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ABSTRACT. Dexamethasone is a synthetic glucocorticoid commonly used in both 

human and veterinary medicine. Prolonged treatment with dexamethasone can lead to 

serious metabolic side effects such as insulin resistance and diabetes. In this study, the 

morphological, immunohistochemical, and ultrastructural changes in the rat pancreatic 

islets were investigated after dexamethasone treatment (2 mg/kg, intraperitoneally for 12 

days). The results showed that the volume density, mean diameter and profile area of 

islets were significantly increased in dexamethasone-treated animals. The volume 

density, profile area and mass of B-cells increased, whereas the volume density of A- and 

D-cells decreased, as did the number of A-cells per μm2 of islet. Mild insulin 

immunopositivity of the centrally located B-cells together with altered ultrastructural 

features indicated their loss of function. The results of the present study suggest adverse 

effects of dexamethasone on pancreatic endocrine function that may ultimately seriously 

affect glucose homeostasis. 
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INTRODUCTION    

 

Glucocorticoids are steroid hormones of the adrenal cortex whose synthesis is 

controlled by the hypothalamic-pituitary-adrenal axis. They exert their effects by binding to 

specific intracellular receptors that act as nuclear transcription factors and regulate the 

transcription of target genes. The physiological actions of glucocorticoids include regulation 

of carbohydrate, lipid and protein metabolism, particularly in the context of stress response 

and maintenance of homeostasis. In addition, both naturally occurring glucocorticoids and 

their synthetic analogues are known for their potent anti-inflammatory and immuno-



180 

 

suppressive effects, so they are commonly prescribed as medications for various chronic 

inflammatory diseases, allergies, autoimmune disorders, and even some tumors (LIU and 

GOODWIN et al., 2020). However, a growing body of data from the literature indicates that 

prolonged systemic administration of supraphysiological doses of corticosteroids is associated 

with adverse effects, some of which may result in serious long-lasting or permanent health 

problems (BUCHMAN, 2001; ORAY et al., 2016).  

The endocrine pancreas is a diffuse organ consisting of numerous islets (islets of 

Langerhans) distributed throughout the organ. Each islet contains several types of endocrine 

cells whose secretory products are involved in the regulation of blood glucose levels and the 

proper functioning of the digestive system. The most important pancreatic cells are the most 

abundant insulin-producing B-cells, as well as glucagon-producing A-cells, and somatostatin-

producing D-cells. Far less numerous and not always detectable in islets are E-cells and PP-

cells, which are responsible for the synthesis and secretion of ghrelin and pancreatic 

polypeptide, respectively (BONNER-WEIR, 1991). The peptide hormone insulin is directly 

responsible for controlling peripheral glucose uptake. The effects of insulin are closely linked 

and coordinated with the effects of other pancreatic hormones, which together regulate blood 

glucose homeostasis (JAIN and LAMMERT, 2009). To maintain euglycemia, functional B-cell 

mass is dynamically regulated and determined by the size and number of B-cells. The number 

of these cells depends on the balance between the formation and death of B-cells. The main 

mechanism for the increase in B-cell mass in adulthood is mitotic proliferation of preexisting 

islet B-cells (DOR et al., 2004), but they can also be derived from other islet endocrine cell 

types (GUZ et al., 2001), from non-islet cells (LIPSETT and FINEGOOD, 2002), or from 

pancreatic or bone marrow stem cells (ZULEWSKI et al. 2001; IANUS et al., 2003).   

Islet amyloid polypeptide (IAPP or amylin) is another secretory product of B-cells, in 

addition to insulin. IAPP is stored in the "halo" of secretory granules along with proinsulin 

and C-peptide and is involved in the regulation of glycemia and energy homeostasis 

(SCHERBAUM, 1998; LUTZ, 2012). In type 2 diabetes (T2D), secreted IAPP converts from the 

soluble to the insoluble fibrillar form, thus creating amorphous deposits between islet cells 

(JAIKARAN and CLARK, 2001). IAPP deposits are a typical histopathological finding in T2D 

and exert cytotoxic effects on B-cells via mechanisms that are not fully understood 

(WESTERMARK et al., 2011; AKTER et al., 2016).  

T2D is a metabolic disorder with multifactorial etiology characterized by impaired 

carbohydrate and fat metabolism. It results from a complex interaction of genetic background 

and environmental risk factors such as poor diet, physical inactivity, and even emotional 

stress (POUWER et al., 2010; MUREA et al., 2012). Overt T2D is usually preceded by a 

prediabetic phase characterized by peripheral insulin resistance, which may last for years or 

even decades in humans (TABÁK et al., 2012). The relative insulin deficiency in insulin 

resistance is initially compensated by increased insulin secretion, but it eventually ends with 

exhaustion, progressive functional failure and loss of B-cells (KAHN, 1994; SACKS and 

MCDONALD, 1996; CERNEA and DOBREANU, 2013). 

To date, several studies have shown that there is an association between the 

administration of synthetic glucocorticoids (mainly dexamethasone) on the one hand and an 

increase in circulating insulin levels, blood glucose levels, and free fatty acid concentrations 

on the other (BARBERA et al., 2001). However, data on the mode of action of pharmacological 

doses of glucocorticoids on pancreatic B-cells are contradictory: induction of both 

proliferation and apoptosis has been reported (RAFACHO et al., 2009; SUKSRI et al., 2021). 

The effects of glucocorticoids on other pancreatic endocrine cells of the pancreas are even 

less clear.  

Therefore, the main objective of this study was to investigate the morphological, 

immunohistochemical, and ultrastructural changes in pancreatic endocrine cells in male 

Wistar rats treated with high doses of dexamethasone for a prolonged period of time. The 
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results obtained in this study should contribute to a better understanding of the effects of 

externally imposed imbalance of glucocorticoid hormones on the structural and functional 

characteristics of pancreatic islets and their endocrine cells, and also demonstrate the 

importance of monitoring potential adverse events during systemic glucocorticoid therapy.  

