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ABSTRACT. Pituitary-hypothalamic-somatotropic (HPS) axis plays a key
regulatory role in the metabolic and physiological processes in mammals. It is
considered that inflammatory mediators such as proinflammatory cytokines,
whose receptors are widespread at the different levels of the HPS axis, may
be responsible for disturbing this axis activity. Our study was carried out to
determine the effect of lipopolysaccharide (LPS)-induced inflammation on the
expression of genes encoding pro-inflammatory cytokines and their receptors
in the organs belonging to the HPS axis. In vivo studies were carried out on
ewes (n = 36) divided randomly into 3 time-dependent groups (n = 12; each).
Each time group was divided into two subgroups: control (saline-treated; n = 6)
and intravenously treated with LPS (400 ng/kg; n = 6). Animals were euthanized
1.5 h, 3 h, or 9 h after LPS injection; and the fragments of the dorsomedial
hypothalamus and mediobasal hypothalamus, anterior pituitary, and liver were
collected. The relative gene expression encoding IL1B, IL1R1, IL1R2, IL6,
IL6R, IL6ST, TNF, TNFRSF1A, and TNFRSF1B was determined with real-time
PCR. Our experiment showed that LPS-induced inflammation modulates the
gene expression of pro-inflammatory cytokines such as IL1B, IL6, and TNF and
their corresponding receptor at the different levels of the HPS axis in sheep
at the time-dependent manner. Because these cytokines are known as potent
modulators of the secretion of hormones and neurohormones, the paracrine
action of these locally synthesized cytokines may disturb the activity of the HPS
axis; however, it requires further deep-in research.

the HPS axis hormones (Giustina and Veldhuis, 1998;
Kojima et al., 1999; Le Roith et al., 2001). The hy-

Pituitary-hypothalamic-somatotropic (HPS) axis
plays a key regulatory role in the metabolic and physi-
ological processes in mammalian organisms. In the
HPS axis, the hypothalamus is the most important
regulator. It is responsible for the regulatory signal
from both: other hormones, and feedback loops of

pothalamic regulation is made by the action of two
neurohormones: stimulation by growth hormone-
releasing hormone (GHRH) and inhibition by so-
matostatin (SST) (Miiller et al., 1999; Patel, 1999).
In the context of the HPS axis, both the dorsomedial
hypothalamus (DMH) and mediobasal hypothalamus
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(MBH) are involved in regulating the release of SST
and GHRH. The DMH plays a role in influencing the
release of SST, which acts as an inhibitor of growth
hormone (GH) secretion by the pituitary gland. It
helps control GH levels in the body. Conversely, the
MBH, which includes the arcuate nucleus (ARC) and
median eminence (ME), is a part of the neural control
of the somatotropic axis. Within the MBH, the ARC
produces GHRH, which is a stimulant for the pitu-
itary gland to release GH. SST, produced in various
brain regions, including the periventricular nucleus,
acts as an inhibitory factor for GH secretion, while
GHRH stimulates GH production. Both the DMH
and MBH, in their respective roles, influence the re-
lease of SST and GHRH, contributing to the precise
control of GH levels in the body for proper growth
and metabolic regulation. Two hormones play the
most significant role in its signal transduction, GH
and insulin-like growth factor (IGF1). Inflammation
may affect the activity of the HPS axis, modulating
or disrupting its signal transduction (Soto et al., 1998;
Renaville et al., 2002). The influence of inflamma-
tion on the HPS axis activity in mammals seems to
be species-dependent (Soto et al., 1998; Wang, 2002).
Noteworthy, the increase in growth hormone secre-
tion is a common element in the pathophysiology
of sepsis in sheep and primates, including humans
(Briard et al., 2000; Daniel et al., 2005), whereas in
rodents a decrease or no influence were only observed
(Soto et al., 1998; Wang, 2002).

Inflammation, mediated by the three most
crucial pro-inflammatory cytokines — interleukin
(IL)1B, IL6, and tumour necrosis factor (TNF),
along with malnutrition, chronic stress, and gluco-
corticoids, is identified as one of the most signifi-
cant factors disrupting the HPS axis signal trans-
duction (Witkowska-Sedek and Pyrzak, 2020).
Although the main source of pro-inflammatory me-
diators is activated by immune cells, some amount
of these cytokines could be synthesized locally at
all levels of the HPS axis (Wojtulewicz et al., 2020;
Szczepkowska et al., 2021; 2022; Gramignoli et al.,
2022). These locally synthesized cytokines may
significantly influence these tissues’ function in a
paracrine way. In experimental conditions, to in-
duce systemic inflammation without introducing
an active pathogen, the animals are injected with
bacterial endotoxin — lipopolysaccharide (LPS), an
ingredient of the outer cell membrane of a Gram(—)
bacteria (Ding et al., 2004). During infection, LPS
is released into the bloodstream during lysis and
bacterial cell replication (Brade, 1999). Endotoxin
induces its biological effects mainly by activation of

Toll-like receptor 4 (TLR4) (Poltorak et al., 1998)
which leads to the synthesis of inflammation me-
diators, IL1B, IL6, and TNF (Raetz and Whitfield,
2002; Copeland et al., 2005). The expression of
TLR4 has been previously reported at the HPS axis
(Guo and Friedman, 2010; Herman et al., 2013a;
Sabatino et al., 2013) which suggests that LPS may
directly influence the HPS axis cells among other
promoting the local synthesis of inflammatory cy-
tokines. It is worth mentioning that the expression
of blood-borne cytokines after endotoxin exposure
is time-dependent. IL1B and TNF are two early ex-
pressed cytokines after exposure to the LPS, and the
most potent inducers of the following /L6 gene ex-
pression by the stimulation of nuclear factor-kappa
B (NF-xB) (Merola et al., 1996; Blanchard et al.,
2009; Fonseca et al., 2009). Since different inflam-
matory cytokines may affect target cell functions
in a partially different way, these time-dependent
changes in their local synthesis may be important
for the secretory activity of the HPS axis.
Therefore, the study aimed to determine time-
dependent changes in the local expression of pro-
inflammatory cytokines such as /LB, IL6, and TNF
and their receptors at all levels of the HPS axis during
inflammation induced by single injection of LPS.

