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Abstract

Background. Many experimental data indicate interactions between peptides involved in the control
of food intake, energy homeostasis and adrenocortical hormone release. Glucocorticoids stimulate or inhibit
the secretion of orexigenic and anorexigenic peptides, which in turn are involved in the requlation of adrenal
growth, structure and function. Galanin-like peptide (Galp) and alarin (Ala) are involved in the requlation
of food intake. Galp and Ala mRNAs have already been shown to be present in the arcuate nucleus (ARC)
of the hypothalamus in both rats and mice.

Objectives. To investigate the expression of Ala, Galp and their receptors in the hypothalamus and pituitary
and adrenal glands of the rat hypothalamic—pituitary—adrenal (HPA) axis after intraperitoneal administration
of peptides in vivo.

Materials and methods. Experimental in vivo models were used: acute and long-term exposure to pep-
tides.

Results. The expression of Galp, Ala, their receptors, and steroidogenesis enzymes was analyzed using
quantitative real-time polymerase chain reaction (qRT-PCR). Statistically significant expression changes
were found in the hypothalamus and pituitary after 1-hour exposure to the peptides, such as a decrease
in corticotropin-releasing hormone (CRH) expression after Ala, Galp and adrenocorticotropic hormone (ACTH)
administration, and a decrease in the expression of receptors for galanin (Gal) (Galr7 and Galr2). In the pituitary,
there was a statistically significant increase in the expression of Alg, Galr1, Galr2, and Galr3 receptors 1 h after
Galp administration. In the adrenal glands, only a statistically significant decrease in Gall2 expression was
observed after 1h of Ala 0.5 administration. The mRNA expression of steroidogenesis enzymes also changed:
for example, the expression of cholesterol desmolase increased 24 h after Ala peptide administration.

Conclusions. The results indicate that the peptides tested under in vivo conditions can alter the expression
of the peptides tested, as well as of Galp, Ala and Gal receptors and steroidogenesis enzymes — (yp1Tal
(cholesterol desmolase), (p71b7 (11B-hydroxylase) and (yp1162 (aldosterone synthase).
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Background

Adrenal glands are known to be involved in the main-
tenance of energy homeostasis in the body. There are
2 principal mechanisms of energy homeostasis regulation,
central and peripheral, which involve many different hypo-
thalamic peptides, such as neuropeptide Y (NPY), orexins
(Ox), proopiomelanocortin (POMC), ghrelin (Ghrel), and
cerebelin (Cer), that are directly or indirectly involved
in food intake. Numerous experimental data have pro-
vided evidence of interactions between peptides involved
in the control of food intake, energy homeostasis and ste-
roidogenic hormones released by the adrenal glands.!-®
It is well known that glucocorticoids stimulate NPY and
inhibit corticotropin-releasing hormone (CRH) or POMC
secretion.*~® On the other hand, numerous orexigenic
and anorexigenic peptides are involved in the regulation
of growth, structure and function of the adrenal gland,
such as galanin (Gal), which is the “parental” peptide
of a family that also includes galanin-like peptide (Galp)
and alarin (Ala). As it is known, Gal mRNA and Gal re-
ceptors are expressed in rat adrenocortical cells.”~° Gal
is known to be involved in the control of energy homeo-
stasis and plays an important role in the regulation of ad-
renocortical hormone secretion.” Moreover, Gal stimulates
cortisol secretion from human adrenocortical cells, acting
through galanin receptor type 1 (Galrl), and stimulates
the release of corticosterone and cyclic-AMP from dis-
persed inner rat adrenocortical cells.”*~12

More than 20 years ago, Galp was first isolated from
the porcine hypothalamus as an endogenous ligand
of galanin receptor type 2 (Galr2).!3 Later study provided
evidence that Galp interacts also with other galanin recep-
tor isoforms (Galrl and Galr3).* Galp mRNA was identified
in different species, including rat, mouse and human.!31516
Immunohistochemical studies demonstrated that around
85% of arcuate nucleus Galp-positive neurons (ARC-Galp)
also express leptin receptors. There are already reports
in the literature regarding the involvement of the Galp
peptide in the regulation of body homeostasis.}”2°

