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SUMMARY

The main hormone produced by the adrenal glands of hens is corticosterone, synthesized
and secreted by stimulation of the HPA axis during stress. Direct activation of adrenal activity
is conditioned by ACTH, which binds to the melanocortin receptor cMC2 in the adrenals and
stimulates the synthesis and release of glucocorticosteroids. One of the factors that stimulate
HPA axis activity is starvation, to which chickens are very sensitive. The purpose of this study
was to determine the expression of ACTH receptor cMC2 in the adrenals of hens during short-
term fasting and after restoration of the proper level of nutrition (refeeding). The results of the
experiment show that 24-hour food deprivation is stressful for the hen, as indicated by
increased concentrations of corticosterone in the adrenals and blood plasma. Changes in
cMC2R expression and the level of corticosterone in the adrenals during fasting and refeeding
indicate a rapid increase in HPA axis activity in response to changing levels of nutrition. The
results of the experiment confirm the direct effect of ACTH on corticosterone release by avian
adrenal glands.

KEY WORDS: adrenal glands, starvation, corticosterone, melanocortin receptor cMC2,
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INTRODUCTION

The rate of metabolic processes in vertebrates is mainly governed by the hypothalamic-pituitary-
adrenal axis, known as the HPA axis (Axelrod and Reisine, 1984). The functioning of the HPA axis
in birds has been thoroughly studied and repeatedly described (Harvey et al., 1980; Harvey et al.,
1984). The mechanism of its activation in response to stressors has also been described in detail
(Holmes and Phillips, 1976; Harvey and Hall, 1990; Ericsson et al., 2014; Fallahsharoudi et al.,
2015). The pathways for the synthesis of glucocorticosteroids, as well as the end result of activation
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of this neuroendocrine system, are highly conserved among vertebrates and homologous to those
described in mammals (Miller, 1988; Nebert et al., 1991). The main steroid hormone produced by
the adrenal glands of birds is corticosterone (Deroos, 1961; Paster, 1991; Scanes, 2020), while the
level of aldosterone synthesis is much lower (Vinson et al., 1979; Carsia et al., 1987; Carsia et al.,
1988b; Collie et al., 1992). Cortisol and cortisone are also produced in this endocrine gland in birds,
especially during the embryonic period and just after hatching (Kalliecharan and Hall, 1974; Idler et
al.,, 1976; Carsia et al., 1987). Corticosterone, like the other hormones mentioned, is a
glucocorticosteroid involved in the metabolism of carbohydrates and fats. Its physiological effect,
like that of other glucocorticosteroids, is to increase blood glucose levels, most often in the case of
HPA axis stimulation, which is the body’s response to stress. For this reason these compounds are
commonly called stress hormones (Harvey et al., 1980; Harvey et al., 1984; Post et al., 2003; Yuan
etal., 2008; Yang et al., 2015).

The main activator of the HPA axis in terms of corticosterone secretion is adrenocorticotropic
hormone (ACTH; Beuving and Vonder, 1978; Beuving and Vonder, 1986). The substance
stimulating the pituitary gland to release ACTH in birds is produced by hypothalamus CRF
(corticotropin-releasing factor), the equivalent of mammalian corticoliberin (CRH; Carsia et al.,
1986; Romero and Wingfield, 1998). The maximum ACTH concentrations in the blood occur within
5-10 minutes from onset of the stress stimulus (Kovacs and Péczely, 1991). Additionally, a time
synchronization between blood concentrations of ACTH and corticosterone in response to stress has
been observed (Harvey and Hall, 1990; Kovéacs and Péczely, 1991; Virden et al., 2007a; Virden et
al., 2007b), as well as between the action of the stress factor and the release of ACTH-induced
corticosterone (Beuving and Vonder, 1986; Mehaisen et al., 2017). ACTH is the most effective
stimulator of corticosteroid secretion by the adrenal glands of birds. Increasing the ACTH surge in
chickens has been observed to stimulate the rapid release of corticosterone from the adrenal glands,
within 5 minutes (Radke et al., 1985; Beuving and VVonder, 1986), as confirmed by numerous in vitro
studies (Carsia et al., 1988b; Carsia and Weber, 1988a; Collie et al., 1992).

