used at 1 : 7500 dilutions) and subsequent detection
with BCIP (5-bromo-4-chloro-3-indoyl phosphate) and NBT (nitroblue tetrazolium).
The signal was analyzed with scanning densitometry (LKB, Uppsala, Sweeden).

Plasmids

The IR cDNA containing full coding sequences of the IR protein was assembled and
cloned into the EcoRI and XbaI sites of pECE plasmid. The IR cDNA spans
nucleotides 61 to 4443 of the IR sequence [7]. Specificity of the probe was confirmed
by Northern blot analysis. The insert was radioactively labeled with [α-32P] dCTP
using a nick translation kit (Amersham International, Buckingemshire, UK) accord-
ing to the instruction of manufacturer (S.A. was 5–7×106 dpm/ml DNA).



Isolation and quantitative analysis of rat liver mRNA

Total RNA of rat liver was isolated by a procedure based on the extraction of the
RNA with guanidine hydrochloride [12]. Before transfer to nitrocellulose, isolated
RNA was denaturated for 10 min at 65 °C in 50 % formamide, 2.2 mol/L formalde-
hyde and 10 mmol/L sodium phosphate and tested for the presence of degradation
products by agarose electrophoretic analysis [27]. For dot-blot analysis 10, 5 and 2.5
μg RNA aliquots were directly blotted onto nitrocellulose filters. The filters were
then prehybridized in 5× Denhardt solution, 6× SSPE, 0.5% SDS, 50% formamide
and 100 μg/ml denaturated salmon sperm DNA for 2–4 h at 42 °C [32, 33].
Hibridization with [α-32P] dCTP nick-translated plasmid DNA was carried out in the
same buffer for 24 h at 42 °C. The filters were extensively washed at 37 °C and 65 °C
in 0.1×SSPE and 0.5% SDS and the blots were scanned with a Phosphorimager
(Molecular Dynamics, USA) and quantitated by the ImageQuant program.

Statistical analysis

Statistical analyses were performed using the SPSS package (SPSS Inc., Chicago, IL,
USA). Comparison of pairs of means between treated and their age-matched values
are expressed as mean ±S.D. with n values representing the number of experiments.
Statistical significance was evaluated with one-way repeated measures analysis of
variance (ANOVAs). p < 0.05 was considered significant (compared with CONT
unless otherwise specified).

RESULTS

Figure 1 presents group of data comparing the effect of Dex (4 mg/kg b.wt.i.p.),
injected 18 h before sacrifice into rats of different ages (3, 6, 12, 18, 21 months old),
on plasma Glu concentration. It can be seen that a dose of 4 mg/kg of Dex induced
Glu plasma concentration in the group of 3- and 12-month-old animals. This increase
in Glu concentration was by 47 % and 16 %, respectively. The mean Glu concentra-
tion in 6- and 21-month-old rats decreased from control 4.01 mmol/L to 2.13 mmol/L
(6 months old) and from 6.65 mmol/L to 5.67 mmol/L (21 months old), following
4 mg/kg of Dex injection.

Figure 2 demonstrates the effect of the 4 mg/kg of Dex on the plasma INS con-
centration as a function of age. These increases in INS plasma concentration were by
232% (3 months old), by 57% (18 months old) and by 106% (21 months old), while
the plasma INS concentration remains unchanged in 6- and 12-month-old animals.

Table 1 and Table 2 illustrate the effects of Dex on the SB of INS to rat liver cells
(Table 1) and the SB of INS to erythrocytes (Table 2). The SB of INS from Dex-
treated rat cells was significantly decreased by 24% in 3-month-old and by 21% in
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Fig. 1. Effects of Dex on glucose (Glu) concentration in the plasma of rats of different age. Glu concen-
tration was measured in the plasma of rats of different ages (3, 6, 12, 18 and 21 months old), 18 h after
Dex treatment, as described in section Materials and Methods. Results are expressed as Glu concentra-
tion (mmol/L). Each bar represents the mean ±S.D. of 3 separate experiments. CONT indicates control,
Dex indicates Dexamethasone (4 mg/kg b.wt., i.p.) 18 h before sacrifice. *p < 0.05, **p < 0.01,