Another member of the Gal family — Ala, a 25-amino ac-
ids peptide — arises as a splice variant of the Galp gene.?!-?2
This variant results from the exclusion of exon 3. There-
fore, the N-terminal end of both Galp and Ala precursors
is the same — it comprises the same signal sequence and
proteolytic cleavage site. Alarin peptide was isolated from
mouse brain and thymus.?? Alarin-like immunoreactivity
was observed in the locus coeruleus (LC) and the ARC
of rats and mice. Both regions are involved in feeding
behavior and homeostatic control. Alarin was identified
as an orexigenic compound involved in the regulation
of reproductive hormones secretion, an effect mediated
through hypothalamic gonadotropin releasing hormone
1 (Gnrh1), but also in the regulation of feeding behavior
in male rats and stimulation of NPY release from hypo-
thalamic explants.?32*
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Based on previous reports on the involvement of Galp
and Ala peptides in homeostatic maintenance processes,
and considering the role of Gal in adrenal cell function,
the hypothalamic—pituitary—adrenal (HPA) axis and Gal
involvement in the regulation of energy homeostasis, there
is still a lack of data on the involvement of both Galp and
Ala in the regulation of adrenal hormone secretion, and
the interaction of the HPA axis.?> Previous quantitative
polymerase chain reaction (QPCR) studies have demon-
strated Gal receptor mRNA expression in rat adrenal
glands (mainly Galr2 and Galr3).% Since the HPA axis and
adrenal function are closely linked to stress regulation and
maintenance of energy homeostasis, it would be interest-
ing to determine whether Galp and/or Ala, like Gal, affect
HPA axis gene expression or adrenal function.

Objectives

The aim of the study was to investigate the expression
of Ala, Galp and their receptors in hypothalamus, pituitary
gland and adrenal gland of the HPA axis of the rat after
in vivo intraperitoneal (ip.) peptides administration.

Materials and methods

Animals, reagents
and experimental design

Adult male Wistar rats (final body weight 100-150 g)
from the Laboratory Animal Breeding Center, Poznan Sci-
ence and Technology Park of Adam Mickiewicz University
Foundation, Poznan, Poland (the specific-pathogen-free
(SPF) category), were used. The total number of animals
used was 144 (104 in the acute exposition group and
40 in the prolonged exposition group). This study was
carried out in accordance with the recommendations
of the Directive 2010/63/EU of the European Parliament
and of the Council of 22 September, 2010 on the protec-
tion of animals used for scientific purposes, as stated
in the Polish law (Act of January 15, 2015 on the Protection
of Animals Used for Scientific or Educational Purposes).
The study protocol was approved by the Ethics Com-
mittee for Animal Studies of the Department of Animal
Physiology, Biochemistry and Biostructure, Poznan Uni-
versity of Life Sciences (resolution No. 11/2015). Animals
of both experimental groups were maintained in con-
stant, strictly defined conditions, i.e., at a temperature
of 22°C +2°C and air humidity 55-60%, in a daily cycle
of 12 h of light (12-hour continuum)/12 h of dark (12-
hour continuum), in a room where the air exchange was
at the level of 15 exchanges/h, with free access to standard
pellets and tap water. Galp and Ala peptides were obtained
from Phoenix Pharmaceuticals, Inc. (cat. No. 026-52 and
026-33, respectively; Phoenix, USA).
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In order to determine the effect of both peptides (Galp
and Ala) on HPA axis genes expression, 2 experimental
in vivo models were used: acute and prolonged exposition
to peptides. During the surgical operation, both control
and experimental groups of animals were under standard
ketamine and xylazine anesthesia (100 mg/kg of ketamine
ip. and 10 mg/kg of xylazine ip.). All experiments were
performed between 9 AM and 12 AM. All possible efforts
have been undertaken to minimize the number of animals
and their suffering.

One-hour and 24-hour exposure to the peptides

The experimental model consisted of ip. peptides ad-
ministration. Animals were initially injected ip. daily for
2 weeks with 0.2 mL of 0.9% saline to prepare for the ex-
periment. Next, they were given an ip. injection of tested
substances and peptides. After the exposition time
(1 h — the acute exposition group, or 24 h — the prolonged
exposition group), the animals were decapitated. The trunk
blood was collected in the presence of ethylenediaminetet-
raacetic acid (EDTA; 1 mg/mL), and plasma was separated
and stored at —20°C until biochemical assays were per-
formed. Hypothalami, pituitary glands and adrenal glands
were collected to an RNAlater (Sigma-Aldrich, St. Louis,
USA) and stored in —80°C for further gqRT-PCR analysis.