Studies on isolated chicken adrenal cells suggest that ACTH acts through specific high- and
low-affinity receptors (Carsia and Weber, 1988a). These receptors, called melanocortin receptors
(MCRs), belong to the family of G-protein-coupled receptors (GPCRs) and perform a variety of
physiological functions; they are responsible for the stress response, skin pigmentation, the immune
response, cardiovascular regulation, and energy homeostasis (Boston and Cone, 1996; Butler and
Cone, 2002). Receptor 5 MC subtypes have been identified in various human and mammalian tissues
(Mountjoy et al., 1992), as well as in chickens (Takeuchi and Takahashi, 1998; Ling et al., 2004;
Ling and Schi6th, 2005).

The MC1, MC3, MC4 and MCS5 receptors bind to melanotropin (MSH), which has a high
affinity for them and performs its function through them. The MC2 receptor is the only receptor in
this family to bind only to ACTH. MC2R is mostly expressed in the adrenal cortex and at low levels
in adipocytes (Mountjoy et al., 1992; Boston and Cone, 1996; Butler and Cone, 2002). Accurate data
on avian melanocortin receptors are lacking, but chicken melanocortin (cMC) receptors appear to be
orthologues of mammalian MCRs and perform similar functions (Ling et al., 2004; Ling and Schi6th,
2005). The mRNA of the cMC2 receptor has been detected in the adrenal glands of chickens,
indicating that this receptor is the counterpart of mammalian MC2 (Takeuchi et al., 1998; Ling et al.,
2004; Ling and Schiéth, 2005). The cMC2 receptor has the ability to bind to glucocorticosteroids,
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which may be important because glucocorticosteroids induce a significant increase in MC2R
expression, as demonstrated by studies in cattle (Darbeida and Durand, 1990; Dores, 2013).

One of the factors that can stimulate the HPA axis is starvation. The specific structure of the
digestive system of birds causes these animals to digest very quickly. Food may pass from the goitre
to the cloaca after 2-4 hours, depending on its type and the physiological state of the animal (Kaupp
and Ivey, 1923). For this reason, birds, especially domestic chickens, are extremely sensitive to the
stress of starvation. In light of the above, it can be assumed that released corticosterone as well as
changes in the activity of the cMC2 receptor may modulate the hormonal activity of the adrenal
glands in birds when they are deprived of food. The aim of the research was to determine the in vivo
expression of melanocortin (cMC) receptor mRNA and the degree of corticosterone secretion from
the adrenal glands of chickens during short-term (24 h) deprivation of feed and after restoration of
the proper level of nutrition (refeeding).

MATERIALS AND METHODS

Chemicals

The chemicals were purchased from the following companies: Corticosterone Double Antibody
RIA Kit (Catalog No. MP07120102, MP Biomedicals, LLC Diagnostic Division, NY, USA);
Eukaryotic 18S rRNA Endogenous Control, TagMan Gene Expression Assays and Master Mix, the
High-Capacity = cDNA  Reverse  Transcription  Kit, and  TRI-reagent  (Applied
Biosystems/ThermoFisher Scientific, Foster City, CA, USA). All other reagents were obtained from
ICN Biomedicals (Aurora, IL, USA), Sigma (St. Louis, MO, USA) or POCH (Gliwice, Poland).

Animals and experimental design

The experiment was conducted on 15 immature Hy-Line Brown hens (average body weight 1,28
+ 0,06 kg) at the age of 15 weeks, purchased from the commercial farm H&P2 (Czarkow, Poland).
The animals were housed in an experimental building belonging to the Department of Animal
Physiology and Endocrinology, University of Agriculture in Krakow. The hens were housed in
individual cages in compliance with principles governing the rearing of commercial flocks of laying
hens, in a hall equipped with forced ventilation, lighting 14L:10D (lights-on at 0800h and off at
2200h), with free access to commercial food (17,5 MJ+kg™, 15% protein; DKMII) and water. Before
the experiment, birds were divided randomly into three groups (n =5 in each group), as follows: (i)
with feed and water ad libitum (control); (ii) fasted for 24 h (short fasting); and (iii) fasted for 24 h
and then allowed access to food for 24 h (refeeding). The experiment was conducted according to a
research protocol approved by the Local Animal Ethics Committee in Krakow (No. 49/0P/2004).

