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Abstract 

Introduction : Hyperadrenocorticism is a common disease in dogs by which adrenocortical 

cortisol secretion is increased. One of the causes of hypercortisolism is a functional 

adrenocortical tumor. Adrenocorticotropic hormone (ACTH) is a major regulator in steroid 

synthesis. Human research has revealed a high ACTH-receptor mRNA expression in 

functional adenomas and low expression in carcinomas compared to controls. This research 

compared the expression of the ACTH-receptor in the adrenal cortex of 39 dogs with 

adrenal-dependent hypercortisolism, of which 27 are carcinomas and 12 are adenomas, with 

15 normal adrenals.  

Materials and methods: Adrenal tissue was derived from 39 dogs with hypercortisolism (27 

carcinomas and 12 adenomas) and 15 normal adrenals served as controls. ACTH-receptor 

mRNA levels are measured with quantitative PCR, while ACTH-receptor protein levels are 

examined by western blot.  

Results: ACTH-receptor mRNA expression is downregulated in carcinomas compared to 

normal adrenals. Expression in adenomas is not significantly different from controls. 

Western blot results show a downregulation of ACTH-receptor expression and therefore 

support the qPCR results.  
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Introduction 

Hyperadrenocorticism is a common disease in dogs by which adrenocortical cortisol 

secretion is increased. This is mostly due to a functional tumor in the pituitary or adrenal 

gland. A major regulatory hormone in steroid synthesis is adrenocorticotropic hormone 

(ACTH), which acts trough its own receptor: the ACTH-receptor (or melanocortin-2 receptor). 

In adrenal-dependent hypercortisolism plasma ACTH-levels are low. Therefore, 

adrenal ACTH-receptor expression is also expected to be low, because it is upregulated by 

ACTH. However, human adrenal tumors are still respondent to ACTH as is shown by 

Beuschlein, et al. (2001). This suggests expression of functional ACTH-receptors in adrenal 

tumors. Research has revealed that in patients with adrenal-dependent hypercortisolism 

there is an increase in cortisol production after ACTH administration which is due to cortisol 

production of the tumor. And despite low plasma ACTH-levels in these patients, high ACTH-

receptor mRNA expression was found in functional adenomas, whereas carcinomas and non-

functional adenomas had a low expression of ACTH-receptor mRNA.
1
 In addition, a strong 

correlation between the expression of the ACTH-receptor and expression of CYP 

steroidogenic enzymes has been detected in adenomas. This regulative relationship is lost in 

carcinomas, probably as a result of tumor dedifferentiation.
2, 3

  

This research compared the expression of the ACTH-receptor in the adrenal cortex of 

39 dogs with adrenal-dependent hypercortisolism, of which 27 are carcinomas and 12 are 

adenomas, with 15 normal adrenals. The expression of ACTH-receptor mRNA is measured by 

qPCR. The expression of the ACTH-receptor as a protein is demonstrated by western blot.  

 

 

Hypothalamic-pituitary-adrenal axis 
 Adrenal cortisol secretion is regulated by the hypothalamus and the hypophysis. The 

hypothalamus produces corticotropin-releasing hormone (CRH) and secretes it in the portal 

vessels of the pituitary gland. CRH stimulates pituitary ACTH-synthesis and secretion. Stress 

and hypoglycaemia increases CRH-secretion, while negative feedback is provided by plasma 

cortisol.
4
  

Adrenocorticotropic hormone (ACTH) is a 39-amino acid peptide
1
 and is produced by 

corticotrophs, which account for 15% of the pituitary cells. It is derived from a precursor 

molecule called pro-opiomelanocortin (POMC), which is cleaved into multiple products that 

are secreted together (fig. 1). Secretion of ACTH takes place according to a diurnal rhythm, 

with highest plasma concentrations in the early morning and low concentrations during the 

night. Its plasma half-life is approximately 10 minutes. ACTH stimulates the adrenocortical 

cortisol and aldosterone secretion.
4
 The outer zona glomerulosa produces mineralcorticoids, 

the middle zona fasciculata produces cortisol and the inner zona reticularis produces 

androgens and, to a minor degree, cortisol.
5
 Negative feedback of pituitary corticotropin-

secretion is regulated by plasma cortisol.
4
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Cortisol synthesis 
When ACTH binds to its G-protein coupled receptor on adrenocortical cells the 

intracellular cAMP concentration increases, which activates protein kinases. The 

phosphorylation of enzymes such as CYP11A1 results in enhancement of the conversion of 

cholesterol into pregnenolone (fig 2.).
5
  

Binding of ACTH to its receptor activates not only the protein kinase A (PKA) pathway, 

but activation of the MAPK-pathway, phospholipase C and calcium channel opening have 

also been described.
6
  ACTH activates Ca

2+
 influx trough opening of voltage- and cAMP-

dependant Ca
2+

-channels. PKA and calcium activate transcription factors, by which synthesis 

of the enzymes of the steroid synthesis pathway are modulated (fig 3).
7
 

Cholesterol is the starting compound of steroidogenesis. It is internalized through 

receptors as high- and low-density lipoproteins. First, the side chain of cholesterol is cleaved 

by the enzyme CYP11A1 forming pregnenolone.
5
 This is the rate-limiting step in 

steroidogenesis.
4
 Pregnenolone is either hydroxylated by CYP17, forming 17α-OH-

pregnenolone, or it is converted into progesterone by 3β-HSD. Then 17α-OH-progesterone is 

formed out of 17α-OH-pregnenolone by 3β-HSD or out of progesterone by CYP17. The last 

two steps are the formation of 11-deoxycortisol and cortisol by CYP21 and CYP11B1 

respectively. A detailed diagram is included in appendix 1. 
5
 

 