Each experimental group consisted of 8 animals and there
were 13 groups (7 groups in the 1 h experiment and 6 groups
in the 24 h experiment, 104 animals in total), as follows:
0,9% NaCl x 2 (negative control), 60% acetonitrile in water
with dimethyl sulfoxide (DMSO) x 1 (Galp negative control),
Galp (1.5 nmol) x 2, Galp (0.5 nmol) x 2, Ala (1.5 nmol) x 2,
Ala (0.5 nmol) x 2, and ACTH (1077) x 2 (adrenocortico-
tropic hormone, positive control). Since the Galp peptide
was dissolved in 30 pL of 60% acetonitrile in water with
DMSO, and it is known that DMSO affects the expression
of genes, additional negative control by means of Galp sol-
vent was used.?” Alarin peptide was dissolved in 0.9% saline.
Peptide concentrations were established based on earlier
experimental data and the team members’ experience.?®”

Two-day exposure to peptides

The experimental model consisted of subcutaneous (sc.)
mini osmotic pumps (ALZET 2001; Durect Corp., Cu-
pertino, USA). Animals were first administered daily for
2 weeks with a sc. injection of 0.2 mL of 0.9% saline to pre-
pare them for the experiment. Next, they underwent a sur-
gical operation during which mini osmotic pumps were
inset under the skin of ridge. Pumps were loaded with test
substances (Galp and Ala) and control substances (NaCl,
DMSO and ACTH) at 0.5 nmol/100 g body weight/0.5 pL.
The secretion of examined substances was 2.2 nmol/day.
After the exposition time (2 days) animals were decapitated.
The trunk blood was collected in the presence of EDTA
(1 mg/mL), and plasma was separated and stored at —20°C
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until biochemical assays were performed (cf. the ELISA
experiments). Hypothalami, pituitary glands and adrenal
glands were collected to RNAlater and stored in -80°C for
further qRT-PCR analysis. There were 5 groups with 8 ani-
mals in each group. As noted above, since Galp peptide was
dissolved in 30 pL of 60% acetonitrile in water with DMSO,
additional negative control by means of Galp solvent was
used. Alarin peptide was dissolved in 0.9% saline.

RNA isolation

Total RNA was extracted from the obtained tissue (hypo-
thalami, pituitary glands and adrenal glands) using Gene-
MATRIX Universal RNA Purification Kit (cat. No. E3598-02;
EURx Ltd., Gdansk, Poland). First, tissues were mechanically
shredded with a homogenizer. Then, samples were centri-
fuged for 3 min at maximum speed (13,000 x g). The su-
pernatant was collected and 350 pL of 70% of ethanol were
added to every sample. The mixture was transferred to pure
mini-columns and centrifuged for 1 min at 11,000 x g. Sub-
sequently, 3 consecutive steps consisted in adding the appro-
priate rinsing buffer concentration to all samples. Each time,
samples were centrifuged for 1 min at 11,000 x g. In the fi-
nal stage, the mini-columns were placed in clean tubes and
30 pL of water were added. The amount of total RNA was
determined using optical density (OD) at 260 nm, and its
purity was estimated by 260/280 nm absorption ratio (higher
than 1.8) (NanoDrop Spectrophotometer; Thermo Fisher
Scientific, Waltham, USA). Samples were stored at —80°C
for further qRT-PCR analysis.