  

  

MATERIALS AND METHODS 

 

Animals and tissue preparation for light microscopy 
 

Twenty male Wistar rats, aged 30 days and weighing approximately 128 g, obtained 

from the vivarium of the Vinča Institute of Nuclear Sciences (Belgrade, Serbia) were used for 

the experiment. Animals were housed individually in metabolic cages and kept at 21±1°C, on 

a 12 h/12 h light/dark cycle. Standard laboratory rat food and tap water were freely available. 

After a five-day acclimation period, the rats were randomly divided into two equal groups 

(control group and dexamethasone-treated group) of 10 animals each. Animals in the 

dexamethasone-treated group were injected intraperitoneally with 2 mg/kg dexamethasone 

dissolved in saline, while the control animals received saline only. After 12 days of treatment, 

the animals were fasted overnight, weighed and sacrificed under ether anesthesia. The 

experiment was performed according to the rules for animal care proposed by the Serbian 

Association for Laboratory Animal Science. The pancreas was quickly removed, washed in 

cold saline, freed from fatty tissue on ice, and weighed. The total volume of the pancreas was 

determined by the immersion method. Tissue samples were taken from five previously 

determined pancreatic segments. After fixation in Bouin's solution (8 hours), tissue samples 

were routinely embedded in paraffin and stained with hematoxylin and eosin.  

 

Immunohistochemistry 
 

Immunohistochemistry was performed on 5 m thick serial sections. To detect A-, B- 

and D-cells, sections were immunostained using the peroxidase-antiperoxidase (PAP) 

immunohistochemical staining technique of STERNBERGER (1986). Sections were incubated 

with antisera against glucagon (1:200; A565, Dako Agilent, Santa Clara, CA, USA), insulin 

(1:1000; A564, Dako Agilent, Santa Clara, CA, USA) and somatostatin (1:500; by courtesy of 

Dr J. Rehfeld, Univ. Aarhus, Denmark). Avidin biotin complex (ABC) technique was used to 

localize PP-cells (1:1000, AB939-I, Sigma-Aldrich). For IAPP detection, sections were 

immunostained with anti-amylin (1:100; B29-1; Euro Diagnostica, Holland) by the labeled 

streptavidin biotin (LSAB) technique. ABC and LSAB techniques were used in conjunction 

with Histostain® Bulk Kit (95-6143-B; Invitrogen, Waltham, MA, USA). 

Immunoreactive sites were visualized with DAB/H2O2 (0.7 mM diaminobenzidine-

HCl and 0.002% H2O2 in 0.05 M Tris-HCl, pH 7.6), for 5 min in the dark. The result of 

immunohistochemical reaction was visible as brown deposits. The cell nuclei were 

counterstained with Mayer’s hematoxylin. Skin tissue completely clear of the antigens studied 

was processed in the same manner as pancreatic tissue and used as a negative control. 

Reagent control was performed on an additional slide with pancreatic tissue treated with non-

immune serum instead of primary serum. 

 

Electron microscopy 
 

Small pieces of pancreatic tissue (approximately 1 mm3) were fixed in 3% 

glutaraldehyde in 0.1 M sodium cacodylate buffer (pH 7.4) for 3 hours, postfixed in 1% 

osmium tetroxide in the same buffer for 1 hour, dehydrated in a series of ethanol of increasing 

concentrations and propylene oxide, and embedded in Epon 812. Ultrathin sections were 
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prepared using an LKB ultramicrotome (Leica, Wetzlar, Germany), double contrasted with 

uranyl acetate and lead citrate, and examined under a Philips CM12 electron microscope 

(Eindhoven, Holland). 

 

Stereological analysis 
 

Stereological analysis was performed at the level of light microscopy. For this 

purpose, sections from five pancreatic segments of each animal were used. Each tissue block 

was serially sectioned, and three sections per block, taken at 50 μm apart, were stained with 

hematoxylin and eosin and analyzed with an Olympus light microscope (Olympus DP70, 

Hamburg, Germany). All quantitative data were obtained by a point-counting method using 

the Weibel multipurpose test system (42 points/21 lines, WEIBEL, 1979) at x200 

magnification. These sections were used to determine islets volume and numerical density, 

absolute volume, total number, mean diameter and profile area. Based on the mean diameter, 

islets were classified as small (<200 m), medium (200-400 m) and large (>400 m) (VON 

MACH et al., 2003). Immunohistochemically stained sections were used to determine volume 

density, mass, profile area, and number of each endocrine cell types per μm2 of islet, as well 

as the total number of cells per islet. Standard stereological equations were used to calculate 

all of the above parameters, as previously described (UKROPINA et al., 2012).  

 

Statistics 
 

All data were subjected to a Student’s t-test and results are presented as mean  

standard error of the mean (SEM). The normality of the distribution for the parameters 

studied was determined using the Kolmogorov-Smirnov test, before examining the 

differences. The analysis revealed the presence of a normal distribution. Statistical 

significance was set at p<0.05. 

 

 

RESULTS  

  

The results for body weight and pancreas weight and volume are shown in Table 1. As 

can be seen from this table, the final body weight of rats from the dexamethasone-treated 

group was significantly lower compared with the control group. Regular measurement of 

body weight showed that the control rats gained weight continuously during the experiment, 

whereas the animals from the dexamethasone-treated group began to lose weight on the fifth 

day of the study (data not shown), so that their average body weight at the end of the 

experiment was lower than at the beginning. The absolute weight of the pancreas and the 

volume of the pancreas were significantly reduced in the treated animals, whereas the relative 

weight of the pancreas was similar in the control group and the dexamethasone-treated group. 

 
Table 1. Body weight and pancreatic weight and volume. 

Results are presented as the mean ± SEM. * p<0.05. 