Material and methods

Animals

Experimental procedures were approved
(authorization no. WAW2/052/2018 on 23 March
2018) by the 2™ Local Ethics Committee of the
Warsaw University of Life Sciences — SGGW
(Warsaw, Poland). The in vivo experiment was
conducted on 36 adult blackface ewes in November.
The animals were maintained indoors in individual
pens and exposed to natural daylight. The stress
of social isolation was limited by visual contact
between animals. The ewes were fed a constant
diet of commercial concentrates with hay and
water available ad libitum. Before the beginning
of the experiment (12 h), animals were deprived
of food. Before the experiment, the stage of the
oestrous cycle of ewes was synchronized using
an intra-vaginal sponge impregnated with 20 mg
of a synthetic progesterone-like hormone, the
Chronogest® CR (Merck Animal Health, Boxmeer,
The Netherlands) following the methodology
outlined in Przybyl et al. (2021). After sponge
removal, the ewes received an intramuscular
injection of 500 IU pregnant mare’s serum



402 Effect of inflammation on the pro-inflammatory cytokines expression in the HPS axis

gonadotropin (PMSG) (Merck Animal Health,
Boxmeer, The Netherlands). The experimental
procedure was carried out on the 10" day of the
luteal phase, during estradiol and progesterone
plateau. A venous catheter was implemented into
a jugular vein on the day before the experiment.
Ewes (n = 36) were divided randomly into
3 time-dependent groups: 1.5 h (n = 12), 3 h
(n=12),and 9 h (n=12). While each time group was
divided into two subgroups: control (saline-treated;
n = 6) and LPS treated (LPS from Escherichia coli
(Sigma-Aldrich, St. Louis, MO, USA); intravenous

Table 1. Primers used for gene expression assay

Strand cDNA Synthesis Kit for RT-qPCR (Thermo
Fisher Scientific, Waltham, MA, USA). The ob-
tained matrix has been used in the real-time PCR
reaction, using FIREPol® HOT EvaGreen qPCR
Mix® Plus kit (Solis Biodyne, Tartu, Estonia).
The temperature profile for each gene was chosen
based on optimization by standard protocol: 95 °C
for 15 min for HOT FIREPol® DNA polymerase
activation and 40 cycles at 95 °C for 5-10 s for dena-
turation, 60 °C for 10-30 s for annealing, and 72 °C
for 15-30 s for the extension. The primers used
for each examined gene are presented in Table 1.

Primers (sequence 5—3)

Gene Bank accession

Gene symbol Forward Reverse number References

HDAC1 CTGGGGACCTACGGGATATT GACATGACCGGCTTGAAAAT  XM_004005023.3 Herman et al., 2014
GAPDH TGACCCCTTCATTGACCTTC GATCTCGCTCCTGGAAGATG ~ NM_001190390.1 Haziak et al., 2014

PPIC TGGCACTGGTGGTATAAGCA GGGCTTGGTCAAGGTGATAA  XM_004008676.5 Haziak et al., 2014

B2M CTTCTGTCCCACGCTGAGTT GGTGCTTAGAGGTCTCG XM_012180604.3 Szczepkowska et al., 2022
IL1B CAGCCGTGCAGTCAGTAAAA GAAGCTCATGCAGAACACCA ~ NM_001009465.2 Herman et al., 2010
IL1R1 GGGAAGGGTCCACCTGTAAC ~ ACAATGCTTTCCCCAACGTA NM_001206735.1 Herman et al., 2014
IL1R2 CGCCAGGCATACTCAGAAA GAGAACGTGGCAGCTTCTTT ~ NM_001046210.2 Krawczynska et al., 2019
IL6 GTTCAATCAGGCGATTTGCT CCTGCGATCTTTTCCTTCAG NM_001009392.1 Herman et al., 2014
IL6R TCAGCGACTCCGGAAACTAT CCGAGGACTCCACTCACAAT  NM_001110785.3 Herman et al., 2014
IL6ST GGCTTGCCTCCTGAAAAACC ~ ACTTCTCTGTTGCCCACTCAG  XM_012096909.2 Krél et al., 2016

TNF CAAATAACAAGCCGGTAGCC AGATGAGGTAAAGCCCGTCA  NM_001024860.1 Herman et al., 2014
TNFRSF1A AGGTGCCGGGATGAAATGTT CAGAGGCTGCAGTTCAGACA  NM_001166185.1 Herman et al., 2014
TNFRSF1B ACCTTCTTCCTCCTCCCAAA AGAAGCAGACCCAATGCTGT ~ NM_001040490.2 Herman et al., 2014

HDAC1 — histone deacetylase 1, GAPDH — glyceraldehyde-3-phosphate dehydrogenase, PPIC — peptidylprolyl isomerase C, B2M - beta-
2-microglobulin, IL1B - interleukin 1 beta, ILYTR1 — interleukin 1 receptor type 1, ILTR2 — interleukin 1 receptor type 2, IL6 — interleukin 6,
IL6R - interleukin 6 receptor, IL6ST — interleukin 6 family signal transducer, TNF — tumour necrosis factor, TNFRSF1A — TNF receptor superfamily

member 1A, TNFRSF1B - TNF receptor superfamily member 1B

(i.v.); dose of 400 ng/kg body weight; n = 6).
The body temperature of the animals was
measured throughout the experiment. Animals
were euthanized 1.5 h, 3 h, or 9 h after i.v. injection
of LPS. Tissues such as mediobasal hypothalamus
(MBH), dorsomedial hypothalamus (DMH),
anterior pituitary (AP), and liver were collected
and immediately frozen in liquid nitrogen and
stored at —80 °C until further analysis.

Real-time RT-PCR assay

Total RNA from collected tissues was isolated
using the NucleoSpin RNA/Protein kit (Macherey-
Nagel, Dueren, Germany). The quality and quan-
tity of the RNA were verified using the spectro-
photometer NanoDrop ND-1000 (Thermo Fisher
Scientific, Waltham, MA, USA) at 260, 280, and
230 nm wavelengths, and 1% agarose gel elec-
trophoresis. Subsequently, RNA was transcribed
using a reverse transcription kit Maxima™ First

The PCR reactions were carried out using a thermo-
cycler RotorGene Q (Qiagen, Germantown, MD,
USA) with RotorGene Q software. The results ob-
tained for the examined genes were normalized to the
reference gene or combination of the reference genes
chosen from among genes glyceraldehyde 3-phos-
phate dehydrogenase (GAPDH), histone deacety-
lase 1 (HDACI), beta-2-microglobulin (B2M) or pep-
tidylprolyl isomerase C (PPIC) using NormFinder
(Molecular Diagnostic Laboratory, Aarhus Univer-
sity Hospital, Aarhus, Denmark) for identification of
the optimal normalization gene. The results are pre-
sented in arbitrary units, as the ratio of the target gene
expression to the expression of the reference gene
with an appropriate control group is calculated as 1.

Statistical analysis

The statistical analysis was performed using
TIBCO Statistica 13.3 (TIBCO Statistica Ltd., Palo
Alto, CA, USA). The significant differences in gene
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expression between the experimental groups were
determined using the Student’s t-test to compare ex-
pression between control and LPS-treated groups.
The results are presented as mean =+ standard er-
ror of the mean (SEM) and results P < 0.05 were
deemed statistically significant.

Results

Hypothalamic structures

It was found that in the MBH, the expression
of the gene encoding IL1B was increased in groups
1.5 and 3 h after LPS treatment but in animals sac-
rificed 9 h after the endotoxin injection /L/B ex-
pression was at the control level. The administra-
tion of LPS influenced /L/RI mRNA level in the
MBH in a more complex way, it decreased ILIR]
gene expression only in the group 1.5 h, whereas

it increased this gene expression only in the 9 h
group. The ILIR2 mRNA level was increased after
endotoxin injection in 3 h and 9 h groups. The ex-
pression of the gene encoding IL6 was increased in
all LPS-treated groups. The /L6R mRNA level did
not change in all research groups. The mRNA level
of IL6ST was increased by LPS injection in groups
3 h and 9 h. The expression of the gene encoding
TNF has been changed after endotoxin administra-
tion only in the 9 h group, in which it increased the
number of TNF mRNA. The administration of LPS
also decreased TNFRSF 1A mRNA expression in the
1.5 h group, while increased TNFRSFIB mRNA
level in the 1.5 h and 3 h groups (Table 2).