Reverse transcription PCR (RT-PCR)

Reverse transcription was performed using Transcriptor
High Fidelity cDNA Synthesis Kit (cat. No. 05081963001;
Roche, Basel, Switzerland) at 42°C for 60 min (Thermo-
cycler UNO II; Biometra; Analytik Jena GmbH, Jena, Ger-
many). The primers were designed using Primer 3 software
(Whitehead Institute for Biomedical Research, Cambridge,
USA; Table 1). The primers were purchased from the Labo-
ratory of DNA Sequencing and Oligonucleotide Synthesis,
Institute of Biochemistry and Biophysics, Polish Academy
of Sciences, Warszawa, Poland.

gRT-PCR analysis

Expression levels of selected genes (Table 1) were per-
formed by means of qRT-PCR (7900HT Fast Real-Time
PCR System; Applied Biosystems, Waltham, USA). Using
the primers presented in Table 1, the SYBR-Green detec-
tion system was applied according to the specific proto-
col. Every 25 pL reaction mixture contained: 2 pL of tem-
plate cDNA, 1 pL of every gene-specific primer (0.3 pM),
12.5 pL of 2x Maxima SYBR Green/ROX qPCRMaster
mix (Thermo Fisher Scientific), and 8.5 puL of RNaze-free
water. The qRT-PCR program included: 10-minute initial
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Table 1. Conventional gRT-PCR analyses of CRH. Oligonucleotide sequences for sense (S) and antisense (A) primers are shown. Hypoxanthine
phosphorybosyl transferase (Hprt) was the reference gene

can NM_0310191 : CITCACCCATGEGGATCAGA 340-359 2
pouc NML_139326 . CATGACTACTTCCGOGGAT 30358 126
o NM_0226331 3 CCGOARCATICTICTCCAL 29447 2
parn NM_0226331 ; CATTGACCTITTGATCATCTTGG a7 133
Gal NM_0120583 . SCCARATACCACANCGACCA Srao0n 229
Gal2 NMLO1917235 . CTAGCCCCCAGATGAGCCC s 236
Gal NM_O181731 : TaCeACCATaCCrAC v e
Optiar L0172 . TeGCCTCaATaTTTG o30-948 5
b NML012557 A BCCAGTCTGCCCCATIAG 04412 I
Q1162 NM_012538.2 /i I\ii\%%:%ﬁ\%gféﬁégﬁig 1 ?gif?go 276
b NM_012583 . ATTIEGGOLITACTG e 515536 e

gRT-PCR - quantitative real-time polymerase chain reaction; CRH — corticotropin-releasing hormone; POMC - proopiomelanocortin; Ala — alarin;
Galp - galanin-like peptide; Galrl — galanin receptor type 1; Galr2 — galanin receptor type 2; Galr3 — galanin receptor type 3; Cypllal — cholesterol desmolase;
Cypl1b1 — 113-hydroxylase; Cyp11b2 — aldosterone synthase.

denaturation step to activate the Taq DNA Polymerase
(95°C), followed by a 3-step amplification program: 1) de-
naturation at 95°C for 15 s; 2) annealing at 60°C for 30 s;
and 3) extension at 72°C for 30 s. The specificity of reaction
products was checked by determination of melting points
(0.1°C/s transition rate).

ELISA — hormones level detection

Plasma was separated using centrifuge and the blood
serum was stored at —20°C for enzyme-linked immuno-
sorbent assay (ELISA) analysis. Galarin, Ala, ACTH, corti-
costerone, and aldosterone concentration were determined
with the ELISA method performed in adherence to specific
protocols. Galarin ELISA kit was obtained from MyBio-
Source, Inc. (Rat Galanin-like peptide (GALP) ELISA Kit, cat.
No. MBS7216341; San Diego, USA). Alarinand ACTH ELISA
kits were obtained from Phoenix Pharmaceuticals, Inc. (cat.
No. EK-026-33 and cat. No. EK-001-21, respectively). Corti-
costerone and aldosterone ELISA kits were obtained from
Demeditec Diagnostics GmbH (cat. No. DEV9922 and cat.
No. DE5298, respectively; Kiel, Germany).

Statistical analyses

Statistical analyses of the data were performed using
the Kruskal-Wallis test and Dunn’s post hoc test. Data

are presented as medians, 1 and 3¢ quartiles (boxes)
and ranges (whiskers — minimum and maximum without
outliers).

Results
gRT-PCR analysis

The expression analysis of Galp, Ala, Galrl, Galr2, and
Galr3, CRH, and proopiomelanocortin genes was performed
by means of qRT-PCR. In addition, the expression of Cypllal
(cholesterol desmolase), Cyp11bl (11B-hydroxylase) and
Cypl1b2 (aldosterone synthase) as steroidogenic enzymes
in the adrenal glands was determined. The qRT-PCR graphs
of 3 experiments were presented in Fig. 1-5.