 

 Control Dexamethasone 

Initial body weight (g) 127.0±1.53 128.6±1.43 

Final body weight (g) 163.8±3.56 113.9±4.39* 

Body weight change (g) +36.7±3.69 -14.6±4.24* 

Pancreatic weight (g)   1.0  0.08 0.7  0.09* 

Relative pancreatic weight (%) 0.60.06 0.60.09 

Pancreatic volume (cm3) 0.90.08 0.70.09* 
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Histology and immunohistochemistry  
 

In the control group, the endocrine islets appeared scattered randomly throughout the 

pancreas. They were mostly oval and of widely varying size. Immunohistochemical staining 

showed that islets in the control group contained a core of strongly insulin-immunopositive B-

cells surrounded by a mantle of non-B cells (Fig. 1a). In the dexamethasone-treated group, B-

cells were also present in the mantle zone (Fig. 1b). In this group, especially in the large 

islets, the centrally located B-cells showed weak immunoreactivity, which may indicate 

depletion of insulin-containing granules, whereas the immunoreactivity of the peripherally 

located B-cells was much stronger. Insulin-positive hypertrophied cells, single or in small 

clusters, were also detected in the exocrine pancreatic tissue of dexamethasone-treated rats 

(Fig. 1c). 

Uniformly weak IAPP immunoreactivity was found in the islets of control rats (Fig 

1d). However, a stronger IAPP reaction was detected in all islets of dexamethasone-treated 

rats (Fig. 1e).  

 

 
 

Figure 1. Insulin- and IAPP-immunopositivity of pancreatic islets in control and dexamethasone-

treated rats. In the control group, highly immunopositive B-cells in the centre of the islet were 

surrounded by a mantle zone of non-B-cells. After treatment with dexamethasone (b) core B-cells 

were weakly immunopositive, whereas the cells in the mantle zone were intensely stained. Clusters of 

insulin-producing cells were detected outside the islets in dexamethasone-treated rats (c). 

Immunostaining for IAPP was stronger after dexamethasone treatment (e) than in control animals (d). 

Magnification x400. 

 

A ring of A-cells immunopositive for glucagon was typically continuous in control 

rats (Fig. 2a), but not in dexamethasone-treated rats (Fig. 2b). In both groups, D- (Fig. 2c, d) 

and PP-cells (2e, f) were rare and distributed at the periphery of the islets.  
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Figure 2. A-, D- and PP-cells of pancreatic islets in control and dexamethasone-treated rats. Strong 

and diffuse glucagon-immunolabeling throughout the peripheral ring of the pancreatic islet in control 

animals (a) and discontinuity of immunoreaction in dexamethasone-treated rats in the same area (b); 

D- (c, d) and PP-cells (e, f) were rare in both control (c, e) and experimental (d, f) groups and were 

located at the periphery. Magnification x200. 

 

Ultrastructural analysis 
 

Electron microscopic analysis confirmed that B-cells in the control group had a 

normal ultrastructure characterized by spherical euchromatic nuclei and numerous mature 

granules with crystalline cores and wide translucent halo (Fig. 3a). In the dexamethasone-

treated group, some B-cells were located at the periphery of the islets, in close proximity to 

the exocrine part of the pancreas (Fig. 3b). The subcellular structure of these B-cells generally 

corresponded to the subcellular structure of B-cells from control rats. In contrast, the centrally 

located B-cells (Fig. 3c) had slightly irregular nuclei, dilated cisterns of the endoplasmic 

reticulum and Golgi complex and swollen mitochondria. Empty granules and immature 

granules without a halo or with a narrow halo were frequently seen in these cells.  
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Figure 3. B-cells of pancreatic islets in control and dexamethasone-treated rats. B-cell from the control 

group (a) surrounded by other endocrine cells, contains numerous fully mature, electron-dense 

granules. In the dexamethasone-treated group, the B-cell at the periphery of the islet (b) showed 

normal ultrastructure; EXC - exocrine cell. B-cells at the centre of the islet (c) typically had dilated 

endoplasmic reticulum (ER) and Golgi complex (GC) and contained many immature (arrowhead) or 

empty (arrow) secretory granules. x8000 (a), x5000 (b), x6300 (c). 

 

Stereological analysis 
 

The results of the stereological analysis are shown in Table 2. The volume density, 

mean diameter and profile area of islets were significantly increased in dexamethasone-

treated rats. The diameters of pancreatic islets showed great variability in both groups, 

ranging from 28 m to 475 m. 

 
Table 2. Stereological analysis of pancreatic islets from control and dexamethasone-treated rats. 

Results are presented as the mean  SEM. * p<0.05. 
 

 Control Dexamethasone 

Volume density (mm0) 0.005 0.0005 0.011  0.001* 

Absolute volume (cm3) 0.005 0.0001 0.0070.002 

Numerical density (N/cm3) 5423837 7731 1061  

Total number                    4840  522                       5007   972   

Mean diameter (m)        102.9  3.74                    125.3   4.93* 

Mean profile area (m2)        6391  369 9062  538* 

 

The frequency distribution of islet diameter and the distribution of total islet volume 

among islets of different diameter classes are shown in Fig. 4. The distribution of islets by 

diameter (Fig. 4a) was generally similar in both groups, although in the dexamethasone-

treated group small islets (<200 μm) were slightly less frequent than in the control group 

(83.3% vs. 94%), and those of medium size (200-400 μm) were more frequent than in the 

control group (16.5% vs. 6%). In the dexamethasone-treated group, large islets (>400 μm) 

were rare (0.2%), whereas they were absent in the control group. Considering the proportion 

of islets of a given size in the total volume of the endocrine pancreas (Fig. 4b) most of the 

endocrine volume in the control group consisted of small islets, whereas in the 

dexamethasone-treated group there was a higher frequency of medium-sized islets, although 

large islets were also conspicuous. 
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Figure 4. Frequency distribution of islet diameter (a) and the participation of islets of different 

diameter classes in total endocrine pancreatic volume (b). 

 
Table 3. Volume density, mass, profile area, number of each endocrine cell type per μm2 of islet and 

total number per islet in control and dexamethasone-treated rats. Results are presented as the mean ± 

SEM. * p<0.05. 

