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ABSTRACT: Glucocorticoids play a vital role in the 
maintenance of basal and stress-related homeostasis and 
influence productivity, health, and well-being of farm ani-
mals. Their production is under the control of the hypotha-
lamic-pituitary-adrenocortical (HPA) axis. We performed 
genetic studies of the HPA axis in pigs and showed that a 
natural substitution Ala610Val in the ligand binding do-
main of the glucocorticoid receptor gene (GRAla610Val) is a 
major quantitative trait nucleotide for HPA axis activity and 
cortisol production. Investigation of the molecular function 
of the GRAla610Val substitution revealed that this leads to a 
higher sensitivity of the receptor by increasing its affinity 
for glucocorticoids. The effect of the GRAla610Val substitu-
tion on production traits is less clear; we found association 
of the substitution with increased fat and decreased muscle 
deposition in a population of German Landrace pigs, how-
ever we could not replicate the association in other popula-
tions. 
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Introduction 
 

The HPA axis is a neuroendocrine system govern-
ing secretion of glucocorticoids (in the pig cortisol) from 
the adrenal cortex. Glucocorticoids exert pleiotropic effects 
on various biological functions including energy metabo-
lism, behavior, and immune response, and play a pivotal 
role in the stress response (Sapolsky et al. (2000)). Accord-
ingly, basal and stress-induced glucocorticoid secretion 
influences productivity, health, and well-being of farm 
animals. The basal activity and stress-reactivity of the HPA 
axis show large interindividual variability. The genetic 
basis of this variability is considerable, nevertheless has 
been subject to little research to date (Mormede and 
Terenina (2012)). Exploration of the molecular genetic 
basis of the variability in HPA axis activity promises to 
facilitate balanced breeding which is a key goal for sustain-
able animal production (Merks et al. (2012)). 

 
To discover genetic variants responsible for the 

variability in HPA axis activity in pigs we performed can-
didate gene and genome-wide association analyses (Murani 
et al. (2010), Murani et al. (2012)). These led to the identi-
fication of a missense single nucleotide polymorphisms 
(SNP) c.1829C>T in the porcine glucocorticoid receptor 
gene (NR3C1) with a major effect on the parameters of 
acute (cortisol levels) and long-term (adrenal weight) regu-
lation of HPA axis activity (Murani et al. (2012)). Gluco-
corticoid receptor (GR) is a transcription factor activated by 

circulating glucocorticoids. It plays a central role in mediat-
ing biological action of glucocorticoids, including negative 
feedback regulation of HPA axis activity (Steckler (2001)). 
The SNP c.1829C>T encodes a substitution Ala610Val 
(GRAla610Val) in helix 5 of the ligand binding domain of the 
porcine GR in a region important for the interaction be-
tween glucocorticoids and the receptor (Bledsoe et al. 
(2004). Examination of the functional impact of GRAla610Val 
by means of a transactivation assay revealed that the substi-
tution increases responsiveness of the porcine GR to gluco-
corticoids (Murani et al. (2012)). Thus, the molecular func-
tion of the GRAla610Val substitution is consistent with its 
robust association with reduced HPA axis activity. Taken 
together these findings provided compelling evidence that 
the GRAla610Val is a causative QTN for HPA axis activity. 

 
The aim of this study is to comprehensively char-

acterize phenotypic consequences of the GRAla610Val substi-
tution, and to elucidate the underlying molecular and physi-
ological mechanisms. Therefore, we studied in more detail 
the impact of the substitution on the function of the porcine 
GR and glucocorticoid signaling, on HPA axis activity, and 
analyzed its association with performance traits. 

 
Materials and Methods 

 
Material. Commercial German Landrace (DL, 

n=490) and crossbred Pietrain × (German Large White × 
German Landrace) (PiF1, n=551) pigs were kept at the test 
station Jürgenstorf (MV, Germany). To produce informa-
tive animals for the measurement of HPA axis parameters 2 
sires heterozygous for GRAla610Val were each mated to 5 
different heterozygous dams (10 sows in total). The off-
spring (n=90) were raised at the experimental pig farm 
(EAS) of the FBN Dummerstorf and slaughtered (n=80) at 
an average weight of ~105kg. Blood samples for plasma 
preparation were collected by vena jugularis puncture at 
three time points, and at exsanguination during slaughter. 
Tissues for RNA extraction were quickly dissected and 
frozen, and kept at -80º C until analysis. 