 

Actions of cortisol 
 In the blood, 90% of the cortisol is bound to transport proteins. 70% is bound to 

cortisol-binding globulin (CBG) and 20% is bound to albumin. There is an equilibrium 

between the protein bound and the free fraction. Only the free fraction of plasma cortisol 

can initiate hormone actions.
4, 5

  

 Unbound cortisol enters cells by diffusion through the cell membrane and binds to 

cytoplasmatic glucocorticoid-receptors. The activated cortisol-receptor complex then enters 

the nucleus and changes the transcription-rate of several genes by binding to response 

elements in promoter regions or to other transcription factors. Enzymes that are involved in 

gluconeogenesis, such as pyruvate carboxylase, fructose-1,6-diphosphatase and glucose-6-

phosphatase, and also an isoform of alkaline phosphatase are upregulated.
4, 5

 

 

 

Fig. 1: Cleavage of pro-opiomelanocortin (POMC) in ACTH and MSH, which are secreted simultaneously. 
ACTH: adrenocorticotropic hormone, MSH: melanocyte stimulating hormone, CLIP: corticotrophin-like 
intermediate lobe peptide, END: endorphin, LPH: lipoprotein, J peptide: joining peptide. (Ettinger et. al. 2005) 
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Cortisol increases plasma glucose levels by several actions. It increases 

gluconeogenesis by stimulating enzymes of the gluconeogenic pathway. It also stimulates 

protein catabolism to provide amino acids for gluconeogenesis. Glucose uptake by muscle 

and fat tissue is reduced, which can lead to insuline resistance. Enzymes involved in glycogen 

synthesis are stimulated with increased glycogen deposition as a result. Lipolysis is also 

increased, leading to a higher level of free fatty acids in the bloodstream, which can be used 

as an energy supply by muscle tissue.
4
 

Hypercortisolism 
Hypercortisolism, or Cushing’s syndrome, is a disorder which is characterized by a 

chronic excess of plasma cortisol levels. Cushing’s syndrome is classified in three main 

groups: pituitary-dependent, adrenal-dependent and iatrogenic hypercortisolism.
8-10

 Ectopic 

ACTH-secretion has been described, but is rare.
11

  

Pituitary-dependent hypercortisolism is the most common cause of spontaneous 

Cushing’s syndrome in the dog and has an incidence of 80-85 %. A functional pituitary tumor 

produces ACTH, which gives rise to a 

bilateral adrenocortical hyperplasia 

and hypersecretion of cortisol. 

Therefore this group is also known 

as ACTH-dependent 

hypercortisolism.  

Adrenal-dependent 

hypercortisolism is much less 

common with an incidence of 15-

20%. It is caused by a functional 

adrenocortical tumor, which is either 

an adenoma or a carcinoma and is 

mostly unilateral. The cortex of the 

contralateral adrenal is usually 

atrophic. Carcinomas may 

metastasize to liver or lungtissue or 

can invade surrounding tissues, such 

as the kidney or the endothelium of 

the vena cava caudales. Plasma 

ACTH-levels are mostly low, so this 

form is also called ACTH-

independent hypercortisolism.  

Iatrogenic hypercortisolism is 

usually caused by excessive or long-

term administration of 

glucocorticoids by a veterinarian. 

There is cortical atrophy in both 

adrenals.
8-10

 

 

 

 

Fig. 2: Pathway of cortisol synthesis. After binding of ACTH to the 
ACTH-receptor, intracellular cAMP increases, leading to activation of 
protein kinases. Various enzymes of steroidogenesis are activated, 
which leads to cortisol-production. Other receptors can also lead to an 
increase of intracellular cAMP and subsequent cortisol secretion. 
(Costa et. al. 2007) 
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Hypercortisolism often occurs at middle-

aged and older dogs (>6 years) and has a breed-

predisposition for among others poodles, terriers 

and the Dashhund. Clinical signs are polyuria, 

polydipsia, polyphagia, abdominal enlargement, 

muscle weakness, endocrine alopecia and 

lethargy.  

Neurologic signs such as stupor, ataxia 

and behavioural changes can be seen in case a 

pituitary tumor represses the hypothalamus or 

thalamus.
8-10

 

 Diagnosis is based on endocrinological 

tests. The first test is measurement of the 

urinary corticoid creatinine ratio. A low ratio 

excludes hypercortisolism. The next test is the 

low-dose dexamethasone suppression test. Dogs 

with Cushing’s disease show no decline in plasma 

cortisol levels. To differentiate between the 

various forms of hypercortisolism, the high-dose 

dexamethason suppression test and 

measurement of the endogenous plasma ACTH 

level can be used. After administration of a high 

dose dexamethasone, plasma cortisol levels are not suppressed in dogs with a functional 

adrenal tumor. Of dogs with pituitary-dependent hypercortisolism, 75 percent do show a 

decline in plasma cortisol level. The endogenous plasma ACTH level is high in these dogs, 

while this is low in dogs with adrenal-dependent hypercortisolism.
8-10

 