Dex vs. CONT

Fig. 2. Effect of Dex on insulin (INS) concentration in the plasma of rats of different age. INS concen-
tration was measured in the plasma of rats of different ages (3, 6, 12, 18 and 21 months old), 18 h after
Dex treatment, as described in section Materials and Methods. Results are expressed as INS concent-
ration (mIU/L). Each bar represents the mean ±S.D. of 3 separate experiments. Abbreviations as in

Figure 1. *p < 0.05, **p < 0.01, Dex vs. CONT
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Table 1
Effect of Dex on functional properties of IR in liver membranes of rats of different age

Age SB
Kd1 (nM)

N1 Kd2 (μM)
N2

(months) (%) (fmol/mg prot.) (pmol/mg prot.)

CONT 10.17±1.02 0.11±0.06 31.30±10.92 0.14±0.02 11.12±0.91
3 + DEX 7.69±0.88** 0.07±0.02 25.63± 7.88 0.11±0.02 8.18±3.78
CONT 9.64±2.01 0.11±0.02 32.68± 5.31 0.12±0.04 11.96±3.02
6 + DEX 8.98±1.15 0.09±0.01 26.02± 2.23* 0.06±0.01* 6.00±3.07*
CONT 11.08±0.71 0.08±0.03 30.39± 9.33 0.12±0.04 15.77±2.98
12 + DEX 10.58±1.25 0.08±0.01 25.43± 8.19 0.11±0.01 12.27±2.74
CONT 14.80±2.46 0.08±0.01 39.14±11.60 0.12±0.02 16.35±4.35
18 + DEX 11.67±0.84* 0.08±0.01 21.06± 8.68* 0.05±0.01*** 9.92±3.09*
CONT 12.54±1.39 0.08±0.00 28.10± 1.59 0.13±0.01 16.91±4.31
21 + DEX 8.81±3.02 0.09±0.01 28.61±10.31 0.12±0.02 4.95±4.32

The data for specific binding of INS (SB), dissociation constant of high- (Kd1) and low-affinity (Kd2)
binding sites, concentration of high-affinity (N1) and low-affinity (N2) binding sites in liver membranes
were calculated as described in section Materials and Methods. Each bar is mean ±S.D., n = 3 experi-
ments. Dex indicates dexamethasone (4 mg/kg b.wt. i.p.) 18 h before analysis. CONT indicates control
(0.14 M NaCl with 1% ethanol, i.p.). *p < 0.05, **p < 0.01, ***p < 0.001, Dex vs. CONT.

Table 2
Effect of Dex on functional properties of IR in erythrocyte membranes of rats of different age

Age SB
Kd1 (nM)

N1 Kd2 (μM)
N2

(months) (%) (fmol/mg prot.) (pmol/mg prot.)

CONT 2.18±0.12 0.07±0.01 13.17±2.40 0.09±0.04 5641±3797
3 + DEX 1.29±0.53*** 0.16±0.04* 8.94±2.75* 0.03±0.02* 2472±1449
CONT 3.09±0.70 0.07±0.01 18.77±3.27 0.13±0.00 15310±3469
6 + DEX 1.72±0.43* 0.12±0.05 12.97±3.85 0.02±0.01*** 2454±2314**
CONT 2.52±0.37 0.06±0.01 12.14±2.42 0.11±0.02 8147±3229
12 + DEX 2.03±0.60 0.06±0.03 10.52±1.67 0.10±0.01 7973±3191
CONT 2.33±0.46 0.10±0.04 18.26±5.74 0.17±0.10 7724±4517
18 + DEX 1.80±0.30 0.07±0.02 9.66±1.99* 0.10±0.02 6782±1378
CONT 1.69±0.74 0.16±0.09 8.72±2.64 0.07±0.01 5570±1483
21 + DEX 0.59±0.28 0.12±0.03 5.10±0.62 0.11±0.07 4395± 745