 
Genotyping. Genotyping of the GRAla610Val substi-

tution was performed by pyrosequencing as previously 
described (Murani et al. (2012)). 

 
mRNA expression. Absolute quantification of the 

expression of target genes in hypothalamus and liver re-
spectively was performed by quantitative real time PCR 
(qPCR) on a LightCycler 480 System using the LightCycler 
FastStart DNA Master SYBRplus Green I (Roche) kit. 



RNA extraction, cDNA synthesis, quantification, and nor-
malization were performed according to standard protocols 
(Murani et al. (2012)). 

 
Ligand binding assay. For ligand binding assay in 

vivo nine pools of 2-3 pituitary glands were generated  per 
each homozygous wild-type and heterozygous genotype. 
For ligand binding assay in vitro expression constructs 
encoding allelic variants of GRAla610Val were transiently 
transfected into COS7 cells lacking endogenous GR. The 
ligand binding assay was performed essentially as described 
by Kanitz et al. (1998).  

 
Physiological parameters. Plasma cortisol and 

ACTH levels were measured by commercial EIA kits 
(DRG) in duplicate according to manufacturer´s protocol.  
 

Organ weight and morphometry. At slaughter 
pituitary and both adrenal glands were dissected and 
weighed. For histomorphological analysis the middle por-
tion of both adrenal glands was cryosectioned and subse-
quently stained with hematoxylin and eosin. The areas of 
adrenal cortex and medulla were analyzed using VisiCam 
Image Analyzer 6.2.3.1 (VWR) and the cortical/medullary 
area ratio (CMR) calculated. 

 
Performance traits.	   Carcass and meat quality 

traits were measured in the experimental slaughter facility 
of the FBN Dummerstorf according to the German perfor-
mance test directives. 

 
Statistical analyses. Association of the GRAla610Val 

substitution with performance traits was analyzed using 
mixed linear models (Proc MIXED, SAS v9.3, SAS Insti-
tute). Genotype of the GRAla610Val substitution was included 
as a fixed effect. For meat quality traits the model included 
the random effect of slaughter date, and for carcass traits 
carcass weight was included as a covariate. To account for 
relatedness, all models included the random effect of sire. 
In addition, in PiF1 the model included the fixed effect of 
the RYR1 mutation responsible for MHS, and for carcass 
traits also the fixed effect of gender. HPA axis-related pa-
rameters were analyzed using a mixed linear model includ-
ing the fixed effect of the GRAla610Val substitution, gender 
and their interaction. Sire and dam within sire were includ-
ed as random effects. For physiological parameters and 
gene expression data sampling order was included as a 
covariate. For organ weight and histomorphology body 
weight was included as a covariate. To show a general trend 
in cortisol and ACTH secretion the data of the 4 sampling 
points were analyzed jointly using a repeated measurement 
model. 

 
Results and Discussion 

 
Effects of GRAla610Val on glucocorticoid receptor 

function and glucocorticoid signaling pathway. Crystal-
lographic and mutagenesis studies of the ligand binding 
domain of the human and murine GR suggested that the 
GRAla610Val substitution might enhance responsiveness of the 
porcine GR to glucocorticoids by intensifying van der 

Waals contacts with the ligand (Seitz et al. (2010)). This 
was supported by own in silico analyses (not shown). To 
confirm this hypothesis experimentally we examined the 
interaction between porcine GR and glucocorticoids by 
means of a ligand binding assay. We found significantly 
lower Kd (i.e. higher affinity) in pituitaries of heterozygous 
carriers of GRAla610Val compared to homozygous wild-type 
carriers (p<0.05). The Bmax, i.e. GR expression, was not 
significantly affected. The higher affinity of the mutated 
receptor to glucocorticoids was independently confirmed by 
ligand binding assay in vitro. These findings demonstrate 
that GRAla610Val causes higher responsiveness of the porcine 
GR to glucocorticoids by intensifying their interaction. 

 
Glucocorticoid signaling is regulated by a complex 

array of feedback mechanisms. To explore the impact of 
GRAla610Val on glucocorticoid signaling we measured mRNA 
expression of different factors (related to expression and 
sensitivity of corticosteroid receptors, and steroid hormone 
metabolism and availability) in hypothalamus and liver 
respectively. We found significant upregulation of CBG 
(SERPINA6) in liver (Table 1). CBG is the principal carrier 
for glucocorticoids in the circulation, and an important 
regulator of their bioavailability. 