 Therapy of hypercortisolism depends on the cause. First choice for adrenal-

dependent hypercortisolism is adrenalectomy, provided there are no metastases. After 

surgery mild hypocortisolism may occur, this can be intercepted by temporary 

administration of prednisone. Another option is medical treatment with mitotane, which can 

achieve a complete destruction of a tumor in adrenal or pituitary gland and even metastases 

may disappear. However, lifelong treatment is required. A third possibility is trilostane-

treatment. It is a competitive inhibitor of 3-β-hydroxysteroid dehydrogenase and therefore 

suppresses the cortisol synthesis. It does not, however, affect the tumor itself, so lifelong 

treatment is needed. For dogs that don’t tolerate these drugs, ketoconazole can be used. It 

suppresses steroid synthesis by interacting with the cytochrome P450 component of various 

enzymes, but also needs to be supplemented throughout the dogs life. For dogs with 

pituitary-dependent hypercortisolism there are two more options: hypophysectomy and 

radiation therapy. Both methods can only be performed by a specialist and can be 

expensive.
8-10

 An computed tomography (CT) scan is needed beforehand to locate the 

hypophysis and examine the tumor size. With hypophysectomy the cause of 

hypercortisolism is removed, however lifelong substitution therapy for T4 with L-thyroxine is 

needed. Vasopressin supplementation is only needed temporarily. In 83% of the dogs, 

plasma cortisol levels are normalized but in 10% of the patients recidivism of 

hypercortisolism occurs.
12

 Radiation is mostly used to reduce tumor size and always needs to 

be combined with medical treatment.
8-10

 

Fig. 3: Regulation of steroid synthesis and 
secretion. Besides increasing cAMP levels, 
intracellular Ca

2+
 levels are also increased, 

leading to an alteration in synthesis of enzymes 
of the steroid synthesis pathway (Gallo-Payet et. 
al. 2003).  
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For a dog with an adrenocortical tumor without metastases, the prognosis is good. 

Unfortunately, this is rare. If there are metastases, prognosis is poor with a life expectancy of 

approximately one year. Dogs with a pituitary tumor have a longer life expectancy of about 

30 months, but eventually these dogs will also die or are euthanized.
8-10

 

 After long-term exposure to high plasma cortisol levels, complications like pulmonary 

thromboembolism can occur. Fibrinolysis is inhibited because of increased release of 

plasminogen activator inhibitors and patients with hypercortisolism often have systemic 

hypertension, protein-losing glomerulonephropathy, an increased hematocrit value, 

decreased serum antithrombin III concentrations and increased concentrations of some 

coagulation factors. These factors contribute to the development of pulmonary 

thromboemboli. Clinical signs include acute respiratory distress, orthopneu and sometimes a 

jugular pulse. Thoracic radiographs may show no abnormalities, but sometimes show 

hypoperfusion, pleural effusion or alveolar pulmonary infiltrates. Therapy includes oxygen, 

anticoagulants and general supportive care. The prognosis is poor.
9, 10

 

ACTH-receptor 
Adrenocorticotropic hormone acts through its own receptor, the ACTH-receptor or 

the melanocortin 2-receptor. It is the smallest member of the G-protein-coupled receptor 

family and belongs to a subfamily of melanocortin-receptors.
13

 It has seven transmembrane 

domains
14

 and a predicted molecular mass of 33 kD
1
. ACTH binds to the extracellular 

domain, while the intracellular domain interacts with the G-protein.
2
 

The ACTH-receptor gene is located on chromosome 1 and consists of 891 basepairs, 

which are all on one exon. The aminoacid sequence is enclosed in appendix 2. There is a 

great similarity between the sequences of the dog, human and the rat.
15

 

Expression of the ACTH-receptor is upregulated by its own ligand. ACTH increases the 

transcriptional rate of its receptor and prolongs the half-life of ACTH-receptor mRNA. 

Binding sites for steroidogenic factor 1 (SF-1) are found in the promoter region of the ACTH-

receptor and stimulation of promoter activity by SF-1 has been reported. Upregulation is 

also achieved by other activators of the cAMP-pathway, such as forskolin.
1
  

Suppression of ACTH-receptor expression can be facilitated by adrenal-specific 

transcription factors, such as DAX-1, which is a repressor of CYP-enzymes.
1
 

Because of the upregulation by ACTH, the expression of its receptor was expected to 

be downregulated in dogs with adrenal-dependent hypercortisolism as a result of low 

plasma ACTH levels. However, human research has revealed an upregulation of the ACTH-

receptor in functional adenomas
1
. What causes this upregulation is still unknown and needs 

to be further investigated.  