On the first day of the experiment blood was collected from the wing vein of all hens in the
amount of 2 ml into heparinized tubes. After 24 h of feed deprivation, blood was collected from the
animals in group 2, followed by decapitation. Blood samples were collected from the birds in group
3 at 24 h after the return to normal feeding, followed by decapitation. Blood samples from each
collection date were centrifuged for 10 minutes (8000 rpm), and the plasma was immediately frozen
at —20°C until corticosterone determinations by radioimmunoassay (RIA). After decapitation of the
control and experimental animals, the recovered adrenal glands were placed in Petri dishes on ice in
a physiological saline solution. Then the adrenal glands of each chicken were cut into smaller sections
of similar weight (about 50 mg). Selected fragments of tissue were weighed and then homogenized
in liquid nitrogen. On the scheduled day of assay the homogenates were diluted in 0,5 mL of
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phosphate buffer (pH = 7,5). The homogenates were collected and kept at —20°C until corticosterone
determinations in tissue by RIA. The sections of the adrenal glands were placed in 1 ml of RNAlater
(Stabilization Solution for Tissue; Sigma). The samples prepared in this way were placed in a freezer
at —80°C until the analyses.

Steroid hormone determination in tissue

The amount of corticosterone was measured using the Corticosterone Double Antibody RIA Kit
(MP Biomedicals, LLC Diagnostic Division, NY, USA) in accordance with the manufacturer’s
instructions. Radioactivity was measured in a Wizard gamma counter (LKB, Austria). All samples
and standards were tested in duplicate. The sensitivity of the method was 0,70 ng/ml; intra- and
interassay coefficients of variation were 55% and 8,0%. The hormone concentration in the
incubation medium was calculated per mg of adrenal medulla tissue.

Total RNA isolation and RT-PCR analysis

Total RNA from adrenal tissue was isolated with TRI Reagent (ThermoFisher Scientific)
according to the manufacturer’s instructions. RNA density and quality were evaluated by measuring
probe extinction at 260 and 280 nm. Total RNA (2 pg) was used as a template in cDNA synthesis.
Reverse transcription (RT) was performed using a Master-cycler (Eppendorf, USA) with the High-
Capacity cDNA Reverse Transcription Kit according to the following profile: (i) 25°C, 10 min; (ii)
37°C, 120 min and (iii) 85°C, 5 min. The first strand of cDNA was stored at —20°C and after dilution
(5x) used for qPCR amplification based on 50 nuclease chemistry using TagManTM MGB (minor
groove binder) probes. Multiplex gPCR was performed in a 96-well thermocycler (StepOne Plus,
Applied Biosystems, USA). Assay-on-Demand, TagMan MGB Gene Expression Kits with specific
TagMan MGB probes designed by Applied Biosystems/ThermoFisher Scientific were used for cMC2
analysis of mMRNA expression in the adrenal tissue (accession number: NM_00103515.1); amplicon
size: 107 bp. 18S rRNA was used as a reference gene (Eukaryotic 18S rRNA Endogenous Control,
GenBank AF173612.1; amplicon size: 187 bp; Applied Biosystems/ThermoFisher Scientific: cat #
4310893E). All reactions were performed in duplicate. The data were calculated according to the
AACt method previously described by Livak and Schmittgen (2001), using the expression in the
control group of adrenal tissue as the calibrator (RQ = 1), and are presented as RQ = SEM.

Statistical analysis

The results were subjected to one-way ANOV A followed by the Tukey post hoc test. Differences
between values are presented as means = SEM and considered to be significant at P <
0,05. Calculations were performed using Statistica v.13.1 software (StatSoft, Inc, Tulsa, OK, USA).
Figures were prepared using Grapher 12 (Golden Software Inc., USA).