One-hour, 24-hour and 2-day exposure to the peptides
in hypothalamus

Statistically significant changes of genes expression were
observed mostly in hypothalamus and pituitary gland after
1 h of exposition to peptides (Fig. 1,3).

In hypothalamus, after both doses of Ala peptide admin-
istration, the decrease of expression of mRNA Galp, Ala
and their receptors was noted, compared with control and/
or ACTH. Expression changes were visible especially after



Adv Clin Exp Med. 2022;31(6):643—654 647

Fig. 1. Relative mRNA expression of the galanin-like peptide (Galp), alarin (Ala) and mRNA receptors in the hypothalamus after the administration

of the peptides (Galp/Ala, 1 h, 24 h and 2 days). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to determine the mRNA
expression levels. Data points were presented as medians, 15 and 3" quartiles (boxes) and ranges (whiskers — minimal and maximal values without outliers).
Statistical analysis of the data was performed using the Kruskal-Wallis test and Dunn’s post hoc test. Different letters in the graphs indicate significant
differences between specific groups. Outliers were also presented on the graphs. Statistical differences detected with post hoc test were indicated with
letters, where different letters correspond to statistical significance (p < 0.05) between groups.

ACTH - adrenocorticotropic hormone; DMSO - dimethyl sulfoxide; Galr — galanin receptor.
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Fig. 2. Relative mRNA expression of the galanin-like peptide (Galp), alarin (Ala) and mRNA receptors in the pituitary gland after the administration

of the peptides (Galp/Ala, 1 h, 24 h and 2 days). Quantitative real-time polymerase chain reaction (gRT-PCR) was performed to determine the mRNA
expression levels. Data points were presented as medians, 1t and 3™ quartiles (boxes) and ranges (whiskers — minimal and maximal values without outliers).
Statistical analysis of the data was performed using the Kruskal-Wallis test and Dunn’s post hoc test. Different letters in the graphs indicate significant
differences between specific groups. Outliers were also presented on the graphs. Statistical differences detected with post hoc test were indicated with
letters, where different letters correspond to statistical significance (p < 0.05) between groups.

ACTH — adrenocorticotropic hormone; DMSO - dimethy! sulfoxide; Galr — galanin receptor.
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1 h and 2 days of the peptide administration. However,
after 24 h of Ala administration, the decrease of expression
of Galrl mRNA and the increase of expression of Galr3
mRNA was also noted (Fig. 1).

On the other hand, there was a significant decrease
in mRNA expression of Galp, Ala, Galrl, and Galr2 1 h
after Galp 1.5 nmol peptide administration (Fig. 1). In con-
trast, a decrease in mRNA expression of only Galp, Ala
and Galr2 was observed after 24 h of Galp administration
(both doses), whereas Galrl and Galr3 mRNAs showed
an increase in their expression.

After 2 days of experiment, there was a statistically
significant increase in mRNA expression of Ala only
(Fig. 1). After ACTH administration, there was an increase
in the expression of most of the mRNAs tested, especially
1 h and 2 days after peptide administration compared
to control and test peptides groups (Fig. 1). In the hypo-
thalamus, under the influence of both Ala and Galp, there
was also a decrease in CRH expression 1 h after the peptide
administration (Fig. 2A).
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Fig. 3. Relative mRNA expression of the corticotropin-
releasing hormone (CRH) and proopiomelanocortin
(POMC) mRNAs after the administration

of the peptides (galanin-like peptide (Galp)/alarin

(Ala), 1 h, 24 h and 2 days). Quantitative real-time
polymerase chain reaction (qRT-PCR) was performed
to determine the mRNA expression levels. Data points
were presented as medians, 15" and 3™ quartiles (boxes)
and ranges (whiskers — minimal and maximal values
without outliers). Statistical analysis of the data was
performed using the Kruskal-Wallis test and Dunn’s
post hoc test. Different letters in the graphs indicate
significant differences between specific groups.
Outliers were also presented on the graphs. Statistical
differences detected with post hoc test were indicated
with letters, where different letters correspond

to statistical significance (p < 0.05) between groups.