It was found that in the MBH, the expression of
the gene encoding IL1B was increased in groups 1.5
and 3 h after LPS treatment but in animals sacrificed
9 h after the endotoxin injection, /L1B expression

Table 2. The relative expression of genes encoding the following proteins: IL1B, IL1R1, IL1R2, IL6, IL6R, IL6ST, TNF, TNFRSF1A, TNFRSF1B

at the MBH and DMH level

MBH DMH
Gene Time, h Control LPS P Control LPS P
IL1B 15 1+£0.13 446 £0.11" 0.004 1+0.06 1.85+0.31" 0.009
3 1+£0.17 5.75+0.70 0.002 1£0.12 3.12+0.36" 0.002
9 1+£0.13 0.99+£0.20 0.485 1£0.07 0.72 +£0.07 0.015
IL1R1 15 1£0.10 0.62 £0.06¢ 0.009 1+£0.13 0.87 £0.11 0.429
3 1+£0.16 1.16 £ 0.09 0.394 1+£0.20 1.13+0.23 0.699
9 1+0.05 2.10+0.10 0.002 1+£0.11 1.46 £0.26 0.178
IL1R2 15 1+£0.08 0.88 £0.05 0.247 1£0.13 1.02£0.10 0.792
3 1+£0.17 1.86 +£0.27 0.015 1+£0.13 0.96 +0.08 0.818
9 1+£0.19 1.96 £0.12 0.009 1+0.09 1.47 £0.041 0.002
IL6 15 1+£0.10 6.63 £ 1.16 0.004 1+£0.11 3.57 £0.55 0.004
3 1+£0.15 30.77+ 5.56" 0.002 1+£0.14 4.59 +0.65 0.002
9 1+£0.04 1.67 £0.18" 0.004 1+0.05 0.72 £0.04¢ 0.004
IL6R 1.5 1£0.03 1.04 £0.05 0.329 1+£0.12 1.46 £0.07" 0.043
3 1+£0.11 0.96 + 0.06 0.485 1+£017 1.13+£0.21 0.699
9 1+0.07 0.91+0.07 0.699 1+0.07 0.82+0.15 0.589
IL6ST 15 1+£0.07 1£0.05 0.931 1£0.15 1.01£0.13 1
3 1+£0.11 1.67 £0.17° 0.009 1+£0.14 1.93+0.13" 0.004
9 1+£0.04 1.20 £ 0.04 0.009 1+0.06 146 +0.11 0.009
TNF 15 1+0.08 1.18 £0.09 0.429 1+0.07 1.01£0.07 0.662
3 1+0.07 1+£017 0.937 1+£0.13 0.81+0.11 0.132
9 1+0.06 0.78 £0.04* 0.015 1+0.05 0.83 £0.05 0.026
TNFRSF1A 15 1+0.02 0.82 £0.04 0.004 1+0.07 1.58 £ 0.05" 0.004
3 1+0.09 0.96 £ 0.06 0.700 1+£0.10 1.40+0.14 0.132
9 1+£0.06 1.11+£0.07 0.132 1£0.02 1+0.08 0.818
TNFRSF1B 1.5 1+£0.08 1.36 £ 0.06" 0.009 1+0.02 1.53 +£0.09" 0.004
3 1+£0.07 149 £0.15 0.009 1+£0.12 1.76 £0.13 0.004
9 1£0.02 1.20+0.1 0.240 1+0.05 1.34 £ 0.09' 0.025

IL1B - interleukin 1 beta, ILTR1 — interleukin 1 receptor type 1, ILTR2 — interleukin 1 receptor type 2, IL6 — interleukin 6, IL6R — interleukin 6 re-
ceptor, IL6ST - interleukin 6 family signal transducer, TNF — tumour necrosis factor, TNFRSF1A — TNF receptor superfamily member 1A,
TNFRSF1B — TNF receptor superfamily member 1B, MBH — mediobasal hypothalamus, DMH - dorsomedial hypothalamus, control — control
group, LPS - lipopolysaccharide treated group, P — P-value; P < 0.05 indicates the significance of the change. The data are presented as mean +
standard error of the mean. The arrows represent significant changes — ' for increase and ! for decrease
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was at the control level. The administration of LPS
influenced /L/R1 mRNA level in the MBH in a more
complex way, it decreased /IL/RI gene expression
only in the group 1.5 h, whereas increased it only in
the 9 h group. The /L7/R2 mRNA level was increased
after endotoxin injection in 3 h and 9 h groups. The
expression of the gene encoding IL6 was increased
in all LPS-treated groups. The /L6R mRNA level did
not change in all research groups. The mRNA level of
IL6ST was increased by LPS injection in groups 3 h
and 9 h. The expression of the gene encoding TNF
has been changed after endotoxin administration only
in the 9 h group, in which it increased the number
of TNF mRNA. The administration of LPS also
decreased the TNFRSFIA mRNA level in the 1.5 h
group, while increasing the TNFRSF 1B mRNA level
in the 1.5 h and 3 h groups (Table 2).

In the DMH, LPS administration exerted
a temporally specific modulatory effect on the
transcriptional profiles of cytokines and their
cognate receptors. Specifically, LPS exposure
significantly up-regulated /L/B mRNA expres-
sion at 1.5 and 3 h post-administration, with
a subsequent down-regulation observed at the
9 h time point. Notably, mRNA levels of /L/R2
exhibited an up-regulation exclusively at the 9 h
mark, implicating LPS as the causative agent.
IL6 mRNA expression was uniformly augmented
across all examined time points following LPS
administration. At 1.5 h post-LPS treatment,
a discernible elevation in /L6R mRNA levels was
observed, while IL6ST mRNA levels experienced
up-regulation at both 3 h and 9 h. TNF mRNA
expression was specifically enhanced at 9 h fol-
lowing LPS exposure. Interestingly, LPS elicited
an increase in TNFRSF14 mRNA levels solely at
the 1.5 h time point, while inducing a ubiquitous
stimulatory effect on TNFRSFIB mRNA levels
across all investigated time points (Table 2).

Anterior pituitary

In the AP, the administration of LPS had a clear
impact on the expression of cytokines and their re-
ceptors. Specifically, LPS increased /L/B mRNA
levels at 1.5 h and 3 h. It also decreased ILIRI
mRNA at 1.5 h but increased itat 3 hand 9 h. IL/R2
mRNA levels increased across all time points after
LPS treatment. /L6 mRNA levels were consistently
elevated in all groups treated with LPS. Likewise,
IL6R mRNA levels increased at 3 h and 9 h. TNF
mRNA increased at 1.5 h but decreased at 9 h, while
TNFRSF14 mRNA levels increased at 3 h and 9 h.
TNFRSF1B mRNA levels increased in all groups
treated with LPS. (Table 3).