 

 Control Dexamethasone 

 Volume density (mm0) 

A-cell 0.380.027 0.180.029* 

B-cell 0.600.011 0.840.011* 

D-cell 0.130.012 0.090.014* 

PP-cell 0.200.031 0.140.030 

 Mass (μg) 

A-cell 0.680.08 0.940.27 

B-cell 1.360.14 3.020.48* 

D-cell 0.16 0.25 0.250.048 

PP-cell 0.28  0.03 0.440.07 

 Profile area (m2) 

A-cell 81.93.51 87.42.39 

B-cell 138.53.36 217.714.48* 

D-cell 122.94.95 142.68.10 

PP-cell 78.34.3 87.54.2 

 Number/m2 of islet 

A-cell 0.00490.00042 0.00220.00033* 

B-cell 0.00460.00069 0.00430.00019 

D-cell 0.00090.00014 0.00070.00020 

PP-cell 0.00250.00037 0.00160.00030 

 Total number/islet 

A-cell 21.51.82 16.52.57 

B-cell 22.12.19 24.61.77 

D-cell 3.60.33 3.80.18 

PP-cell 11.31.76 9.61.58 
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The results of stereological analysis of islets by cell type are shown in Table 3. It was 

found that the volume density, mass and profile area of B-cells were significantly increased 

after treatment with dexamethasone. On the other hand, the volume density of A-cells and 

their number per m2 of islets were significantly decreased compared with the control group. 

Finally, the volume density of D-cells was significantly lower than in the control group. All 

stereological parameters determined for PP-cells remained within control ranges.  

No significant differences were found when comparing the total number of specific 

cells between the two groups of rats. However, a tendency was observed for the number of B-

cells to increase and the number of A-cells to decrease. 

 

 

DISCUSSION 

 

The aim of this study was to investigate the effects of prolonged treatment with high 

doses of dexamethasone on the morphological, immunohistochemical, and ultrastructural 

changes of the endocrine pancreas in male Wistar rats. Dexamethasone is a highly potent 

synthetic glucocorticoid that was discovered more than 60 years ago (ARTH et al., 1958) in 

the search for anti-inflammatory and immunosuppressive medication with better therapeutic 

performance and fewer side effects compared with glucocorticoid-based therapeutics already 

known at that time. Today it is one of the most commonly prescribed medications used for the 

management of various diseases and conditions, some of which are chronic and require long-

term therapy. However, systemic administration of glucocorticoids to human patients, either 

over a long period of time or in high doses, is associated with an increased risk of developing 

various side effects including those on the endocrine system and metabolism (ORAY et al., 

2016). Based on the observed strong association between dexamethasone treatment and 

insulin resistance, several animal models of insulin resistance have been developed (HOENIG 

et al., 2000; MARTÍNEZ et al., 2016). It has been previously shown that dexamethasone can 

impair pancreatic endocrine function, leading to hyperglycemia and hyperinsulinemia 

associated with an increase in the proliferation, size and mass of insulin-producing B-cells 

(RAFACHO et al., 2009). However, data on possible changes at the level of whole islands, and 

other endocrine cell types during dexamethasone treatment are still largely lacking.   

In the current study, it was found that dexamethasone at a dose of 2 mg/kg for 12 

days, significantly decreased the final body weight of treated rats. While the control animals 

gradually gained weight over the course of the experiment, as expected, rats in the 

dexamethasone-treated group lost weight. This result is consistent with that of MARTÍNEZ et 

al. (2016) who also reported a reduction in body weight in rats treated for 10 days with half 

the dose of dexamethasone used in our study. This result may be explained by the fact that 

dexamethasone impairs the regulation of appetite and food intake at the level of the 

hypothalamus (CHRUVATTIL et al., 2017). In addition, dexamethasone suppresses the 

synthesis of proteins and promotes their breakdown (MALKAWI et al., 2018), so the reduction 

in muscle mass could be another factor contributing to weight loss.  

Regarding the weight and volume of the pancreas, this study showed that the absolute 

pancreatic weight and volume decreased significantly after treatment with dexamethasone, 

whereas no difference was found for the relative weight of the pancreas. This finding suggests 

that the decrease in pancreatic weight was in proportion to the weight loss of the whole body. 

Indeed, both values decreased by approximately 30% compared with control values. Weight 

changes are closely related to changes in functional capacity and morphological remodeling 

of the organ. The consistent relationship between body and pancreatic weights suggests that 

dexamethasone neither suppresses nor stimulates the pancreas as a whole organ. This is 

understandable since the exocrine pancreas, which consists of acinar, centroacinar, and ductal 

cells, accounts for approximately 90% of pancreatic mass (PANDIRI, 2014) and is not 
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considered a primary target for dexamethasone action. On the other hand, the endocrine 

pancreas accounts for only 1-2% of the total pancreatic mass, so it is unlikely that even 

appreciable changes in its size would significantly affect the mass of the entire organ.  

After treatment with dexamethasone, stereological examination of the endocrine 

pancreas showed islet hypertrophy and consequently an increase in islet volume density. This 

increase is accompanied by hypertrophy of B-cells without any change in their number. It is 

therefore likely that B-cell hypertrophy is a predominant mechanism of islet enlargement 

under the treatment used in this experiment. Although we observed small clusters of insulin-

positive cells in the exocrine tissue of dexamethasone-treated rats, neogenesis of B-

cells/endocrine islets, if present, does not appear to be sufficient to reflect the proportion of 

smaller (newly formed) islets in the total number and volume of islets.  

One of the findings of our study is that administration of dexamethasone slightly 

shifted the islet size distribution toward larger islets and consequently resulted in different 

participation of small, medium, and large islets in the total pancreatic volume. A decrease in 

the number of small islets and an increase in the number of medium islets and the occurrence 

of large islets were observed. Similar results were reported by ALANENTALO et al. (2010) 

during the progression of type 1 diabetes in NOD mice. These results suggest a regenerative 

process aimed at the formation of larger islets to compensate for the elimination of the small 

islets. Possible biological processes affecting islet size include development, fusion, growth, 

and shrinkage due to cell death within islets (JO et al., 2012). The decrease in the abundance 

of small islets suggests that they are more sensitive to the effects of dexamethasone.  