 
Table 1. Effects of the GRAla610Val substitution on HPA 
axis activity-related parameters and glucocorticoid 
signaling. 
   LSM±SE1  
Trait p-

value 
AlaAla AlaVal ValVal 

Cortisol2 <0.001 49.8a±2.4 36.8b±1.7 28.1c±2.4 
ACTH3 0.002 85.0a±8.1 60.0b±6.0 51.8b±8.0 
CRH4 0.002 6499a 

±1315 
5573a 
±1251 

3209b 
±1353 

AW5 <0.001 5.03a±0.22 4.02b±0.21 3.44c±0.24 
CMRl6 0.022 4.59a 

±0.34 
3.97a,b 
±0.23 

3.28b 
±0.33 

CMRr7 0.001 4.85a 
±0.31 

3.65b 
±0.22 

3.28b 
±0.33 

CBG4 0.034 65838a 
±9738 

83649a,b 
±9261 

88986b 
±10971 

1Within a row, LSM without a common superscript differ (p <0.05) 
2ng/ml; n=23/47/23 
3pg/ml; ; n=23/47/23 
4copy number; n=18/41/21 
5adrenal weight in g; n=17/38/17 
6cortical/medullary area ratio of the left adrenal gland; n=18/41/20 
7cortical/medullary area ratio of the right adrenal gland; n=18/39/17  

 
Effects of GRAla610Val on HPA axis activity. We 

previously found robust association of GRAla610Val with 
decreased cortisol production and adrenal weight in three 
different breeds (Murani et al. (2012)). This relationship 
was confirmed in the present study (Table 1). Histomorpho-
logical analysis of adrenal glands revealed that the decrease 
in adrenal weight is primarily due to reduction in adreno-
cortical size (Table 1). The concomitant reduction in corti-
sol production and adrenocortical size indicated that the 
adrenal insufficiency is of central origin. We therefore 
measured CRH expression in hypothalamus, and ACTH 
levels (secreted from anterior pituitary) in plasma. Indeed, 



we found that both parameters were significantly decreased 
by GRAla610Val (Table 1). Altogether, these findings demon-
strate that the GRAla610Val substitution reduces activity of the 
whole HPA axis. 

 
Effects of GRAla610Val on performance traits. In 

humans, chronic glucocorticoid excess leads to obesity and 
muscle wasting (Nieuwenhuizen and Rutters (2008)). A 
negative relationship between body composition and gluco-
corticoid production was observed also in pigs (Mormede 
and Terenina (2012)). We found significant association of 
GRAla610Val with carcass composition in DL, but not in PiF1 
(Table 2). Strikingly, although GRAla610Val decreases cortisol 
production it was associated with increased fat and de-
creased muscle deposition. This indicates that the associa-
tion of GRAla610Val with carcass composition is not based on 
its effect on cortisol production. It is conceivable that phe-
notypic consequences of the decreased cortisol secretion 
caused by GRAla610Val are, at least partly, compensated by 
increased sensitivity of the receptor and/or increased ex-
pression of CBG. Instead, the association of GRAla610Val with 
carcass composition might be based on its effect on CRH 
expression. CRH is an anorexigenic neuropeptide increas-
ing energy expenditure (Nieuwenhuizen and Rutters 
(2008)). The decreased expression of CRH associated with 
GRAla610Val might lead to higher feed intake and decreased 
energy expenditure, and thus result in reduced leanness. 

 
Table 2. Association of the GRAla610Val substitution with 
carcass and meat quality traits in German Landrace. 
   LSM±SE1  
Trait p-

value 
AlaAla AlaVal ValVal 

LEANC2 0.001 53.9a±0.4 53.1b±0.5 52.0a,b±1.6 
LMA3 0.036 47.2a±0.4 45.5b±0.5 41.9a,b±2.2 
BFT4 0.014 2.45a±0.03 2.52a,b±0.04 2.86b±0.17 
1Within a row, LSM without a common superscript differ (p <0.05) 
2lean content; n=383/103/4 
3loin muscle area; n=383/103/4 
4average backfat thickness; n=383/103/4 
 

Conclusion 
 
Results of the present study confirmed that the 

GRAla610Val substitution is a causal QTN for HPA axis ac-
tivity in pigs. Peripheral effects of the GRAla610Val substitu-
tion appear to be partly compensated by the higher respon-
siveness of the receptor. The reduced activity of the HPA 
axis at the central level suggests that the GRAla610Val substi-
tution could have important effects on behavior and cogni-
tive functions. This warrants further investigation. 
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