The data for specific binding of INS (SB), dissociation constant of high- (Kd1) and low-affinity (Kd2)
binding sites, concentration of low-affinity (N1) and high-affinity (N2) binding sites in erythrocyte mem-
branes were calculated as described in section Materials and Methods. Each bar is mean ±S.D., n = 3
experiments. Abbreviations as in Table 1. *p < 0.05, **p < 0.01, ***p < 0.001, Dex vs. CONT.
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18-month-old, whereas injection of Dex significantly decreased the SB of INS to ery-
throcyte by 41% in group of 3-month-old and by 43% in 6-month-old animals. In
addition, the dissociation constant of high-affinity binding sites (Kd1) in liver cells
from Dex-treated rats did not change significantly than those from CONT animals
whereas the dissociation constant of low-affinity binding sites (Kd2) significantly
decreased by 47% in 6-month-old and by 58% in 18-month-old animals (Table 1).
Dex treatment significantly decreased the concentration of both kinds of liver INS
binding sites (N1 and N2) in 6- (by 20% and 50%, respectively) and 18-month-old
rats (by 46% and 39%, respectively) (Table 1).

It is to note, however, that Dex injected into 3-month-old increases the Kd1 of INS
binding sites on erythrocytes, compare to CONT animals (Table 2), while Dex injec-
tion into 3- and 6-months-old rats decreased the Kd2 (Table 2). It can be seen (Table
2) that the N1 in erythrocytes isolated from 3- and 18-month-old rats and the N2 in 6-
month-old rats significantly decreased after Dex administration (Table 2).

Fig. 3. Effect of Dex on the INS receptor (IR) protein level in rats of different age. Protein was isolated
from the liver of CONT and Dex-treated animals of different ages (3, 6, 12, 18 and 21 months old).
A. Densitometry data for 5 separate Western blots (each bar is mean ±S.D.). The y axis represents IRβ
subunit protein level expressed as percentage of CONT (arbitrary set at 100%). B. Representative

Western blot. CONT indicates control. *p < 0.05, **p < 0.01, ***p < 0.001, Dex vs. CONT



Figure 3 shows that injection of Dex into 3-, 6-, 12- and 18-month-old rats, sig-
nificantly decreased the hepatic IR protein level by 17%, 28%, 17% and by 40%,
respectively, compared to control values.

Figure 4 illustrates that Dex treatment exerted significant increase of the IR
mRNA level in 18-month-old rats (by 29%).

DISCUSSION

In the present study we have examined: 1) the effects of Dex on plasma Glu and INS
concentration in rats of different ages (3, 6, 12, 18 and 21 months old); 2) the effects
of Dex on functional properties of IR and 3) the effects of Dex on IR protein and IR
mRNA.

The study demonstrates that a dose of 4 mg/kg of Dex increased Glu plasma con-
centration in 3- and 12-month-old rats and decreased Glu concentration in 6- and 21-
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Fig. 4. The effect of Dex on the level of IR mRNA. Total RNA was isolated from the liver of CONT and
Dex-treated animals of different ages (3, 6, 12, 18 and 21 months old) as described in section Materials
and Methods. A. Densitometry data for 5 separated dot-blots (each bar is mean ±S.D.). The y axis rep-
resents IR mRNA level expressed as percentage of CONT (arbitrary set at 100%). B. Representative

dot-blot. Abbreviations as in Figures 1 and 2. *p < 0.05, Dex vs. CONT
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month-old rats (Fig. 1). In addition, we demonstrated that increases in INS plasma
concentration 18 h after Dex treatment were detected in rats 3, 18 and 21 months old,
while plasma INS concentration remained unchanged in animals 6 and 12 months old
(Fig. 2). These findings are of interest because the age-dependence of Dex-provoked
hyperglycemia is well accepted [24]. The lack of negative correlation between plas-
ma Glu and INS in almost all age groups probably points to complex regulation of
the Glu level [25]. 