Table 3. The relative expression of genes encoding the following
proteins: IL1B, IL1R1, IL1R2, IL6, IL6R, IL6ST, TNF, TNFRSF1A,
TNFRSF1B at the AP level

AP
Gene Time, h Control LPS P
IL1B 15 1+0.09 492+0.26" 0.004
3 1+0.08 552+047"  0.002
9 1+£0.11 0.87 £0.05 0.699
IL1R1 15 1£0.12 0.60 £ 0.1 0.030
3 1+£017 3.34+£019"  0.002
9 1+0.07 1.63+0.18"  0.004
IL1R2 15 1+£0.11 1.72+0.16"  0.009
3 1£0.21 408+0.19"  0.002
9 1+£0.04 217+£0.30"  0.004
IL6 15 1+0.03 6.22+ 117" 0.004
3 1+£0.13 2747 £3.84"  0.002
9 1+0.03 1.71+£0.19"  0.015
IL6R 15 1+0.07 0.98+£0.13 0.329
3 1+£0.13 214 +£022"  0.004
9 1+£0.11 14+£0.07"  0.025
IL6ST 15 1+£0.10 0.70+0.07¢  0.030
3 1+£0.11 3.02+£0.13"  0.002
9 1£0.10 1.22+£0.07"  0.041
TNF 15 1+0.08 1.35+£0.09" 0.017
3 1+0.06 1.01+0.09 0.937
9 1+0.06 0.75+£0.05¢  0.009
TNFRSF1A 15 1+£0.1 1.02+0.14 0.931
3 1+£0.13 444+024"  0.002
9 1+£0.06 171+£0.17"  0.004
TNFRSF1B 1.5 1+£0.04 210+£025"  0.004
3 1+0.09 7.06 £0.35"  0.002
9 1+£0.1 144+013"  0.015

IL1B - interleukin 1 beta, ILTR1 — interleukin 1 receptor type 1,
IL1R2 - interleukin 1 receptortype 2, IL6 - interleukin 6,
IL6R - interleukin 6 receptor, IL6ST — interleukin 6 family signal
transducer, TNF —tumour necrosis factor, TNFRSF1A — TNF receptor
superfamily member 1A, TNFRSF1B — TNF receptor superfamily
member 1B, AP — anterior pituitary, control — control group, LPS —
lipopolysaccharide treated group, P — P-value; P < 0.05 indicates the
significance of the change. The data are presented as mean + standard
error of the mean. The arrows represent significant changes — ' for
increase and * for decrease

Liver

LPS treatment significantly modulated cytokine
and receptor gene expression in the liver over time.
Specifically, LPS elevated ILIB gene expression
at 1.5 h and later caused a decline at the 9 h mark.
ILIRI and ILIR2 mRNA levels were increased only
at 9 h due to LPS treatment. /L6 gene expression
consistently increased across all tested groups un-
der the effect of LPS. Correspondingly, /L6R mRNA
levels surged at the 3 h time point following LPS
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treatment. /L6ST mRNA levels, influenced by LPS,
decreased at 1.5 h and increased at 9 h. TNF gene
expression showed a notable increase at 1.5 h under
LPS, while TNFRSF1A and TNFRSF1B mRNA lev-
els increased only at the 9 h mark, clearly indicating
LPS’s impact (Table 4).

Table 4. The relative expression of genes encoding the following
proteins: IL1B, IL1R1, IL1R2, IL6, IL6R, IL6ST, TNF, TNFRSF1A,
TNFRSF1B at the liver level

Liver
Gene Time, h Control LPS P
IL1B 15 1+£0.14 6.68 £ 0.82" 0.002
3 1+£0.17 1.05+025 0.937
9 1+£0.23 0.44 +£0.09" 0.041
IL1R1 15 1+£0.09 0.96 £0.08 0.589
3 1+£0.19 120+£0.17 0.3%4
9 1+£0.06 2.37+£042" 0.004
IL1R2 15 1£0.23 0.92+013 0.937
3 1+£0.26 152+023 0.093
9 1+£0.16 7.59£1.90" 0.002
IL6 15 1£0.20 23.18 £1.53"  0.002
3 1£0.29 39.8+7.35" 0.002
9 1+£0.27 6.14+059 0.002
IL6R 15 1+£0.09 0.88+0.20 0.485
3 1+£0.18 0.53+0.08" 0.041
9 1+£0.13 1.18+£0.20 0.589
IL6ST 15 1+£0.10 0.93+£0.08 0.818
3 1+£0.04 0.73+£0.07" 0.004
9 1+£0.07 1.01+£012 1
TNF 15 1+£0.20 3.52+0.46" 0.002
3 1+£0.24 288+123 0.3%4
9 1+£0.29 154+£0.16 0.240
TNFRSF1A 1.5 1+£0.06 0.97£0.14 0.699
3 1+£0.12 1.34+£0.19 0.240
9 1+£0.16 1.99£0.28" 0.009
TNFRSF1B 1.5 1+£0.09 1.39+024 0.3%4
3 1+0.1 0.93+0.1 0.699
9 1£0.12 142 £0.07" 0.0260

IL1B - interleukin 1 beta, ILTR1 — interleukin 1 receptor type 1,
IL1R2 - interleukin 1 receptor type 2, IL6 - interleukin 6,
IL6R — interleukin 6 receptor, IL6ST — interleukin 6 family signal trans-
ducer, TNF-tumour necrosis factor, TNFRSF1A - TNF receptor super-
family member 1A, TNFRSF1B — TNF receptor superfamily member
1B, control - control group, LPS - lipopolysaccharide treated group,
P — P-value; P < 0.05 indicates the significance of the change. The
data are presented as mean + standard error of the mean. The arrows
represent significant changes — ' for increase and ! for decrease

Discussion

Our study showed that endotoxin-induced in-
flammation modulates the gene expression of pro-
inflammatory cytokines and their corresponding

receptors in the MBH and DMH which are hypotha-
lamic structures responsible for regulation of HPS
axis activity. However, the inflammatory-dependent
changes in the gene expression of proinflammatory
cytokines and their receptors were largely similar,
but in some cases, significant differences in this
gene expression were observed between studied
structures.