Activating mutations of cAMP-regulating proteins, such as the ACTH-receptor, are 

involved in several human disorders including thyroid adenomas. In adrenocortical tumors 

however, no point-mutations of the ACTH-receptor can be identified, therefore a role of the 

ACTH-receptor as an important oncogene in adrenocortical tumorigenesis is unlikely. 
1
 

Another cause of reduced function of the ACTH-receptor gene could be the loss of 

heterozygosity (LOH) of the ACTH-r gene locus. There seems to be a reduced expression of 

ACTH-receptor mRNA in tumors with LOH and tumors in a more advanced stage appear to 

have a significantly higher rate of LOH. Therefore, the ACTH-receptor gene may act as a 

tumor-suppressor gene and the receptor itself may function as a differentiation factor. 
1
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Fig. 4: Mechanism of GIP-dependent hyperadrenocorticism. Food 
ingestion stimulates GIP secretion from the duodenum, which then 
increases intracellular cAMP levels through GIP-receptors in the 
adrenal cortex. The plasma cortisol level increases and its negative 
feedback inhibits pituitary ACTH-secretion (Bertagna et. al. 2003) 

Other receptors related to hypercortisolism 
There are several other receptors associated with hyperadrenocorticism, such as 

catecholamine, vasopressin, luteinising hormone, serotonin and gastric inhibitory 

polypeptide (GIP) receptors. All are adrenocortical membrane-bound receptors which are 

functionally coupled to steroidogenesis.
16-20

 

Presence of GIP-receptors 

in the adrenal cortex is the cause 

of food-dependent 

hyperadrenocorticism
16, 20

. In 

these dogs, plasma cortisol levels 

rise after a meal due to GIP-

secretion by K cells of the 

duodenum in response to 

intraluminal glucose, amino acids 

and fatty acids (fig. 4). In 

between meals, plasma cortisol 

levels can be within reference 

range, which can make 

diagnostics more difficult. 
19-21

 

Normally, anti-diuretic 

hormone (ADH) or vasopressin 

stimulates cortisol secretion 

through stimulation of the ACTH-

release by the adenohypophysis. However, in 27% of the human patients with 

hyperadrenocorticism cortisol secretion is also stimulated by vasopressin through the V1a-

receptor, expressed in the adrenal cortex. Although the V1a-receptor is also present in 

normal adrenals, a stronger cortisol-response is seen in adrenal tumors.
17

 This is due to 

more efficient intracellular coupling pathways.
22

 Whether this is the same in dogs needs to 

be further investigated. 

The molecular mechanisms leading to the expression of these receptors in the 

adrenal glands are not yet completely understood. Mutational changes of the receptors 

could lead to functional changes. Sequence analysis of the GIP-receptor has, however, not 

revealed any mutations.
19, 20

 Apart from that, it is unclear whether expression of aberrant 

receptors is a cause of tumorigenesis, or that the receptor expression changes in tumors due 

to cell dedifferentiation. Several research projects suggest the first option.
19

 

For the canine ACTH-receptor, such research has not yet been done. Therefore, not 

much is known about the canine ACTH-receptor expression and possible mutations. This 

research compared the expression of the ACTH-receptor in canine adrenal tumors with its 

expression in normal canine adrenals. 
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Materials and methods

Materials 
Adrenal tumors were derived from dogs with hyperadrenocorticism, which have been 

presented at the University clinic for companion animals in Utrecht. After adrenalectomy the 

adrenals were examined by a pathologist to classify them in two groups: adenomas and 

carcinomas. Classification was based on the extent of differentiation of the tumor cells, 

encapsulation, tumor growth pattern (invasiveness, infiltration in surrounding tissues), 

presence of metastases and mitotic figures.  

RNA isolation 
RNA was derived from frozen adrenal tissues, with the RNeasy Mini Kit (Qiagen), 

according to the protocol ‘Purification of total RNA from animal tissues’ in the RNeasy Mini 

Handbook (4
th

 edition, Qiagen, April 2009). Homogenizing was done with a rotor-stator 

homogenizer. A DNA-ase-step was performed during RNA purification according to an 

additional protocol in the RNeasy Mini Handbook: the ‘optional on-column DNase digestion 

with the RNase-free DNase set’. After RNA isolation, the concentrations of the RNA were 

measured with a UV-Vis spectrophotometer (Nanodrop ND1000
®
, Thermo Fisher Scientific), 

which uses a full spectrum absorbance measurement.  

cDNA 
The amount of RNA, needed for generating cDNA, was calculated out of the RNA 

concentrations. In total 1,5 μg RNA per sample was used. The following PCR protocol was 

used: 5 min at 25°C, then 30 min at 42°C, followed by 5 min at 85°C and ending at 4°C.  

Quantitative PCR 
The predicted sequence of the canine ACTH-receptor available on the website 

www.ncbi.nlm.nih.gov was used to develop a primer (GI-number 73945979). The sequence 

was loaded into the module ‘primer select’ of the program DNA Star Lasergene (DNAstar, 

Inc., Madison, USA) for developing a primer pair. The following primers were used: 

- forward primer: 5’ TCATGTGGTTTTGCCGGAAGAGAT 3’  

- reverse primer: 5’ AATGGCCAGGCTGCAAATGAAA 3’ 

A 3-step protocol has been used: initial denaturation at 95°C for 4,5 min, followed by 

45 cycles of 95°C for 10 sec, 58,5°C for 30 sec and 72°C for 30 sec and ending with 24 cycles 

of 72°C for 30 sec. All measurements were done in duplo. RPS5, RPS19 and HPRT were used 

as reference genes. For the q-PCR protocols used, see table 1. The iQ5 real-time PCR 

Detection system (Biorad Laboratories, Inc.) was used for all genes.  