This study demonstrates that Dex injection causes changes in functional proper-
ties of IR in liver tissues and erythrocytes (Tables 1 and 2). Dex treatment increased
the affinity (decreased the Kd) of predominately low-affinity binding sites in the liver
and erythrocytes. In light of the existing two-step bivalent crosslinking model of INS
binding to the receptor [5] it would appear that Dex changes INS-IR interaction in a
way specific for low-affinity ligand binding. It is not quite clear what kind of mech-
anism governs this effect. There is a possibility that CORT-induced changes in the
cell membrane [22] affect the conformation of IR and influence ligand binding. The
hypothesis that an increased level of INS has an effect on this is acceptable only in
3- and 18-month-old rats. However, the decrease of Kd2 in both tissues in 6-month-
old rats does not coincide with changes in the INS level. The consequences of
changes in INS binding to its receptor following Dex administration could play a role
in the determination of choices in branching of the INS signaling pathway [5].

Dex not only influences the functional properties of IR in the liver and erythro-
cytes (Tables 1 and 2), but also induces changes of the IR protein level in rats 3, 6,
12 and 18 months old (Fig. 3) and the IR mRNA level in 18-month-old animals
(Fig. 4). CORT effects on IR could be mediated by peripheral hyperinsulinemia pro-
duced by CORT action in vivo [11, 28], despite the direct inhibitory effect of CORT
on INS synthesis [6]. The results of this study (Fig. 2) confirm the observation that
CORT-induced hyperinsulinemia occurred even in rats of different ages [24]. Dex-
induced hyperinsulinemia could be responsible for prominent changes of hepatic IR
protein at the age of 18 months. However, the rise in the level of receptor mRNA
indicates that the effect of Dex in the liver is not so simple. In addition, data show-
ing no changes of hepatic and erythrocyte IR in the oldest rats with Dex-induced
hyperinsulinemia could indicate an age-related defect in the ability of INS to down-
regulate its receptors.

The observed increase of IR mRNA in conjunction with all other results of this
study indicates complexity of CORT effects on IR. It is known that the effect of
CORT can be inductive on the level of IR gene expression probably due to stabiliza-
tion of IR mRNA or the presence of CORT response elements in the promoter
sequence of IR [13, 18], but the resulting effect in vivo usually is decreased specific
binding of INS and lowered concentration of the membrane receptor [11]. The
observed discrepancies could also be associated with the time chosen for CORT
treatment, since CORT effects on IR mRNA, protein synthesis and receptor binding
parameters have different kinetics [20].

Taken together with other results [16, 17], these data indicate tissue specificity of
Dex effects on IR across the lifespan of rats, but unfortunately do not resolve the



whole complexity of the molecular mechanism. In the absence of both a CORT
receptor and nuclei in mature erythrocytes, changes of IR in these cells could be
mediated by Dex-induced, age-related changes in the INS and/or Glu level, as well
as by Dex-induced changes in lipid status, membrane structure, etc. [21, 22, 26].
CORT effects in the liver are probably more complex and represent the sum of both
indirect and direct effects on the IR gene. 

In summary, the results of this investigation support our hypothesis that during
aging Dex attenuates the ability of INS to regulate the INS and Glu level by inter-
fering with INS signaling, and that Dex acts through changes in the specific IR.
According to our results, Dex exerts the strongest effect on the erythrocyte IR of 3-
and 6-month-old rats and the hepatic IR of rats 18 months old. The IR in both tissues
is extremely insensitive to Dex in 12- and 21-month-old rats. The age-related pattern
of changes of IR induced by Dex does not correlate with changes of plasma glucose
and insulin.

Thus, the results presented in this work point to the complexity of biochemical
events involved in the hormone-receptor interactions through which CORT and INS
signals are transduced in the regulation of cell processes.
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