The significant increase in /LB gene expres-
sion in the MBH was stated at 1.5 h and 3 h after
LPS injection, but 9 h after the treatment the gene
expression of this cytokine was at the control level.
On the other hand, endotoxin-induced inflamma-
tion increased /LB mRNA expression in the DMH
at 1.5 h and 3 h after LPS administration but 9 h
after the treatment transcription of this cyto-
kine was reduced. The stimulatory effect of sys-
temic inflammation on the /L/B gene in the
hypothalamus was not a surprise, because it
was previously found in sheep (Herman et al.,
2010; Szczepkowska et al.,, 2021) and rodents
(Gabellec et al., 1995; Layé et al., 2000). Our ex-
periment showed that in acute endotoxin-induced
inflammation, increased expression of /L/B mRNA
persists in the hypothalamus only in the first hours
after the appearance of the inflammatory signal.
Increasing the local synthesis of IL1B may signifi-
cantly affect the activity of the HPS axis. The results
of an in vitro study on rat hypothalamic explants
showed that IL1 caused an increase in GHRH release
and even more pronounced dose-dependent stimu-
lation of SST (Honegger et al., 1991). It is worth
mentioning that acting centrally IL1B is considered
as a stimulator of the HPS axis activity. The in vivo
studies on rats showed that intracerebroventricular
injection of IL1B stimulates GH secretion by stimu-
lation of hypothalamic GHRH (Payne et al., 1992).
In contrast, the role of IL1B in the regulation of SST
seems to be more ambiguous. Although the earlier
in vitro research showed that IL1B stimulates the
SST expression at the hypothalamus of rats, such re-
sults were not confirmed in vivo (Taishi et al., 2004).
It is postulated that IL1B plays a complex role in
SST regulation having the ability to stimulate (min-
utes), inhibit (hours), or not alter (days) SST release
(Tittle, 1998). The current study showed that the ef-
fect of inflammation on the /L/R gene expression,
which is considered to be primarily responsible for
transmitting the effects of IL1, in the hypothala-
mus may depend on the hypothalamic region and
duration of the inflammatory signal. Upon binding
of IL1B to IL1RI1, this receptor forms a complex
with an accessory protein known as interleukin-1
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receptor accessory protein (IL-1RAcP). This ini-
tiates intracellular signalling cascades involving
kinases like the mitogen-activated protein kinases
(MAPKSs) and transcription factors such as NF-kB
(Mordret, 1993; Dinarello, 2009). The role of IL1R1
is crucial in various pathological conditions asso-
ciated with inflammation, including autoimmune
diseases, and sepsis (O’Neill, 2008). In the MBH,
ILIRI mRNA level was decreased at 1.5 h, which
seems to be the physiologic anti-inflammatory or
adaptive mechanism, which may protect the local
cells from excessive stimulation by IL1. In mouse
models of autoimmune diseases such as multiple
sclerosis, reducing the expression of IL1R1 has been
shown to lessen symptoms and inflammation (Ko-
muczki et al., 2019). Similarly, animal studies on
intestinal and cardiac conditions have demonstrated
protective effects when IL1R1 expression is lowered
(Nadatani et al., 2012). The authors indicate that
limiting the expression of /LIR] in the brain could
have significant therapeutic advantages for stroke
and other cerebrovascular diseases (Wong et al.,
2019).

In the group of animals euthanized 3 h after the
treatment, /L1R] gene expression was at the control
level, which may be associated with the strongest
transduction of the IL1B signal, especially together
with increased expression of gene encoding IL1B
found in these animals. While in the 9 h group, the
mRNA expression of /L/R/] in the MBH was sig-
nificantly increased, but the /L/B expression level
was at the control level. Interestingly, in contrast to
MBH, no inflammatory-dependent alterations in the
ILIR gene expression were observed in the DMH
in any of the examined groups. This may suggest
that the changes in ILIR influence SST secretion
to a lesser extent than GHRH. Our experiment also
showed that /L/R2 expression was upregulated at
both the 3 h and 9 h time points in the MBH. This
data, when considered alongside with the /L/B and
ILIRI results, suggests that the MBH experiences
a peak in IL1B-mediated pro-inflammatory activity
at the 3 h time point. In contrast, observations in
the DMH differed specifically, /L/R2 expression re-
mained unaltered at the 1.5 h and 3 h time intervals
but showed a notable increase at the 9 h after the
treatment. The up-regulation of /L1R2 gene expres-
sion could be one of the central mechanisms lead-
ing to the reduction of IL1B stimulation of the anal-
ysed hypothalamic structures. IL1R2 primarily acts
as a “decoy” receptor for IL1B cytokine, and such
binding but does not initiate intracellular signalling
upon binding, thereby acting as a negative regulator

for IL1 responses (Dinarello, 2009). IL1R2 exists
both as a membrane-bound form and a soluble form
in plasma and is produced in two ways, by shed-
ding by metalloproteinase and alternatively splic-
ing (Orlando et al., 1997; Vambutas et al., 2009;
Peters et al., 2013). Both forms are capable of bind-
ing IL1B and preventing its interaction with the
signalling-competent IL1R1 receptor (Gabay et al.,
2010). The action of this receptor is to modulate
the signalling of IL1B and other IL1 family cyto-
kines, which is critical for maintaining homeostasis
and controlling pathological inflammatory response
(Mantovani et al., 2019).

It is worth mentioning that in the current ex-
periment, the expression of 7NF remained stable
during the first part of the experiment, but in the
end, a significant reduction in this gene expression
was determined. This result is a bit surprising be-
cause based on the results of our previous studies
(Herman et al., 2014; Kowalewska et al., 2017), we
expected an increase in the expression of the gene
encoding TNF in the hypothalamic structures. This
different response in TNF mRNA synthesis in the
analysed hypothalamic tissue may partially explain
the higher purity of the LPS used in our experiment
because it was previously reported that the purity of
LPS significantly determines its activity to stimu-
late the immune response (Parusel et al., 2017). It
is also possible, that the increase in the animals dif-
fered in the pace of the inflammatory reaction and
the increase in 7NF expression in the hypothalamus
took place in the period preceding the chosen time
points at which the animals were euthanized.

In the MBH, we observed a consistent up-
regulation of /L6 gene expression across all time
points, with the most pronounced increase manifesting
at the 3 h time point. Conversely, in the DMH,
IL6 gene expression also varied across all research
groups but exhibited a distinct pattern: expression
levels increased at both the 1.5 h and 3 h time points,
while a decrease was observed in the 9 h group.
This suggests divergent temporal dynamics of 1L6-
mediated inflammatory signalling between the
MBH and DMH. Increased local synthesis of 1L6
in the MBH and DMH during inflammation may
influence the secretory activity of these hypothalamic
structures. The role of IL6 in regulating GHRH in the
hypothalamus is not fully clear yet. Some studies
suggest that IL6 affects the brain-liver-pituitary
system, which in turn impacts the levels and activities
of different hormones like GHRH and GH. Research
on mice indicates that IL6 can boost the production
of GHRH (Vijayakumar et al., 2010). There’s also
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evidence that IL6 has similar effects during stressful
or disease conditions (Mastorakos et al., 1993).
The results of in vitro studies showed that IL6 as
well as TNF stimulate the synthesis and release in
a dose- and time-dependent manner (Scarborough,
1990). On the other hand, /IL6R gene expression
remained constant across all study groups in the
MBH, while IL6ST mRNA levels were elevated
at both the 3 h and 9 h time groups. Comparable
patterns for IL6ST gene expression were observed
at the DMH level, albeit with a notable increase in
IL6R mRNA levels found in the 1.5 h group. The
minimal fluctuations in /L6R expression within the
hypothalamic nuclei may be attributable to the lesser
magnitude of /L6 expression changes compared to
those in peripheral tissues. Intriguingly, an increase
in IL6ST expression was consistently determined in
both the MBH and DMH at the 3 h and 9 h time
points. This upregulation might be indicative of
an anti-inflammatory mechanism that dampens
IL6 signalling, given the role of IL6ST as a decoy
receptor in this pathway (Reeh et al., 2019).