Sequencing of the qPCR-product was done with the ABI PRISM
®
 3130 xl Genetic 

Analyzer (Applied Biosystems) to verify if the right product was formed. The resulting 

sequence was compared with the sequence of the ACTH-receptor mRNA by the Basic Local 

Alignment Search Tool (BLAST) at the website www.ncbi.nlm.nih.gov.  
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Table 1: q-PCR protocols used for reference genes. 

Gene    HPRT   RPS5   RPS19  

Protocol    95°C for 3 min  95°C for 3 min  95°C for 3 min  

45 cycles of 95°C for 10 sec  95°C for 10 sec  95°C for 10 sec 

   56°C for 30 sec  62,5°C for 30 sec  61°C for 30 sec 

   72°C for 30 sec        

  24 cycles of  72°C for 30 sec   72°C for 30 sec   72°C for 30 sec 

 

Resulting Ct-values were processed with IQ5 software (Biorad Laboratories, Inc.) to 

enable them for further analysis. For data-analysis of the reference genes and determination 

of their stability, the program GeNorm (Primer Design, Ltd) was used. Data-analysis of the 

ACTH-receptor mRNA was done with the program REST 2008 (Relative Expression Software 

Tool, Corbett Research Pty Ltd and Michael W. Pfaffl, Munich Technical University).  

Immunohistochemistry 
For determination and visualization of the expression of the ACTH-receptor, 

immunohistochemistry was performed. A goat polyclonal IgG anti-ACTH-R antibody (Santa 

Cruz Biotechnology, Inc.) was used. This antibody is directed against the human ACTH-

receptor, but based on amino acid sequences there are only minor (25 out of 292 amino 

acids) differences between the human and canine ACTH-receptor (see appendix 2). 

Therefore, it is expected to react with the canine ACTH-receptor as well.  

 Sections with adrenal tissue were deparaffinized with xylene and alcohol and antigen 

retrieval was performed. For staining of the slides the Goat Immunocruz 
TM

 staining system 

(sc-2053, Santa Cruz Biotechnology, inc.) was used, which is a HRP-streptavidin-complex 

staining. The sections were incubated with the first antibody (goat polyclonal IgG anti-ACTH-

r) for 2 hours in a container with a high humidity grade. The slides were counterstained with 

haematoxylin and mounted in Aqua-Poly/mount coverslipping medium (Polysciences, inc.) 

before lowering a cover glass over the sections. Examination of the slides was done by 

microscope.  

Western blot  
For determination of the expression of the ACTH-receptor, a western blot was also 

performed. The ‘Mini-protean electrophoresis system’ (Biorad Laboratories, Inc.) was used. 

The gel was a 10% SDS-PAGE runninggel, with a 4% stackinggel. 30μg per sample was loaded 

onto the gel and as a standard the ‘Precision plus protein standard’ (dual color, Biorad 

Laboratories, Inc.) was used. The ACTH-receptor is expected to show a band at 33 kD. The 

gel-electrophoresis was done at 150 Volts for 1,5 hours. Next, the blotting was done at a 

voltage of 100V for one hour. For blocking and staining of the blot the ‘ECL Advance Western 

Blotting Detection kit’ (Amersham
TM

, GE Healthcare) was used. The blot was incubated 

overnight with a goat polyclonal IgG anti-ACTH-r antibody (Santa Cruz Biotechnology, Inc.) 

dissolved in 0.2% TBST-buffer + 4% bovine serum albumin at a concentration of 1:500. The 

secondary antibody was a HRP-conjugated donkey anti-goat IgG antibody, dissolved at a 

concentration of 1:20.000 and it was pre-incubated with a blot to decrease background 

staining. All washing steps were done with a 0,2% TBST-solution at room temperature, also 

for decreasing of background staining. After staining of the blot, it was examined with the 

ChemiDoc XRS (Biorad Laboratories, Inc.).  
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 As a reference, a β-actin staining was done, to be able to compare the results of the 

adenomas with the carcinomas and the controls. Beta-actin has a molecular weight of 42 kD. 

The concentration of the primary antibody, also dissolved in 0.2% TBST-buffer + 4% bovine 

serum albumin, was 1:2000. The secondary antibody, a HRP-conjugated anti-mouse IgG 

antibody (R&D Systems
®
), had a concentration of 1:20.000.  
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Results

RNA isolation 
The measured RNA-concentrations which were used to calculate the amount of micro 

litres RNA needed for generation of cDNA are listed in appendix 3.  

Quantitative PCR 
Data analysis of HPRT, RPS5 and RPS19 showed that all three genes were reliable as a 

reference gene, although normalisation of the data could not be performed. The M-values, 

representing the average expression stability, were 0,722, 0,625 and 0,546 respectively (see 

appendix 4).  

Mean Ct-values of the ACTH-receptor mRNA were 19,52, 20,68 and 19,31 for the 

adenomas, carcinomas and controls respectively. The range varied between 7,23 for 

carcinomas and 2,79 for the controls. The range for adenomas was much smaller then for 

carcinomas, namely 3,31. Standard deviations were 0,74 for the controls, 0,95 for the 

adenomas and 1,81 for the carcinomas (see table 2). All Ct-values of the individual samples 

are shown in appendix 5.  
 

Table 2: Mean Ct-value, standard deviation and range of ACTH-receptor mRNA in adenomas, carcinomas and 

controls. 