Otherwise, pancreatic islets which consists of a few to several thousand cells, exhibit a 

wide range of sizes. A comparative study of humans, monkeys, pigs, rabbits, and mice found 

that islets are similar in size, although they differ in overall body and pancreas size and total 

B-cell mass (KIM et al., 2009). This suggests that there is an optimal functional islet size. 

Some physiological and pathological conditions such as pregnancy, ageing, obesity, and 

diabetes affect islet size distribution (JO et al., 2012), which is related to changes in B-cell 

mass involved in glucose homeostasis and suggests that islet development is stochastic. 

Changes in islet size are also related to changes in the vascular organization of the 

endocrine pancreas, as there are differences in the pattern of vascularization of the islets of 

different sizes (BONNER-WEIR and ORCI, 1982). Changes in islet size distribution could be an 

adaptive response to impaired glucose homeostasis after exposure to dexamethasone. Some 

studies have also reported that the physiological properties of B-cells interacting with each 

other via gap junctions (PÉREZ-ARMENDARIZ et al., 1991) depend on the size of the cell 

cluster (JO et al., 2005) and that the electrically coupled B-cells secrete insulin more 

effectively than single cells (SHERMAN et al., 1988). Based on these facts, changes in the 

distribution of islets with different diameters would be associated with changes in the function 

of the endocrine pancreas under the conditions of the applied treatment. 

Another finding of this study was that after treatment with dexamethasone, B-cells 

normally located in the center of the islet also appeared in the mantle zone near the exocrine 

acinar cells. Because our stereological study did not reveal a significant increase in the total 

number of B-cells, we speculate that these B-cells in the mantle zone are repositioned core B-

cells. Moreover, we have shown here that mantle B-cells in large islets have higher insulin 

immunopositivity than core B-cells, implying that they are more actively involved in insulin 

biosynthesis and secretion. Some studies, particularly in mouse models, have found a link 

between changes in islet cell organization and decreased insulin secretion and have attributed 

this to a decrease in homologous connections between B-cells (BOSCO et al., 1989; GANNON 

et al., 2000). However, in a similar experimental setup, we have already shown that insulin 

levels were increased in both serum and pancreas (GLIŠIĆ et al., 2011), so we can conclude 

that the relocation of cells in some islets did not negatively affect total insulin production. On 

the other hand, the differential immunoreactivity of B-cells in the large islets supports 
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previous data on the functional diversity of pancreatic B-cells (STEFAN et al., 1987; 

PIPELEERS, 1992; VAN SCHRAVENDIJK et al., 1992) and suggests a functional switch between 

the core and mantle cells. 

Regarding the other endocrine cell types, our quantitative analysis showed changes 

only in the volume density of A- and D-cells (both decreasing) and the number of A cells per 

μm2 of islet (decreasing). The results on decreased volume density of A- and D-cells after 

dexamethasone treatment are consistent with those obtained previously by others in various 

mouse models of diabetes/insulin resistance (BAETENS et al., 1978; DIANI et al., 1987) and are 

in agreement with the increase in the islet size (diameter, profile area) in this group. A 

decrease in the number of A-cells accompanied by an increase in the number of B-cells, 

although not statistically significant, could indicate A-to-B-cell transdifferentiation aimed at 

creating an insulin-producing apparatus in the altered tissue context (LU et al., 2014). A-to-B 

transdifferentiation may also explain the appearance of insulin-immunopositive cells located 

in the A-restricted zone at the periphery of islets from dexamethasone-treated rats. According 

to the results of this study, the applied treatment did not induce a significant response in D- 

and PP-cells.  

In human pathology, IAPP serves as a marker for T2D (WESTERMARK, 1973; CLARK 

et al., 1988). IAPP depositions impairs normal islet architecture and is associated with 

decreased B-cell numbers (JURGENS et al., 2011). IAPP is produced by B and D cells and 

deposited in the intercellular space (MULDER, 1997; WANG et al., 1997). In the present 

experiment, the islets of the control group of rats showed weak and uniform IAPP 

immunopositivity, in contrast to strong immunostaining in all islets of the dexamethasone-

treated rats. These results are consistent with literature data showing that dexamethasone 

treatment increases IAPP mRNA, IAPP secretion, and IAPP-like immunoreactivity in the 

pancreas and plasma (JAMAL et al., 1990; MULDER et al., 1995). The accumulation of IAPP 

may be related to the functional depletion of centrally located B-cells in the large islets 

observed in this study, but had no adverse effect on B-cell number. 

In conclusion, the results of this study indicate that treatment with dexamethasone 

leads to structural and functional changes in the endocrine pancreas, potentially resulting in 

disturbances of glucose homeostasis. B cells, which most likely reach their functional limits 

in this experimental context, are the primary targets for dexamethasone effects. 

 

Acknowledgments 

 

 This study was conducted at the Institute of Medical Research in Belgrade. The 

authors thank Dr. Vesna Koko for her great contribution to the planning and execution of the 

study and for her critical comments during the preparation of the manuscript. The authors 

would also like to thank Ms. Leposava Jovanović for her excellent technical assistance and 

Vesna Glišić, holder of the Diploma of Professional Writing (Professional Editing and 

Proofreading) from Cengage Education, formerly Australian College of Journalism for her 

professional editing and proofreading of the manuscript. This work was funded by the 

Ministry of Education, Science and Technological Development of the Republic of Serbia, 

Agreement No. 451-03-47/2023-01/ 200122. 