Hypothalamic neurohormones such as GHRH
and SST are released to the hypophyseal portal cir-
culation that supplies blood to the AP, which influ-
ences GH secretion generally in the opposite meaner:
GHRH stimulates GH release, while SST inhibits
GH release. This regulatory mechanism also involves
a short-loop feedback component, by which GH acts
on the hypothalamus to stimulate SST release (Hiller-
Sturmhéfel and Bartke, 1998). It is worth mentioning
that the research on primary pituitary cell cultures
from baboons suggests that the role of the hypotha-
lamic hormones in the regulation of GH secretion
could be more complex and ambiguous. In this study,
SST decreased the sensitivity of GHRH receptors to
GHRH, but its effect on GH secretion was dose-de-
pendent. High doses of SST blocked GHRH-induced
GH release, whereas at low concentrations, SST dra-
matically stimulated GH release to levels comparable
to those evoked by GHRH (Cérdoba-Chacon et al.,
2012). Therefore, the alteration in these neurohor-
mone secretions in the hypothalamus may significant-
ly influence the GH release. However, the pituitary
maintains its anatomical and functional connections
with the brain yet sits outside the blood-brain barrier
(Nussey and Whitehead, 2001), therefore its secre-
tory activity may be influenced by several factors
reaching this gland with the circulating blood as well
as by the locally produced factors which may regu-
late the pituitary cells activity in auto- and paracrine
meaner (Arzt, 2001; Mainardi et al., 2002; Silverman
et al., 2005; Wojtulewicz et al., 2020).

It is also considered that the inflammatory me-
diators influence the GH synthesis and/or release
GH through direct action at the level of the pituitary,
omitting the hypothalamic regulation of GH secre-
tion. Previous research showed that the modulatory
effect of inflammation on GH secretion seems to
be dependent upon the dose of LPS used to induce
the inflammatory response as well as the phase of
the inflammatory response. At low dosages, LPS
increases pituitary GH release, but with greater
LPS dosages, a decrease in plasma GH is observed
(Martin et al., 2021). Our research showed that at
the AP level, the expression of gene encoding IL1B
was increased in groups euthanized 1.5 h and 3 h
after the LPS treatment. Previous research has dem-
onstrated that IL1B is a key cytokine involved in
the initiation and propagation of inflammatory re-
sponses, often acting in a paracrine or autocrine
manner within the endocrine system (Jaffer et al.,
2010). Our study suggests that locally produced
IL1B may influence the secretory activity of the AP,
particularly during the early inflammatory phase.
The increase in local synthesis of IL1B may influ-
ence the secretory activity of the AP because it was
previously found that IL1B is a potent cytokine di-
rectly modulating the pituitary hormone secretion
(Herman et al., 2013b; Schettini et al., 1990). The
role of IL1B in the direct regulation of GH secretion
is still not entirely clear. In vitro study on pituitary
cells from adult pigs showed that IL1B enhanced
GH output, but reduced the galanin-induced GH se-
cretion (Mainardi et al., 2002). The experiment on
anterior pituitary cells of adult male rats also showed
that IL1B stimulated GH-secretion through direct
action on the pituitary (Niimi et al., 1994). Howev-
er, another study on rat pituitary cells under serum-
free conditions suggested a rather suppressive effect
of IL1B on GH release (Renner et al., 1995). At
least, the study on ovine pituitary cells showed that
IL1B stimulated GH release from cultured pituitary
cells at all doses, however, IL1B affected GHRH-
stimulated GH release (Fry et al., 1998). A decrease
in the ILIRI gene expression in the AP during the
first stage of the experiment may be a mechanism
preventing excessive pro-inflammatory effects of
IL1B, which may lead to homeostasis disorders in
the case of short increases in the level of this and
other interleukins. On the other hand, an increase in
this gene expression found at the later stages of the
experiment suggests that the earlier-mentioned anti-
inflammatory mechanism is temporary and occurs
only at the beginning of the inflammatory response.
Such effect was not stated in the expression of gene



408

Effect of inflammation on the pro-inflammatory cytokines expression in the HPS axis

encoding IL1R2 which expression was increased
in all LPS-treated groups. IL1R2 plays a role of
a decoy receptor and it serves as a negative regu-
lator of IL1 signalling by competing with ILIR1
for IL1 and by complexing with IL-1RAcP once it
binds IL1, thereby sequestering both the ligand and
the accessory protein required for signal transduc-
tion (Peters et al., 2013).

In the AP, the expression of TNF" mRNA was
increased only at the first stage of the experiment.
This increased expression of TNF at the beginning
of the inflammatory response was not a surprise be-
cause it is one of the cytokines produced during the
acute phase of the inflammatory response (Meijer
et al., 1993; Gulhar et al., 2023). This increased lo-
cal TNF synthesis may affect the secretion of pitu-
itary hormones, including GH because previously
conducted in vitro studies showed that this cytokine
inhibits GRH-stimulated GH release from cultured
sheep pituitary cells (Fry et al., 1998). Interestingly,
although the expression of 7NF in the AP decreases
at later stages of the inflammatory reaction, the ex-
pression of genes for the receptors of this cytokine
remains generally elevated. This suggests an in-
creased sensitivity of this gland to the action of the
ligand of these receptors.

Our experiment showed that endotoxin-induced
inflammation stimulates /L6 gene expression in
the AP, which was raised throughout the experi-
ment. Increased local synthesis of IL6 may also
have a pronounced effect on the secretory activity
of the pineal gland including GH release. Previous
in vitro studies showed that IL6 stimulated GH syn-
thesis and release (Zhao et al., 2014). Moreover, the
study on pituitary cells from adult pigs showed that
IL6 potentiated the effect of GH releasers (Mainardi
et al., 2002). The stimulatory effect of IL6 on GH
release was also stated in the in vivo study on men
infused with recombinant human (rh) IL6 via an an-
tecubital vein. Which showed that IL6 infusion led
to a significant increase in GH, peaking 1 h after
the beginning of the infusion (Nemet et al., 2006).
Endotoxin-induced inflammation also influenced
IL6R and its signal transducer gene expression but
this influence was more clear from the 3rd hour of
the experiment, when the expression of both tested
genes was increased. This may suggest increased
transduction of the IL6 signal in the AP cells.

It was also found that the activation of the im-
mune system inhibits IGF1 secretion (Colson et al.,
2003), which suggests that inflammatory mediators
may influence its production in the liver because
this organ is the main source of circulating IGF1

(Lara-Diazetal., 2017). In the liver, the GH signal of
the somatotropic axis is transduced by the GHR and
results in the IGF1 expression and secretion. The
GHR is a transmembrane receptor and is classified
as a class I signalling molecule. Binding one mol-
ecule of GH to GHR dimer results in its activation
and modification of its extracellular domains which
result in the activation of tyrosine kinases and signal
transduction (Brooks and Waters, 2010). The GHR
activation results also in its intracellular part bind-
ing of Janus kinase 2 (JAK2) and phosphorylation
of JAK tyrosines which subsequently forms binding
sites for Src homology 2 domain, which enables the
phosphorylation of, among others, STAT proteins,
of the which STATS5p plays the most important ac-
tion in the GH signal transduction (Udy et al., 1997,
Teglund et al., 1998; Cui et al., 2004; Wojcik et al.,
2018). The factors influencing GHR expression and
signal transduction may have a pronounced effect
on IGF1 secretion. It was reported that LPS reduced
IGF1 expression in hepatic cells as well as the cir-
culating concentration of this hormone (Priego
et al., 2004). The experiments on rats also showed
that administration of LPS at low doses increased
GH secretion, whereas it decreased serum con-
centration of IGF1 and its expression in rat liver
(Priego et al., 2003). Moreover, serum IGF1 was
also found to be reduced in the acute phase of criti-
cally ill patients with sepsis (Xu et al., 2017). These
all suggest that inflammation disrupts the activity of
the somatotropic axis.