Group     adenomas  carcinomas  controls 

Mean    19,52   20,68   19,31 

Standard deviation  0,95   1,81   0,74 

Range    3,31   7,23   2,79 

 

In comparison with the control group, the expression of the ACTH-receptor mRNA in 

carcinomas was downregulated by a mean factor of 0,382 (standard error range is 0,168 - 

1,107) (see results in table 3). The expression in adenomas, on the other hand, showed no 

significant difference with the control group (see results in table 4). The expression of ACTH-

receptor mRNA in adenomas en carcinomas was also not significantly different (see results in 

table 5).  

 
Table 3: Relative expression results of ACTH-receptor mRNA in carcinomas versus controls.  

Gene  Reaction efficiency Expression Standard error 95% C.I.  P  Result 

ACTH-r  1,1136   0,382  0,168-1,107 0,011-2,556 0,008 Down 

HPRT  1,1592   0,863 

RPS19  1,1566   0,863 

RPS5  1,0613   1,342 

 

 

Table 4: Relative expression results of ACTH-receptor mRNA in adenomas versus controls.  

Gene  Reaction efficiency Expression Standard error 95% C.I.  P  Result 

ACTH-r  1,1136   0,735  0,330-1,663 0,214-3,406 0,143 

HPRT  1,1592   1,115 

RPS19  1,1566   0,938 

RPS5  1,0613   0,956 
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Table 5: Relative expression results of ACTH-receptor mRNA in carcinomas versus adenomas.  

Gene  Reaction efficiency Expression Standard error 95% C.I.  P  Result 

ACTH-r  1,1136   0,520  0,155-1,814 0,012-4,643 0,13 

HPRT  1,1592   0,774 

RPS19  1,1566   0,920 

RPS5  1,0613   1,404 

Immunohistochemistry 
Because the anti-ACTH-receptor antibody appeared to be less suitable for 

immunohistochemistry, the staining of adrenal tissue did not work adequately. Some slides 

of the controls showed staining of the zona fasciculata and the zona reticularis, which was to 

be expected, but other control sections were stained equally throughout the tissue (data not 

shown). Therefore, it was unsuitable for confirming the q-PCR data. The antibody was 

recommended for Western blotting, therefore immunohistochemistry was no longer 

performed and the switch to Western blot was made.  

Western blot 
 The results of the Western blot are shown in figure 5. The protein standard is shown 

in the left column (number 1). The upper band represents 50 kD and the lower band 37 kD. 

Numbers 2 and 3 represent controls, numbers 4, 5 and 6 are adenomas and the numbers 7 -

10 show bands of carcinomas. The upper band is a beta-actin band of 42 kD and the lower is 

the ACTH-receptor band of 33 kD.  

  Expression of the ACTH-receptor was not uniformly distributed among the different 

groups. Staining of the band was much darker in adenomas and controls than in carcinomas, 

suggesting a downregulation of the expression of the ACTH-receptor in carcinomas. 

Significant differences in staining intensity between adenomas and controls cannot be 

determined.  

Beta-actin staining was done as a control for determining differences in the amount 

of protein loaded onto the gel. In two out of three adenomas and in both controls there was 

less staining of the bands than in the carcinomas, suggesting that a lower amount of protein 

was loaded onto those columns.  

Therefore, the western blot results support the qPCR results and show 

downregulation of the ACTH-receptor expression.  

 

 

 

1 2  3     4      5        6          7             8 9        10 

Fig. 5: Western blot results. Nr. 1 is a standard, nr. 2 and 3 are controls, nr. 4, 5 and 6 are 
adenomas and nr. 7-10 are carcinomas.  
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Discussion 

This study shows that in dogs with hyperadrenocorticism caused by an adrenal 

carcinoma, the expression of the ACTH-receptor in the adrenal cortex is downregulated. The 

ACTH-receptor mRNA expression is 2,6 times lower in carcinomas compared with control 

adrenal glands. In addition, western blot results show less staining of the bands in 

carcinomas then in adenomas and controls, suggesting a downregulation of the ACTH-

receptor expression in carcinomas. The darker staining of the beta-actin bands in carcinomas 

compared to the adenomas and controls confirm this conclusion. However, what causes the 

differences in β-actin staining? According to various studies, β-actin is equally expressed in 

any cell and is widely used as an internal control because of that.
23, 24

 Is this the same for 

carcinomas? In carcinomas cell structure and function are altered. Could beta-actin 

expression be upregulated in adrenocortical carcinomas? Ruan et al. (2007) found an 

upregulation of β-actin expression in rat hepatomas, which is increased in less differentiated 

tumor stages. Other studies claim that β-actin expression is stable in tumorous tissues 

compared to normal tissues and report no variation in different tumor stages.
25, 26

 With this 

in mind, the variations in beta-actin expression results are probably caused by differences in 

protein load onto the gel. RNA-concentrations are measured by spectrophotometery and 

this method can be affected by optical interference with contaminating material, such as 

ribosomal RNA.
24

 Based on the assumption that differences in β-actin expression are due to 

variations in protein load, the western blot results support the qPCR results and the 

conclusion that ACTH-receptor expression in canine adrenocortical tumors is downregulated 

can be drawn.  