 

 

References:  
 

[1] AKTER, R., CAO, P., NOOR, H., RIDGWAY, Z., TU, L-H., WANG, H., WONG, G.A., ZHANG, 

X., ABEDINI, A., SCHMIDT, A.M., RALEIGH, P.D. (2016): Islet amyloid polypeptide: 



190 

 

structure, function, and pathophysiology. Journal of Diabetes Research 2016: 2798269. 

doi: 10.1155/2016/2798269  

[2] ALANENTALO, T., HÖRNBLAD, A., MAYANS, S., KARIN NILSSON, A., SHARPE, J., 

LAREFALK, A., AHLGREN, U., HOLMBERG, D. (2010): Quantification and three-

dimensional imaging of the insulitis-induced destruction of beta-cells in murine type 1 

diabetes. Diabetes 59 (7): 1756−1764. doi: 10.2337/db09-1400.  

[3] ARTH, G.E., GLEN, E., JOHNSTON, D.B.R., FRIED, J., SPOONCER, W.W., HOFF, D.R., 

SARETT, L.H. (1958): 16-methylated steroids. I. 16α-methylated analogs of cortisone, a 

new group of anti-inflammatory steroids. Journal of the American Chemical Society 80 

(12): 3160–3161. doi: 10.1021/ja01545a061 

[4] BAETENS, D., STEFAN, Y., RAVAZZOLA, M., MALAISSE-LAGAE, F., COLEMAN, D.L., 

ORCI, L. (1978): Alteration of islet cell populations in spontaneously diabetic mice. 

Diabetes 27: 1−7. doi: 10.2337/diab.27.1.1 

[5] BARBERA, M., FIERABRACCI, V., NOVELLI, M., BOMBARA, M., MASIELLO, P., 

BERGAMINI, E., DE TATA, V. (2001): Dexamethasone-induced insulin resistance and 

pancreatic adaptive response in aging rats are not modified by oral vanadyl sulfate 

treatment. The European Journal of Endocrinology 145 (6): 799−806. doi: 

10.1530/eje.0.1450799 

[6] BONNER-WEIR, S. (1991): Anatomy of islet of Langerhans. In: Samois, E. (ed) The 

endocrine pancreas. Raven Press, New York, pp 15–27 

[7] BONNER-WEIR, S., ORCI, L. (1982): New perspectives on the microvasculature of the 

islets of Langerhans in the rat. Diabetes 31 (10): 883−889. doi: 10.2337/diab.31.10.883 

[8] BOSCO, D., ORCI, L., MEDA, P. (1989): Homologous but not heterologous contact 

increases the insulin secretion of individual pancreatic B-cells. Experimental Cell 

Research 184 (1): 72−80. doi: 10.1016/0014-4827(89)90365-0 

[9] BUCHMAN, A.L. (2001): Side effects of corticosteroid therapy. Journal of Clinical 

Gastroenterology 33 (4): 289–294. doi: 10.1097/00004836-200110000-00006 

[10] CERNEA, S., DOBREANU, M. (2013): Diabetes and beta cell function: from mechanisms 

to evaluation and clinical implications. Biochemia Medica (Zagreb). 23 (3): 266−280. 

doi: 10.11613/bm.2013.033  

[11] CHRUVATTIL, R., BANERJEE, S., NATH, S., MACHHI, J., KHARKWAL, G., YADAV, M.R., 

GUPTA, S. (2017): Dexamethasone alters the appetite regulation via induction of 

hypothalamic insulin resistance in rat brain. Molecular Neurobiology 54 (9): 

7483−7496. doi: 10.1007/s12035-016-0251-2 

[12] CLARK, A., WELLS, C.A., BULEY, I.D., CRUICKSHANK, J.K., VANHEGAN, R.I., 

MATTHEWS, D.R., COOPER, G.J., HOLMAN, R.R., TURNER, R.C. (1988): Islet amyloid, 

increased a-cells, reduced b-cells and exocrine fibrosis: quantitative changes in the 

pancreas in type 2 diabetes. Diabetes Research 9 (4): 151–159. 

https://pubmed.ncbi.nlm.nih.gov/3073901 

[13] DIANI, A.R., SAWADA, G.A., HANNAH, B.A., JODELIS, K.S., CONNELL, M.A., CONNELL, 

C.L., VIDMAR, T.J., WYSE, B.M. (1987): Analysis of pancreatic islet cells and hormone 

content in the spontaneously diabetic KKAy mouse by morphometry, 

immunocytochemistry and radioimmunoassay. Virchows Archiv A Pathological 

Anatomy and Histology 412 (1): 53−61. doi: 10.1007/BF00750731 



191 

 

[14] DOR, Y., BROWN, J., MARTINEZ, O.I., MELTON, D.A.  (2004): Adult pancreatic beta-cells 

are formed by self-duplication rather than stem-cell differentiation. Nature 429 (6987): 

41−46. doi: 10.1038/nature02520  

[15] GANNON, M., RAY, M.K., VAN ZEE, K., RAUSA. F., COSTA, R.H., WRIGHT, C.V. (2000): 

Persistent expression of HNF6 in islet endocrine cells causes disrupted islet architecture 

and loss of beta cell function. Development 127 (13): 2883–2895. doi: 10.1242/dev. 

127.13.2883 

[16] GLIŠIĆ, R., KOKO, V., CVIJIĆ, G., ČAKIĆ-MILOŠEVIĆ, M., OBRADOVIĆ, J. (2011): 

Cholecystokinin-producing (I) cells of intestinal mucosa in dexamethasone-treated rats. 