ACTH - adrenocorticotropic hormone;
DMSO - dimethyl sulfoxide.

One-hour, 24-hour and 2-day exposure to the peptides
in the pituitary gland

In the pituitary gland, a decrease in the expression
of Galr2 and Galr3 mRNAs was observed 1 h after the ad-
ministration of Ala peptide at a dose of 1.5 nmol, while
at the same time, after the administration of Galp at a dose
of 1.5 nmol, there was an increase in the expression of all
tested mRNAs (Fig. 3).

In contrast, after 24 h of the experiment, a decrease
in Galp and Ala mRNA expression was noted after the ad-
ministration of Ala peptide (both doses), and after the ad-
ministration of Galp peptide (both doses), a decrease in ex-
pression of all mRNAs tested was observed.

Two days after the administration of the Ala peptide,
there was an increase in the expression of Ala mRNA only,
while 2 days after administration of Galp peptide, there
was a statistically significant decrease in Galp mRNA only

(Fig. 3).
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Fig. 4. Relative mRNA expression of the galanin-like peptide (Galp), alarin (Ala) and receptors mRNAs in the adrenal gland after the administration

of the peptides (Galp/Ala, 1 h, 24 h and 2 days). Quantitative real-time polymerase chain reaction (qRT-PCR) was performed to determine the mRNA
expression levels. Data points were presented as medians, 1°t and 3 quartiles (boxes) and ranges (whiskers — minimal and maximal values without outliers).
Statistical analysis of the data was performed using the Kruskal-Wallis test and Dunn’s post hoc test. Different letters in the graphs indicate significant
differences between specific groups. Outliers were also presented on the graphs. Statistical differences detected with post hoc test were indicated with
letters, where different letters correspond to statistical significance (p < 0.05) between groups.

ACTH - adrenocorticotropic hormone; DMSO - dimethy! sulfoxide; Galr — galanin receptor.
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For POMC mRNA expression in the pituitary gland,
a statistically significant decrease in its expression was
noted 1 h after the Galp administration at a 1.5 nmol dose
and 24 h after both Ala and Galp peptide administration
(both doses) (Fig. 2B).

ELISA
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Fig. 5. Relative mRNA expression of the CypTial, Cypl1bl and
GypT11b2 mRNAs in the adrenal gland after the administration
of the peptides (galanin-like peptide (Galp)/alarin (Ala), 1 h,

24 h and 2 days). Quantitative real-time polymerase chain
reaction (QRT-PCR) was performed to determine the mRNA
expression levels. Data points were presented as medians,
1tand 3 quartiles (boxes) and ranges (whiskers — minimal
and maximal values without outliers). Statistical analysis

of the data was performed using the Kruskal-Wallis test and
Dunn'’s post hoc test. Different letters in the graphs indicate
significant differences between specific groups. Outliers were
also presented on the graphs. Statistical differences detected
with post hoc test were indicated with letters, where different
letters correspond to statistical significance (p < 0.05)
between groups.

ACTH - adrenocorticotropic hormone; DMSO — dimethyl
sulfoxide; Cyplial — cholesterol desmolase; Cypl1b1 —
11B-hydroxylase; Cyp11b2 — aldosterone synthase.

One-hour, 24-hour and 2-day exposure
to the peptides in the adrenal gland

Changes in single mRNA expression were
also noted in the adrenal glands, mainly un-
der the influence of the Ala peptide (Fig. 4).
One hour after the administration of the Ala
peptide (both doses), a statistically signifi-
cant decrease in the expression of receptor
2 mRNA was observed, whereas after 24 h,
an increase in the expression was noted for
Galp and Galr3 mRNA (only under the influ-
ence of 0.5 nmol Ala).

A statistically significant decrease in the ex-
pression was also noted for Galr2 and Galr3
mRNA under the influence of Ala peptide
2 days after its administration.

Slight changes in expression were also noted
for Cypllal, Cyplibl and Cypllb2 mRNAs
(Fig. 5). Under the influence of Ala peptide, sta-
tistically significant expression changes were
observed for Cyplial and Cypllbl mRNAs,
visible especially after 24 h and 2 days of the ex-
periment, compared to control and ACTH.