The downregulation of the ACTH-receptor expression in carcinomas could be due to 

dedifferentiation of the adrenocortical cells. In adenomas, cells are more differentiated, 

which could explain the absence of downregulation. Another cause of these results could be 

an increased variation in expression between carcinoma cells, in which the more 

differentiated cells have a normal expression pattern and the less differentiated cells show a 

downregulation. Total result in a qPCR or western blot would be a downregulation, while in 

fact only part of the carcinoma cells actually has a downregulation of the ACTH-receptor 

expression. This study can provide no conclusion in this matter, so further research is 

desirable.  

As can be seen in the qPCR-results in table 2 and appendix 5, the range of carcinomas 

is higher then the range of the adenomas and controls. This could also be due to more 

variation in differentiation stages in carcinomas.  

All dogs in this study suffered from hypercortisolism. This means that despite a 

downregulation of the ACTH-receptor in adrenocortical carcinomas, cortisol production was 

high. This could be caused by an increased amount of cells in carcinomas, compared to 

control adrenal glands. These cells individually can have a low cortisol production, but 

combined they are responsible for a increased cortisol production. 

Human research has revealed a high ACTH-receptor mRNA expression in functional 

adrenocortical adenomas and a low ACTH-receptor mRNA expression in adrenocortical 

carcinomas 
1
. In according to that, this research shows a downregulation of the ACTH-

receptor expression in carcinomas, but no upregulation in adenomas can be demonstrated.  
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Diagram of the steroid synthesis pathway.   
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Appendix 2 

Amino acid sequence of the human and canine ACTH-receptor. 

 

Human mkhiinsyen  inntarnnsd  cprvvlpeei  fftisivgvl  enlivllavf   knknlqapmy  fficslaisd   

Canine  mkhiinlhen  indtarnnsd  cphvvlpeei  ffiisiigvl  enlmvllavi  knknlqspmy  fficslaisd   

 

mlgslykile     niliilrnmg  ylkprgsfet   taddiidslf     vlsllgsifs  lsviaadryi  tifhalryhs  ivtmrrtvvv   

mmgslykile  nilivfrnmg  ylkprgnfet  taddimdslf  ilsllgsifs  lsviaadryf  tifhalgyhs  ivtmrraivv   

 

ltviwtfctg    tgitmvifsh   hvptvitfts   lfplmlvfil  clyvhmflla  rshtrkistl  pranmkgait    

ltviwtgctg   gaitmvifsh  hvptvitfts   lfplmlvfil  clyvhmflla  rsharkiltl  pranmkgait    

 

ltillgvfif  cwapfvlhvl  lmtfcpsnpy  cacymslfqv  ngmlimcnav  idpfiyafrs  pelrdafkkm ifc 

ltillgvfif  cwapfvlhvl  lmtfcpnnpy  cacymslfqv  ngmlimcnav  idpfiyafrs  pelreafkkm vfcsrs   
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Appendix 3 

RNA concentrations of samples of adrenal adenomas, carcinomas and the control group. 

 

Carcinomas     

Number Name owner Patient nr RNA conc (ng/μl) 

1 Mathot 502937 1079,43 

2 Schaap 805009 992,2 

3 Verkuilen 805151 603,29 

4 Akone 806093 234,3 

5 Snoeij 807065 551,11 

6 Bonebakker 808416 240,51 

7 Bennekom, van 802715 657,63 

8 Zuiderwijk 803090 529,64 

9 Does, de  311316 430,35 

10 Verberk H01.0223B 416,31 

11 Verweel 228018 411,33 

12 Waldeck 600227 717,08 

13 Hazekamp  601184 404,96 

14 Keizer 602408 653,74 

15 Neumayer 506709 315,57 

16 Vermeulen 410807 252,41 

17 Askeland 608328 527,54 

18 Bergman 300154 537,52 

19 Bonefas 900143 645,88 

20 Bot 803755 464,84 

21 Doring 228380 382,28 

22 Fischer 600914 357,68 

23 Jellema 508028 448,81 

24 Struyk 216027 397,62 

25 Veen, van der 303841 326,75 

26 Van de Reek 412393 827,99 

27 Ottens 700948 580,35 

 

Adenomas      

Number Name owner Patient nr RNA conc (ng/μl) 

I Baljet 501795 863,57 

II Brouwer 221016 697,45 

III Geest, van 306624 534,06 

IV Groenedijk 216001 510,5 

V Harms H01.5333.C 430,94 

VI Ribbens 609558 785,85 

VII Rooy 225696 1225,34 

VIII Wilmes 400056 1291,62 

IX De Jong 603713 737,45 

X Van Laar H01.3118.Y 955,5 

XI Vente 702869 756,25 

XII Dijkstra 704792 658,43 

 

Control group 

Number RNA conc (ng/μl) 

a 1365 

b 233,73 

c 237,28 

d 360,41 

e 1483 

f 361,9 

g 630 

h 754 

i 750,8 

j 604,55 

k 292,69 

l 893,06 

m 630,21 

n  378,49 

o 794,75 
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Appendix 4 

Expression stability results of the reference genes. 