Our current study showed that endotoxin-in-
duced inflammation stimulated the gene expres-
sion of all examined pro-inflammatory cytokines in
the ovine liver in the first phase of the experiment,
whereas only /L6 expression increased for the entire
duration of the experiment. Interestingly, the gene
expression of /L 1B and TNF receptors was increased
only at the last hour of the experiment, whereas the
expression of /L6R and IL6ST genes were reduced
in the middle and at the end of the experiment, re-
spectively. These increases in local synthesis of
pro-inflammatory cytokines may significantly influ-
ence the secretion of IGF1. It was found that IL1B
inhibits IGF1 production in dendritic epidermal T
cells (Li et al., 2022). Previous studies also demon-
strated that IL6 inhibits the secretion of IGF1 and
that IL6 overproduction is a mechanism implicated
in IGF1 downregulation (Barbieri et al., 2003). On
the other hand, the in vitro study on rat aortic vascu-
lar smooth muscle cells suggested that neither IL1B
nor IL6, but TNF is responsible for the suppression
of IGFI expression (Anwar et al., 2002). It is worth
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mentioning that IL1, IL6, and TNF not only influ-
ence IGF1 release but also may inhibit its activ-
ity (Lazarus et al., 1993; Hashimoto et al., 2010;
Al-Shanti and Stewart, 2012; Zhao et al., 2015).

Conclusions

Our experiment showed that lipopolysaccha-
ride-induced inflammation modulates the gene
expression of pro-inflammatory cytokines such as
ILIB, IL6, and tumour necrosis factor o and their
corresponding receptor at the different levels of
the somatotropic axis in sheep. Because these cy-
tokines are potent modulators of the secretion of
hormones and neurohormones of the somatotropic
axis, the paracrine action of these locally synthe-
sized cytokines may disturb the activity of this axis.
However, further deep-in research is needed to un-
derstand the role of locally synthesized pro-inflam-
matory mediators in the modulation of production
and activity of the somatotropic axis components.

Funding

This work was supported by the funds granted
by the National Science Centre, Poland, PRELUDI-
UM project with registration number: 2017/25/N/
NZ9/01473.

Conflict of interest

The Authors declare that there is no conflict of
interest.

References

Al-Shanti N., Stewart C.E., 2012. Inhibitory effects of IL-6 on
IGF-1 activity in skeletal myoblasts could be mediated by the
activation of SOCS-3. J. Cell. Biochem. 113, 923-933, https:/
doi.org/10.1002/jcb.23420

Anwar A., Zahid A.A., Scheidegger K.J., Brink M., Delafontaine P.,
2002. Tumor necrosis factor-a regulates insulin-like growth
factor-1 and insulin-like growth factor binding protein-3
expression in vascular smooth muscle. Circulation 105,
1220-1225, https://doi.org/10.1161/hc1002.105187

ArztE.,2001. gp130 cytokine signaling in the pituitary gland: a paradigm
for cytokine-neuro-endocrine pathways. J. Clin. Invest. 108,
1729-1733, https://doi.org/10.1172/JCI200114660

Barbieri M., Ferrucci L., Ragno E. et al., 2003. Chronic inflammation
and the effect of IGF-I on muscle strength and power in older
persons. Am. J. Physiol. Endocrinol. Metab. 284, E481-E487,
https://doi.org/10.1152/ajpendo.00319.2002

Blanchard F., Duplomb L., Baud’huin M., Brounais B., 2009. The dual
role of IL-6-type cytokines on bone remodeling and bone
tumors. Cytokine Growth Factor Rev. 20, 19-28, https://doi.
org/10.1016/j.cytogfr.2008.11.004

Brade, H. (Editor), 1999. Endotoxin in Health and Disease. Marcel
Dekker. CRC Press, LLC. Boca Raton, FL (USA)

Briard N., Dadoun F., Pommier G., Sauze N., Lebouc Y., Oliver C.,
Dutour A., 2000. IGF-I/IGFBPs system response to endotoxin
challenge in sheep. J. Endocrinol. 164, 361-369, https://doi.
0rg/10.1677/joe.0.1640361

Brooks A.J., Waters M.J., 2010. The growth hormone receptor:
mechanism of activation and clinical implications. Nat.
Rev. Endocrinol. 6, 515-525, https://doi.org/10.1038/
nrendo.2010.123

Colson A., Willems B., Thissen J., 2003. Inhibition of TNF-alpha
production by pentoxifylline does not prevent endotoxin-
induced decrease in serum IGF-I. J. Endocrinol. 178, 101-
109, https://doi.org/10.1677/joe.0.1780101

Copeland S., Warren H.S., Lowry S.F., Calvano S.E., Remick D.,
2005. Acute inflammatory response to endotoxin in mice
and humans. Clin. Vaccine Immunol. 12, 60-67, https:/doi.
org/10.1128/CDLI.12.1.60-67.2005

Cérdoba-Chacén J., Gahete M.D., Culler M.D., Castano J.P,,
Kineman R.D., Luque R.M., 2012. Somatostatin
dramatically stimulates growth hormone release from
primate somatotrophs acting at low doses via somatostatin
receptor 5 and cyclic AMP: direct effects of somatostatin on
GH release. J. Neuroendocrinol. 24, 453-463, https://doi.
org/10.1111/j.1365-2826.2011.02261.x

Cui Y., Riedlinger G., Miyoshi K., Tang W., Li C., Deng C.-X., Robinson
G.W., Hennighausen L., 2004. Inactivation of Stat5 in mouse
mammary epithelium during pregnancy reveals distinct
functions in cell proliferation, survival, and differentiation.
Mol. Cell. Biol. 24, 8037-8047, https://doi.org/10.1128/
MCB.24.18.8037-8047.2004

Daniel J.A., Elsasser T.H., Martinez A., Steele B., Whitlock B.K.,
Sartin J.L., 2005. Interleukin-1B and tumor necrosis factor-a
mediation of endotoxin action on growth hormone. Am.
J. Physiol.-Endocrinol. Metab. 289, E650-E657, https://doi.
org/10.1152/ajpendo.00489.2004

Dinarello C.A., 2009. Immunological and inflammatory functions of
the interleukin-1 family. Annu. Rev. Immunol. 27, 519-550,
https://doi.org/10.1146/annurev.immunol.021908.132612

Ding B., Yin N., Liu Y., Cardenas-Garcia J., Evanson R., Orsak T,
Fan M., Turin G., Savage P.B., 2004. Origins of cell selectivity
of cationic steroid antibiotics. J. Am. Chem. Soc. 126,
13642-13648, https://doi.org/10.1021/ja046909p

Fonseca J.E., Santos M.J., Canh&o, H., Choy, E., 2009. Interleukin-6
as a key player in systemic inflammation and joint destruction.
Autoimmun. Rev. 8, 538-542, https://doi.org/10.1016/].
autrev.2009.01.012

Fry C.L., Gunter D.R., McMahon C.D., Steele B., Sartin J.L., 1998.
Cytokine-mediated growth hormone release from cultured
ovine pituitary cells. Neuroendocrinology. 68, 192-200,
https://doi.org/10.1159/000054366