When exposed to Galp peptide (at a dose
of 1.5 nmol), there was an increase in the ex-
pression of aldosterone synthase mRNA, only
24 h after the peptide administration. No other
changes in the expression of the tested steroido-
genesis enzymes under the influence of Galp
were noted.

After in vivo experiments, blood levels of several hor-

mones were determined: ACTH, corticosterone, aldoste-
rone, and the Galp and Ala peptides themselves. It was
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Fig. 6. Level of corticosterone and ACTH in blood after peptides administration (galanin-like
peptide (Galp)/alarin (Ala), 1 h, 24 h and 2 days). The analysis was performed with enzyme-
linked immunosorbent assay (ELISA). Data points were presented as medians, 1°tand

3 quartiles (boxes) and ranges (whiskers — minimal and maximal values without outliers).
Statistical analysis of the data was performed using the Kruskal-Wallis test and Dunn’s post hoc
test. Different letters in the graphs indicate significant differences between specific groups

ACTH - adrenocorticotropic hormone; DMSO - dimethy! sulfoxide.

found that ip. administration of the Ala peptide at both
doses (0.5 nmol and 1.5 nmol) led to a significant increase
in blood ACTH concentration 24 h after peptide admin-
istration. A significant increase in blood ACTH concen-
tration was also observed 24 h after the administration
of Galp peptide at a dose of 0.5 nmol (Fig. 6). There was
also a significant increase in blood corticosterone concen-
tration after the administration of Ala peptide, but only
1 h after administration. In contrast, the administration
of Galp peptide at 1.5 nmol and 0.5 nmol led to a decrease
in corticosterone levels in the blood of rats at 1 h and
24 h after the administration, respectively (Fig. 6).

No effect of peptides on blood levels of either aldo-
sterone, Galp or Ala has been demonstrated (data not
shown).

M. Tyczewska et al. Galp and Ala and HPA function: In vivo data

Discussion

According to the available literature, little
is known about the involvement of Galp and
Ala in the regulation of adrenocortical hor-
mone secretion and the interaction of HPA
axis organs. In rat brain, Galp mRNA and
protein have been detected in cell bodies
located exclusively in the ARC of the hypo-
thalamus and the medial ganglion.1¢-28-30
It is well known that galanin, the main pep-
tide of the Gal peptide family, is involved
in the control of energy homeostasis. It plays
an important role in the regulation of adre-
nal hormone secretion.!123! As previously
reported, Galp infusion has been shown
to stimulate luteinizing hormone (LH) se-
cretion in adult ovariectomized mice given
estradiol. This effect was abolished by pre-
treatment with a gonadotropin-releasing
hormone 1 (Gnrh1l) antagonist.?? Further-
more, central administration of Galp in-
creased serum LH levels in male diabetic
rats.® On the other hand, Boughton et al.
found that acute intracerebroventricular
(icv.) administration of Ala stimulates food
intake and increases circulating LH levels
in male rats.??

Our study, as well as several others,
demonstrated the effects of Galp and Ala
peptides on the expression of enzymes
involved in steroidogenesis. Both Galp
and Ala were shown to affect the expres-
sion of HPA axis mRNAs, including CRH,
POMC, cholesterol desmolase, 11b-hydrox-
ylase, and aldosterone synthase. As shown
above, CRH expression was strongly down-
regulated in the hypothalamus after both
doses of Ala (0.5 nmol and 1.5 nmol) and
Galp (1.5 nmol), especially after 1 h of ip.
exposure to the peptides. These results ap-
pear to confirm those previously obtained by Wang et al.,
according to whom icv. administration of 1.0 nmol Ala
to the mouse brain resulted in a reduction of CRH mRNA
levels in the hypothalamus.?* In this context, the decrease
in POMC mRNA expression that we noted 24 h after ad-
ministration of the tested peptides is also significant.
The decrease in POMC expression coincides with a de-
crease in mMRNA expression of steroidogenesis enzymes.
Changes in mRNA expression of steroidogenesis enzymes
in adrenal gland took place mainly under the influence
of the Ala and ACTH peptides, especially after 24 h and
prolonged exposure to the peptides. It can be observed that
both Ala and Galp peptides affect the expression of major
HPA mRNAs such as CRH and POMC, whereas for en-
zymes, changes in their mRNA expression are primarily
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seen under the influence of the Ala peptide, suggesting
that it may have a more important function in regulating
HPA axis function.