 

Sample HPRT RPS19 RPS5 Normalisation factor 

1 1,39E-01 2,38E-01 3,34E-01 0,5959 

2 2,26E-01 3,24E-01 3,61E-01 0,7969 

3 2,48E-01 4,52E-01 4,49E-01 0,9876 

4 2,05E-01 2,38E-01 2,56E-01 0,6205 

5 2,79E-01 5,02E-01 9,63E-01 1,3718 

6 1,99E-01 5,10E-01 7,67E-01 1,1424 

7 2,50E-01 5,65E-01 6,89E-01 1,2312 

8 1,95E-01 3,40E-01 3,85E-01 0,7869 

9 4,01E-01 5,28E-01 7,52E-01 1,4502 

10 2,67E-01 2,30E-01 4,53E-01 0,8108 

11 2,53E-01 2,15E-01 2,77E-01 0,6603 

12 3,44E-01 4,21E-01 6,46E-01 1,2145 

13 2,67E-01 2,04E-01 2,61E-01 0,6485 

14 3,34E-01 4,36E-01 5,79E-01 1,1731 

15 3,98E-01 7,80E-01 1,00E+00 1,8113 

16 2,35E-01 3,78E-01 5,45E-01 0,9758 

17 2,34E-01 5,43E-01 7,09E-01 1,1986 

18 1,00E+00 3,71E-01 3,40E-01 1,3420 

19 3,10E-01 6,71E-01 8,07E-01 1,4761 

20 1,69E-01 4,01E-01 5,51E-01 0,8947 

21 1,93E-01 4,08E-01 4,13E-01 0,8541 

22 1,17E-01 2,64E-01 3,65E-01 0,6006 

23 1,98E-01 4,42E-01 4,85E-01 0,9336 

24 2,15E-01 4,83E-01 8,21E-01 1,1780 

25 2,96E-01 3,99E-01 3,77E-01 0,9480 

26 1,75E-01 4,38E-01 4,95E-01 0,8992 

27 2,01E-01 2,04E-01 1,28E-01 0,4646 

I 5,79E-01 4,39E-01 5,87E-01 1,4188 

II 4,28E-01 7,76E-01 8,13E-01 1,7285 

III 9,17E-01 2,91E-01 2,76E-01 1,1215 

IV 1,95E-01 5,31E-01 3,96E-01 0,9230 

V 2,81E-01 4,04E-01 4,66E-01 1,0048 

VI 3,93E-01 4,77E-01 2,68E-01 0,9873 

VII 4,64E-01 5,43E-01 5,73E-01 1,4032 

VIII 6,40E-01 6,14E-01 4,32E-01 1,4812 

IX 1,75E-01 2,33E-01 2,03E-01 0,5412 

X 4,41E-01 1,00E+00 7,75E-01 1,8707 

XI 3,57E-01 7,41E-01 5,04E-01 1,3661 

XII 2,59E-01 4,81E-01 2,60E-01 0,8524 
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a 5,38E-01 6,27E-01 5,56E-01 1,5320 

b 4,37E-01 5,14E-01 3,90E-01 1,1886 

c 2,30E-01 2,93E-01 2,08E-01 0,6455 

d 2,71E-01 4,30E-01 3,62E-01 0,9316 

e 3,28E-01 3,52E-01 2,70E-01 0,8425 

f 1,82E-01 2,48E-01 2,73E-01 0,6183 

g 3,30E-01 4,87E-01 3,68E-01 1,0418 

h 4,84E-01 5,80E-01 5,76E-01 1,4578 

i 2,70E-01 5,29E-01 3,67E-01 1,0010 

j 2,66E-01 4,54E-01 2,77E-01 0,8618 

k 1,65E-01 3,12E-01 2,12E-01 0,5941 

l 3,52E-01 5,91E-01 5,22E-01 1,2764 

m 2,02E-01 3,67E-01 4,87E-01 0,8834 

n 3,18E-01 7,67E-01 5,81E-01 1,3946 

o 4,11E-01 8,21E-01 6,27E-01 1,5932 

hypophysis 2,77E-01 1,89E-01 1,64E-01 0,5479 

          

M < 1,5 0,722 0,546 0,625   
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Appendix 5 

Ct-values of samples of adrenal adenomas, carcinomas and controls. 

 

Sample Ct-value  Sample Ct-value 

1 19,86915914  I 19,24759867 

2 20,16260047  II 19,81195924 

3 19,89703117  III 19,27469145 

4 21,63082559  IV 19,8151223 

5 24,54588335  V 20,63556827 

6 22,49207685  VI 19,42752893 

7 18,17702202  VII 20,39435908 

8 25,40618693  VIII 17,55425843 

9 19,84615645  IX 19,65316104 

10 20,11960799  X 19,38832278 

11 20,79058249  XI 18,14898647 

12 19,66681311  XII 20,85954996 

13 18,64592899  a 17,85209346 

14 20,53265669  b 19,32800317 

15 18,86261075  c 20,31341095 

16 20,338271  d 19,91989135 

17 19,03521334  e 18,95304626 

18 18,54624723  f 20,64346315 

19 19,57738805  g 18,88978799 

20 21,48165778  h 18,25192089 

21 20,86198273  i 19,46488895 

22 20,60425308  j 19,33013058 

23 19,72068428  k 19,5207319 

24 24,45308225  l 19,48908457 

25 20,43855166  m 19,99182933 

26 20,89824929  n  18,69591994 

27 21,88028539  o 18,98357778 

 

 