Regulatory Peptides 171 (1-3): 6−10. doi: 10.1016/j.regpep.2011.05.012 

[17] GUZ, Y., NASIR, I., TEITELMAN, G. (2001): Regeneration of pancreatic beta cells from 

intra-islet precursor cells in an experimental model of diabetes. Endocrinology 142 (11): 

4956−4968. doi: 10.1210/endo.142.11.8501. PMID: 11606464 

[18] HOENIG, M., HALL, G.,  FERGUSON, D., JORDAN, K., HENSON, M., JOHNSON, K., 

O’BRIEN., T. (2000): A Feline model of experimentally induced islet amyloidosis. The 

American Journal of Pathology 157 (6): 2143–2150 

[19] IANUS, A., HOLZ, G.G., THEISE, N.D., HUSSAIN, M.A. (2003): In vivo derivation of 

glucose-competent pancreatic endocrine cells from bone marrow without evidence of 

cell fusion. The Journal of Clinical Investigation 111: 843–850 (2003). doi: 

10.1172/JCI200316502 

[20] JAIKARAN, T.A.S.E., CLARK, A. (2001): Islet amyloid and type 2 diabetes: from 

molecular misfolding to islet pathophysiology, Biochimica et Biophysica Acta 1537 (3): 

179−203. doi: 10.1016/s0925-4439(01)00078-3 

[21] JAIN, R., LAMMERT, E. (2009): Cell–cell interactions in the endocrine pancreas. 

Diabetes, Obesity and Metabolism 11 (4): 159–167. doi: 10.1111/j.1463-

1326.2009.01102.x 

[22] JAMAL, H., BRETHERTON-WATT, D., SUDA, K., GHATEI, M.A., BLOOM, S.R. (1990): Islet 

amyloid polypeptide-like immunoreactivity (amylin) in rats treated with dexamethasone 

and streptozotocin. The Journal of Endocrinology 126 (3): 425−429. doi: 

10.1677/joe.0.1260425 

[23] JO, J., HARA, M., AHLGREN, U., SORENSON, R., PERIWAL, V. (2012): Mathematical 

models of pancreatic islet size distributions. Islets 4 (1): 10‒19. doi: 10.4161/isl.18660  

[24] JO, J., KANG, H., CHOI, M.Y., KOH, D.S. (2005): How noise and coupling induce 

bursting action potentials in pancreatic b-cells. Biophysical Journal 89 (3): 1534–1542. 

doi: 10.1529/biophysj.104.053181 

[25] JURGENS, C.A., TOUKATLY, M.N., FLIGER, C.L., UDAYASANKAR, J., SUBRAMANIAN, S.L., 

ZRAIKA, S., ASTON-MOURNEA, K., CARR, D.B., WESTERMARK, P., WESTERMARK, G.T., 

KAHN, S.E., HULL, R.L. (2011): β-cell loss and β-cell apoptosis in human type 2 diabetes 

are related to islet amyloid deposition. The American Journal of Pathology 178 (6): 

2632–2640. doi: 10.1016/j.ajpath.2011.02.036  

[26] KAHN, C.R. (1994): Banting Lecture. Insulin action, diabetogenes, and the cause of type 

II diabetes. Diabetes 43 (8): 1066−1084. doi: 10.2337/diab.43.8.1066  

[27] KIM, A., MILLER, K., JO, J., KILIMNIK, G., WOJCIK, P., HARA, M. (2009): Islet 

architecture: A comparative study. Islets 1 (2):129−136. doi: 10.4161/isl.1.2.9480  

https://doi.org/10.1242/dev.127.13.2883
https://doi.org/10.1242/dev.127.13.2883


192 

 

[28] LIPSETT, M., FINEGOOD, D.T. (2002): -cell neogenesis during prolonged hyperglycemia 

in rats. Diabetes 51 (6): 1834−1841. doi: 10.2337/diabetes.51.6.1834 

[29] LIU, B., GOODWIN, J.E. (2020): The effect of glucocorticoids on angiogenesis in the 

treatment of solid tumors. Journal of Cellular Signaling 1 (3): 42−49. doi: 

10.33696/signaling.1.011 

[30] LU, J., JAAFER, R., BONNAVION, R., BERTOLINO, P., ZHANG, C.X. (2014): 

Transdifferentiation of pancreatic α-cells into insulin-secreting cells: From experimental 

models to underlying mechanisms. World Journal of Diabetes 5 (6): 847−853. doi: 

10.4239/wjd.v5.i6.847 

[31] LUTZ, T.A. (2012): Effects of amylin on eating and adiposity. The Handbook of 

Experimental Pharmacology 209: 231−250. doi: 10.1007/978-3-642-24716-3_10  

[32] MALKAWI, K.A., ALZOUBI, H.K, JACOB, M., MATIC, G., ALI, A., AL FARAJ, A., 

ALMUHANNA, F., DASOUKI, M., ABDEL, R.A.M. (2018): Metabolomics based profiling 

of dexamethasone side effects in rats. Frontiers in Pharmacology 16 (9): 46. doi: 

10.3389/fphar.2018.00046  

[33] MARTÍNEZ, B.B., PEREIRA, A.C., MUZETTI, J.H., TELLES, F.P., MUNDIM, F.G., TEIXEIRA, 

M.A. (2016): Experimental model of glucocorticoid-induced insulin resistance. Acta 

Cirúrgica Brasileira 31 (10): 645−649. doi: 10.1590/S0102-865020160100000001  

[34] MULDER, H., AHRÉN, B., STRIDSBERG, M., SUNDLER, F. (1995): Non-parallelism of islet 

amyloid polypeptide (amylin) and insulin gene expression in rat islets following 

dexamethasone treatment. Diabetologia 38: 395–402. doi: 10.1007/BF00410276  

[35] MULDER, H. (1997): Expression of islet amyloid polypeptide. Localization and 

regulation in the pancreatic islets, gastrointestinal tract and sensory nervous system. 

PhD thesis, Department of Experimental Medical Science, Neurogastroenterology Lund 

University, Lund. 