In 2005, Onaka et al. presented evidence that icv. injec-
tion of Galp significantly increased plasma ACTH con-
centrations.?® Similarly, our results showed an increase
in blood ACTH levels after 24-hour ip. administration
of Ala (both doses) and Galp (0.5 nmol dose only). In con-
trast, Wang et al. showed that an icv. injection of 1.0 nmol
Ala resulted in a decrease in blood levels of CRH, ACTH
and corticosterone.?* In our experiment, there was an in-
crease in blood corticosterone levels 1 h after exposure
to Ala (both doses). However, 24-hour ip. administration
of both Ala and Galp reduced plasma corticosterone lev-
els, but the result was significant only with Galp peptide
administration. The effect of both Galp and Ala peptide
was short-lived, as no changes in blood hormone con-
centrations were observed after longer (2-day) experi-
ments. Equally important, neither Galp nor Ala caused
statistically significant changes in blood aldosterone
concentrations.

It would seem interesting to establish whether the pep-
tides studied affect their own expression in HPA organs, and
also whether and to what extent they affect the expression
of their own receptors, the expression of which is known
to have been recorded in all 3 organs of the HPA.”8 It has
been clearly shown that both peptides influence the mRNA
expression of Galp, Ala peptides and their receptors. How-
ever, it is primarily the Galp peptide that modulates their
expression, especially in the hypothalamus and pituitary
gland, where it decreases the expression of the mRNAs
studied in a statistically significant manner. In the adre-
nal glands, where the mRNA expression of these pep-
tides was already at a very low level, the mRNA expression
of the Galp—Ala system was mainly influenced by the Ala
peptide.

Limitations of the study

A limitation of the present study is the small size
of the experimental groups, but these are standard group
sizes in our in vivo animal experiments. Furthermore,
the animal analyses were carried out according to the 3R
principle (replacement, reduction, refinement) of animal
studies to make them more humane. Thus, the present
experiments were designed in such a way as to not involve
too many animals. The experimental protocol could be
strengthened by additional doses of administered pep-
tides, e.g., a dose of 1.0 nmol or 2.0 nmol could be added,
or the number of time intervals could be increased to test
the effect of the tested peptides additionally after a longer
time after injection (2 h or 6 h). However, such changes
would also involve increasing the number of experimental
animals, which could raise the objections from the local
ethics committee.
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Conclusions

There is evidence in the scientific literature for a link
between both Galp and Ala peptides in the regulation
of food intake, hormone release and control of meta-
bolic processes.#1923-25:31.36-38 However, there is little
data on the effects of the studied peptides on the blood
levels of adrenal hormones and on the mRNA expression
of steroidogenesis enzymes within the organs of the HPA
axis, which makes it very difficult to discuss the results
of the studies of interest. So far, our results coincide,
at least in part, with literature data. Unfortunately,
it is hard to find pure relationships between the action
of the 2 peptides. However, it seems that the Galp peptide
is the one that has a greater effect on mRNA expression
of the Galp—Ala system in the hypothalamus and pitu-
itary gland, while the Ala peptide affects mRNA expres-
sion of steroidogenesis enzymes in the adrenal glands and
hormone levels in the blood. A number of further studies,
e.g., adrenal cell culture and an analysis of signaling path-
ways in adrenocortical cells, are required to determine
exactly how the Ala peptide is involved in adrenal gland
function.

Additional data

Additional material showing the exact statistical analysis
data has been deposited at https://zenodo.org/ (https://
doi.org/10.5281/zenodo.6145227). The calculations are
presented in separate files — as appropriate to the figures
presented in the manuscript.

We generated the graphs in R, where it turned out that
the ggplot2 library inserts minimum and maximum values
into the boxplots as wishers, ignoring the outliers (https://
r-coder.com/boxplot-r/). A data point considered as outlier
is greater than Q3 + 1.5*IQR*IQR (right outlier), or is less
than Q1 — 1.5*IQR*IQR (left outlier), but we still left such
points on the graphs.
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