RESULTS

In the group of control hens, the concentration of corticosterone in the blood plasma was
estimated at 4,28 + 0,56 ng/mg (Fig. 1). The lack of feed for 24 hours resulted in a significant increase
in the concentration of the hormone, to 7,65 + 0,45 ng/mg (P < 0,05), while 24 h after restoration of
normal nutrition, its concentration decreased compared to the values recorded during fasting, but
were still significantly higher than in the control group (5,66 + 0,65 ng/mg; P < 0,05; Fig. 1).

The corticosterone concentration of 22,2 + 3,2 ng/mg in the adrenal tissue in the control group
did not change significantly after short-term fasting (24,2 + 6,1 ng/mg; P > 0,05). At 24 h after normal
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nutrition was restored, it decreased significantly compared to the values in the other two groups (15,9
+ 1,8 ng/mg; P < 0,05; Fig. 2).

RQ PCR analysis showed a significant increase in the expression of the cMC2R receptor for
ACTH in the adrenal glands of fasted chickens in relation to the values found in the group of control
birds (P < 0,05), while at 24 h after restoration of normal nutrition, the value did not differ statistically
from the value in the control group (P < 0,05; Fig. 3).
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Fig. 1. The effect of starvation and refeeding on corticosterone concentration in chicken blood plasma

(one-way analysis of variance; different superscript letters a, b, ¢ indicate significant differences
between experimental groups at P < 0,05)
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Fig. 2. The effect of starvation and refeeding on corticosterone concentrations in chicken adrenal
tissue (one-way analysis of variance; different superscript letters a, b, c indicate significant
differences between experimental groups at P <0,05)
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Fig. 3. Relative expression of cMC2R mRNA in chicken adrenal tissue after starvation and refeeding
(one-way analysis of variance; different superscript letters a, b, ¢ indicate significant differences
between experimental groups at P < 0,05)
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DISCUSSION

The results of the in vivo experiment described in the present study showed a change in the
concentration of corticosterone and in mMRNA expression of the cMC2 receptor in the adrenal glands
of starving hens. High-intensity environmental, metabolic or psychological stimuli that pose a threat
to homeostasis to which the body must adapt are perceived as stressors. Stressors are factors that
activate the HPA axis and ultimately lead to the secretion of glucocorticosteroids from the adrenal
glands. Stress during growth and development is well known to have a major impact on a number of
phenotypic traits later in life. Repeated exposure to adverse factors during the postnatal development
of birds can significantly alter the physiological stress response. The latest research on birds suggests
that long-term exposure to stress factors alters the activity of many neuroendocrine systems that
determine the ability to respond to changing environmental factors and enable survival. Chronic
stress exposure has also been shown to permanently change the activity of the HPA axis (Spencer et
al., 2009). As described in the introduction to the study, ACTH is responsible for the activation of
the HPA axis in birds and its final effect: the synthesis and secretion of corticosterone. This hormone,
secreted by the pituitary in response to stress, acts on the adrenal glands through the cMC2 receptor
expressed in the adrenal glands. In response to stress, this receptor binds to ACTH, which stimulates
the synthesis and secretion of corticosterone by the adrenal glands of birds. The adrenal glands of
domestic chickens contain about 1600 ng ACTH/gland, while its concentration in the blood ranges
from 20 to 150 pg/ml (Castro et al., 1986), and may increase more than twofold in response to various
stressors (Harvey and Hall, 1990; Kovacs and Péczely, 1991).