[36] MUREA, M., MA, L., FREEDMAN, B.I. (2012): Genetic and environmental factors 

associated with type 2 diabetes and diabetic vascular complications. The Review of 

Diabetic Studies 9 (1): 6−22. doi: 10.1900/RDS.2012.9.6 

[37] ORAY, M., ABUSAMRA, K., EBRAHIMIADIB, N., MEESE, H., FOSTER, C.S. (2016): Long-

term side effects of glucocorticoids. Expert Opinion on Drug Safety 15 (4): 457−465. 

doi: 10.1517/14740338.2016.1140743 

[38] PANDIRI, A.R. (2014): Overview of exocrine pancreatic pathobiology. Toxicologic 

Pathology 42 (1): 207−216. doi: 10.1177/0192623313509907  

[39] PÉREZ-ARMENDARIZ, M., ROY, C., SPRAY, D.C., BENNETT, M.V.L. (1991): Biophysical 

properties of gap junctions between freshly dispersed pairs of mouse pancreatic b-cells. 

Biophysical Journal 59 (1): 76. doi: 10.1016/S0006-3495(91)82200-7 

[40] PIPELEERS, D.G. (1992): Heterogeneity in pancreatic beta-cells population. Diabetes 41 

(7): 777−781. doi: 10.2337/diab.41.7.777 

[41] POUWER, F., KUPPER, N., ADRIAANSE, M.C. (2010): Does emotional stress cause type 2 

diabetes mellitus? A review from the European Depression in Diabetes (EDID) 

Research Consortium. Discovery Medicine 9 (45): 112−118. 

[42] RAFACHO, A., CESTARI, T.M., TABOGA, S.R., BOSCHERO, A.C., BOSQUEIRO, J.R. (2009): 

High doses of dexamethasone induce increased beta-cell proliferation in pancreatic rat 



193 

 

islets. The American Journal of Physiology ‒ Endocrinology and Metabolism 296 (4): 

E681−689. doi: 10.1152/ajpendo.90931.2008 

[43] SACKS, D.B., MCDONALD, J.M. (1996): The pathogenesis of type II diabetes mellitus. A 

polygenic disease. American Journal of Clinical Pathology 105 (2): 149−156. doi: 

10.1093/ajcp/105.2.149  

[44] SCHERBAUM, W.A. (1998): The role of amylin in the physiology of glycemic control. 

Experimental and Clinical Endocrinology & Diabetes 106 (2): 97−102. doi: 10.1055/s-

0029-1211958 

[45] SHERMAN, A., RINZEL, J., KEIZER, J. (1988) Emergence of organized bursting in clusters 

of pancreatic beta-cells by channel sharing. Biophysical Journal 54:411−425. doi: 

10.1016/S0006-3495(88)82975-8 

[46] STEFAN, Y., MEDA, P., NEUFELD, M., ORCI, L. (1987): Stimulation of insulin secretion 

reveals heterogeneity of pancreatic B cells in vivo. The Journal of Clinical Investigation 

80 (1): 175−183. doi: 10.1172/JCI113045  

[47] STERNBERGER, L.A. (1986): Immunohistochemistry. 3rd ed. Wiley. New York. 

[48] SUKSRI, K., SEMPRASERT, N., JUNKING, M., KUTPRUEK, S., LIMJINDAPORN, T., 

YENCHITSOMANUS, P., KOOPTIWUT, S. (2021): Dexamethasone induces pancreatic β-cell 

apoptosis through upregulation of TRAIL death receptor. Journal of Molecular 

Endocrinology 67: 95–106. doi: 10.1530/JME-20-0238 

[49] TABÁK, A.G., HERDER, C., RATHMANN, W., BRUNNER, E.J., KIVIMÄKI, M. (2012): 

Prediabetes: a high-risk state for diabetes development. Lancet 379 (9833): 2279−2290. 

doi: 10.1016/S0140-6736(12)60283-9 

[50] UKROPINA, M., GLISIC, R., VELICKOVIC, K., MARKELIC, M., GOLIC, I., CAKIC-

MILOSEVIC, M., KOKO, V. (2012): Effects of methimazole-induced hypothyroidism on 

immunohistochemical, stereomorphometric and some ultrastructural characteristics of 

pancreatic B-cells. Archives of Biological Sciences 64 (3): 943−951. doi: 

10.2298/ABS1203943U 

[51] VAN SCHRAVENDIJK, C.F., KIEKENS, R., PIPELEERS, D.G. (1992): Pancreatic beta cell 

heterogeneity in glucose-induced insulin secretion. The Journal of Biological Chemistry 

267 (30): 21344−21348. doi: 10.1016/S0021-9258(19)36615-3 

[52] VON MACH MA, SCHLOSSER J, WEILAND M, FEILEN PJ, RINGEL M, HENGSTLER JG, 

WEILEMANN LS, BEYER J, KANN P, SCHNEIDER S. (2003): Size of pancreatic islets of 

Langerhans: a key parameter for viability after cryopreservation. Acta Diabetologica 40 

(3): 123−129. doi: 10.1007/s00592-003-0100-4.  

[53] WANG, F., WESTERMARK, G.T., PERMERT, J. (1997): Effect of islet amyloid polypeptide 

on somatostatin inhibition of insulin secretion from isolated rat pancreatic islets. 

Regulatory Peptides 72 (1): 61−67. doi: 10.1016/s0167-0115(97)01037-9 

[54] WEIBEL, E.R. (1979): Stereological methods. Practical methods for biological 

morphometry. Academic Press, London. 

[55] WESTERMARK, P. (1973): Fine structure of islets of Langerhans in insular amyloidosis. 

Virchows Archiv A Pathological Anatomy and Histology 359 (1): 1−18. doi: 

10.1007/BF00549079 



194 

 

[56] WESTERMARK, P., ANDERSSON, A., WESTERMARK, G.T. (2011): Islet amyloid 

polypeptide, islet amyloid, and diabetes mellitus. Physiological Reviews 91 (3): 

795−826. doi: 10.1152/physrev.00042.2009 

[57] ZULEWSKI, H., ABRAHAM, E.J., GERLACH, M.J. (2001): Multipotential nestin-positive 

stem cells isolated from adult pancreatic islets differentiate ex vivo into pancreatic 

endocrine, exocrine, and hepatic phenotypes. Diabetes 50: 521−533. doi: 

10.2337/diabetes.50.3.521 

 