In birds, the HPA axis is activated in response to a stressor through the central nervous system
(Harvey and Hall, 1990). The stress response may be general (non-specific) or specific for a given
stressor. The non-specific stress response is always accompanied by activation of the adrenal cortex
and secretion of corticosterone (Harvey et al., 1984). The experiment showed that after 24 hours, the
expression of the receptor in stressed birds doubled in comparison with the control group. This
increase translates into a potential increase in the concentration of corticosterone in the adrenal glands
of stressed birds, which was also observed. The amount of the hormone in the adrenal glands of fasted
chickens is similar to that noted in the group of control birds, but the value in the blood plasma is
almost twice as high as in the control (Fig. 2). Expression of the cMC2 receptor in the adrenal glands
of chickens after feeding was reintroduced proved to be slightly lower than in the group of control
birds (Fig. 3). Also, the concentration of corticosterone in the adrenal glands of these birds was lower
than in the control animals (Fig. 2), while its concentration in the blood plasma remained higher than
in the control group (Fig. 3). Since corticosterone is released from the adrenal glands in response to
ACTH, the results confirm the role of the cMC2 receptor in regulating the hormonal activity of the
adrenal glands and indicate its importance in the stress response.

The results indicate that despite the removal of the stressor and the return to normal nutrition,
homeostasis was not restored. The lower corticosterone concentration in the adrenal glands of birds
during refeeding may be due to the depletion of reserves of this hormone in these glands. During
starvation, the adrenal glands secrete large amounts of corticosterone, thus depleting its stores. The
body takes a few days to restore the amount of corticosterone in the adrenal glands to a baseline level.
Corticosterone, like other glucocorticosteroid hormones, increases blood glucose levels and
accelerates gluconeogenesis, which initially mobilizes the organism. However, a long-term surplus
of corticosterone in the blood causes enormous havoc in the body: protein breakdown, inhibition of
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fat metabolism, slowing of lipolysis, a reduction in the rate of glucose consumption by skeletal
muscles, and acceleration of the breakdown of fatty acids into ketone bodies. The higher plasma level
of corticosterone in our own research indicates that the time elapsed since the removal of the stress
factor was insufficient to judge whether the birds will return to homeostasis. Despite the withdrawal
of the stressor, the blood corticosterone level remains elevated, so it can be assumed that the animal
is still under stress (Jimeno et al., 2018; Neuman-Lee et al., 2020).

ACTH secreted from the pituitary is well known to control the release of corticosterone from the
adrenal glands of birds and is itself controlled by CRF produced in the hypothalamus, as well as by
vasotocin (AVT) and mesotocin (MT) (Castro et al., 1986; Mikami, 1986; Ball et al., 1989). Studies
conducted in the 1980s on pituitary glands isolated from ducklings and chickens confirmed that these
factors stimulate ACTH secretion and thus affect corticosterone secretion by the adrenal glands
(Hayashi et al., 1991; Jurkevich et al., 2008). The ability of ACTH to act directly on adrenal cells is
due to the presence of specific receptors for this tropic hormone. As mentioned above, the action of
ACTH is conditioned by the presence and activity of the MC2 receptor (Schiéth, 2001), which is
more specific than other receptors from this family, as it binds only to ACTH and has no affinity for
other melanocortins, while other MCRs can be activated by both ACTH and MSH (Abdel-Malek,
2001). All MC receptors were cloned as early as the 1990s, including the specific ACTH receptor
MC?2, which in chickens is expressed both in the adrenal glands and in the spleen (Mountjoy et al.,
1992; Takeuchi et al., 1998). Before this period, only the physiological effects of ACTH were known,
as well as those of MSH, which performs its functions through the MC1 and MC3-MCS5 receptors.

As mentioned in the introduction, birds are especially sensitive to stress-related to changes in
nutrition (Bigot et al., 2003; Mahmoud and Edens, 2012; Nelson et al., 2020; Wang et al., 2020; Abo-
Al-Ela et al., 2021). Fasting is a particularly strong stressor (Kontecka et al., 1999; Kitaysky et al.,
2001). The plasma concentration of corticosterone increases after 24 hours of fasting, which was
confirmed in our experiment and in earlier studies conducted both in immature birds (Nir et al., 1975;
Harvey et al., 1983; Harvey et al., 1984) and adults (Scanes et al., 1980a; Scanes et al., 1980b; Scanes,
2016). On the other hand, an increase in the corticosterone concentration may also be a factor
stimulating food intake in birds, as shown by recent studies in Japanese quail (Hull et al., 2007;
Hazard et al., 2008; Wall and Cockrem, 2009; Wall and Cockrem, 2010).

Compared to the enormous amount of research into the functioning of the HPA axis and the
regulatory mechanisms of the functioning of this system in mammals, corresponding knowledge
regarding birds remains limited, despite their importance in the course of the stress response (Harvey
and Hall, 1990; Fallahsharoudi et al., 2015). Chickens and their response to stress are undeniably of
great theoretical and practical importance (Barnett and Hemsworth, 2003). In domestic chickens,
such stress increases the adrenal mass and the rate of steroidogenesis, and consequently the amount
of ACTH and corticosterone (Carsia et al., 1988b; Carsia and Weber, 1988a; Weber et al., 1990).
Conversely, in the domestic turkey, another representative of the same family, starvation stress
induces changes in the structure of the adrenal glands and reduces the rate of steroidogenesis (Carsia
and Mcllroy, 1998). Interestingly, the same stressor may act in opposite ways in closely related
species, but it has been established that HPA axis components in birds may respond differently to
stress (Harvey and Hall, 1990). For example, seabirds have developed their own mechanism of
adaptation to insufficient nutrition. Studies in various species of seabirds have found elevated levels
of corticosterone due to starvation (Kitaysky et al., 1999, Kitaysky et al., 2000; Walker et al., 2005),
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which was associated with a reduction of fat stores. It is believed that high corticosterone levels may
allow these birds to alter their metabolic pathways so that protein catabolism becomes an alternative
energy source (Axelrod and Reisine, 1984; Le Ninan et al., 1988), which to some extent was
confirmed in the present study, in which the plasma level of corticosterone did not return to the
baseline value after the normal level of nutrition was restored. In addition, Kitayski et al. (2001)
observed that an increase in corticosterone secretion resulted in an increase in the supply of food to
chicks by their parents, which could restore homeostasis in the young, but this was not always
successful and the chick often remained hungry.

In domestic chickens, even short-term starvation stress can be unfavourable, as confirmed in the
present study. A similar situation is observed in mammals (Sapolsky et al., 1986). The physiological
response to starvation stress consists of three phases, distinguished by the rate of weight loss. This
three-phase response to stress has also been observed in birds, including domestic chickens (Webster,
2003). In our experiment, however, we analysed starvation of much shorter duration than the entire
three phases. The stress of 24-hour feed deprivation activates the HPA axis in domestic chickens, as
confirmed by our own research. As a result of the 24-hour fasting, the cMC2 receptor levels doubled
compared to the control, suggesting that the adrenal glands were ‘preparing’ for secretion of greater
amounts of ACTH from the pituitary gland, which in turn increases the production and secretion of
corticosterone from the adrenal glands into the blood. These results indicate that even such a short
fast is a great stressor for these animals. The sensitivity of chickens to this particular stressor is due
to the specific structure of their digestive system, which is relatively short — food passes very quickly
from the goitre to the cloaca, in some cases after 2 hours (Kaupp and lvey, 1923). One day after
removal of the stress factor (hunger) and restoration of normal feeding, the hens were still in a state
of stress, as evidenced by the persistently high plasma level of corticosterone. It is also evidence that
the animals have not yet returned to homeostasis. This is also indicated by the decrease in the
expression of the cMC2 receptor and the level of corticosterone in the adrenal glands. The results of
our experiment clearly show that the time elapsed since the removal of the stressor was too short for
the stressed organism to return to homeostasis. An additional stress stimulus, acting for a short time,
would be detrimental to the animal; the body would need even more time to overcome the stress, and
the functioning of physiological systems could be disturbed. Stress lasting longer than a day would
be equally dangerous. In poultry farming, it is important not to expose farm birds to stress, because
it adversely affects their breeding.

In conclusion, the results of the experiment show that domestic hens are extremely sensitive to
the stress of starvation. Even short-term deprivation of feed disturbs the functioning of the body,
which is not restored one day after removal of the stressor. Even after such a short period of stress,
it takes a long time for homeostasis to be restored in the domestic hen. Any stress is a huge burden
for the body that reduces the productivity of farm animals, which is why it is so important to protect
them against the effects not only of hunger, but of other stressors as well.
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