Gabay C., Lamacchia C., Palmer G., 2010. IL-1 pathways in
inflammation and human diseases. Nat. Rev. Rheumatol. 6,
232-241, https://doi.org/10.1038/nrrheum.2010.4

Gabellec M.-M., Griffais R., Fillion G., Haour F., 1995. Expression
of interleukin 1a, interleukin 1B and interleukin 1 receptor
antagonist mRNA in mouse brain: Regulation by bacterial
lipopolysaccharide (LPS) treatment. Mol. Brain Res. 31,
122-130, https://doi.org/10.1016/0169-328X(95)00042-Q

Giustina A., Veldhuis J.D., 1998. Pathophysiology of the
neuroregulation of growth hormone secretion in experimental
animals and the human. Endocr. Rev. 19, 717-797, https://
doi.org/10.1210/edrv.19.6.0353


https://doi.org/10.1002/jcb.23420
https://doi.org/10.1002/jcb.23420
https://doi.org/10.1161/hc1002.105187
https://doi.org/10.1172/JCI200114660
https://doi.org/10.1152/ajpendo.00319.2002
https://doi.org/10.1016/j.cytogfr.2008.11.004
https://doi.org/10.1016/j.cytogfr.2008.11.004
https://doi.org/10.1677/joe.0.1640361
https://doi.org/10.1677/joe.0.1640361
https://doi.org/10.1038/nrendo.2010.123
https://doi.org/10.1038/nrendo.2010.123
https://doi.org/10.1677/joe.0.1780101
https://doi.org/10.1128/CDLI.12.1.60-67.2005
https://doi.org/10.1128/CDLI.12.1.60-67.2005
https://doi.org/10.1111/j.1365-2826.2011.02261
https://doi.org/10.1111/j.1365-2826.2011.02261
https://doi.org/10.1128/MCB.24.18.8037-8047.2004
https://doi.org/10.1128/MCB.24.18.8037-8047.2004
https://doi.org/10.1152/ajpendo.00489.2004
https://doi.org/10.1152/ajpendo.00489.2004
https://doi.org/10.1146/annurev.immunol.021908.132612
https://doi.org/10.1021/ja046909p
https://doi.org/10.1016/j.autrev.2009.01.012
https://doi.org/10.1016/j.autrev.2009.01.012
https://doi.org/10.1159/000054366
https://doi.org/10.1038/nrrheum.2010
https://doi.org/10.1016/0169
https://doi.org/10.1210/edrv.19.6.0353
https://doi.org/10.1210/edrv.19.6.0353

410 Effect of inflammation on the pro-inflammatory cytokines expression in the HPS axis

Gramignoli R., Ranade A.R., Venkataramanan R., Strom S.C., 2022.
Effects of pro-inflammatory cytokines on hepatic metabolism
in primary human hepatocytes. Int. J. Mol. Sci. 23, 14880,
https://doi.org/10.3390/ijms232314880

Gulhar R., Ashraf M. A, Jialal I., 2023. Physiology, acute phase
reactants. StatPearls Publishing. Tampa, FL (USA)

Guo J., Friedman S.L., 2010. Toll-like receptor 4 signaling in liver injury
and hepatic fibrogenesis. Fibrogenesis Tissue Repair. 3, 21,
https://doi.org/10.1186/1755-1536-3-21

Hashimoto R., Sakai K., Matsumoto H., Iwashita M., 2010. Tumor
necrosis factor-a (TNF-a) inhibits insulin-like growth factor-I
(IGF-I) activities in human trophoblast cell cultures through
IGF-I/insulin hybrid receptors. Endocr. J. 57, 193-200, https://
doi.org/10.1507/endocrj.K09E-189

Haziak K., Herman A.P., Tomaszewska-Zaremba D., 2014. Effects
of central injection of anti-LPS antibody and blockade of
TLR4 on GnRH/LH secretion during immunological stress in
anestrous ewes. Mediat. Inflamm. 2014, 867179, https://doi.
0rg/10.1155/2014/867170

Herman A.P., Herman A., Haziak K., Tomaszewska-Zaremba D.,
2013a. Immune stress up regulates TLR4 and Tollip gene
expressionin the hypothalamus of ewes. J. Anim. Feed Sci.
22, 13-18, https://doi.org/10.22358/jafs/66011/2013

Herman A., Misztal T., Herman A., Tomaszewska-Zaremba D., 2010.
Expression of interleukin (IL)-18 and IL-1 receptors genes in
the hypothalamus of anoestrous ewes after lipopolysaccharide
treatment: interleukin-18 in the hypothalamus after LPS
treatment. Reprod. Domest. Anim. 45, e426-e433,
https://doi.org/10.1111/j.1439-0531.2010.01595.x

Herman A.P., Krawczyniska A., Bochenek J., Antushevich H., Herman
A., Tomaszewska-Zaremba D., 2014. Peripheral injection of
SB203580 inhibits the inflammatory-dependent synthesis
of proinflammatory cytokines in the hypothalamus. BioMed.
Res. Int. 2014, 475152, https://doi.org/10.1155/2014/475152

Herman A.P., Krawczynska A., Bochenek J., Dobek E., Herman A.,
Tomaszewska-Zaremba D., 2013b. LPS-induced inflammation
potentiates the IL-1-mediated reduction of LH secretion from
the anterior pituitary explants. Clin. Dev. Immunol. 2013,
926937, https://doi.org/10.1155/2013/926937

Hiller-Sturmhofel S., Bartke A., 1998. The endocrine system: an
overview. Alcohol Health Res. World. 22, 153-164

Honegger J., Spagnoli A, D'Urso R., Navarra P, Tsagarakis S.,
Besser G.M., Grossman AB., 1991. Interleukin-
modulates the acute release of growth hormone-releasing
hormone and somatostatin from rat hypothalamus in vitro,
whereas tumor necrosis factor and interleukin-6
have no effect. Endocrinology 129, 1275-1282,
https://doi.org/10.1210/endo-129-3-1275

Jaffer U., Wade R.G., Gourlay T., 2010. Cytokines in the systemic
inflammatory response syndrome: a review. HSR Proc.
Intensive Care Cardiovasc. Anesth. 2, 161-175

Kojima M., Hosoda H., Date Y. Nakazato M., Matsuo H.,
Kangawa K., 1999. Ghrelin is a growth-hormone-releasing
acylated peptide from stomach. Nature 402, 656-660,
https://doi.org/10.1038/45230

Komuczki J., Tuzlak S., Friebel E. et al., 2019. Fate-mapping of
GM-CSF expression identifies a discrete subset of
inflammation-driving T helper cells regulated by cytokines
IL-23 and IL-1B. Immunity 50, 1289-1304.e6, https://doi.
org/10.1016/j.immuni.2019.04.006

Kowalewska M., Herman A.P., Szczepkowska A., Skipor J., 2017. The
effect of melatonin from slow-release implants on basic and
TLR-4-mediated gene expression of inflammatory cytokines
and their receptors in the choroid plexus in ewes. Res. Vet.
Sci. 113, 50-55, https://doi.org/10.1016/j.rvsc.2017.09.003

Krawczynska A., Antushevich H., Bochenek J., Wojtulewicz K.,
Pawlina B., Herman A., Zigba D., 2019. Photoperiodic
conditions as a factor modulating leptin influence on pro-
inflammatory cytokines and their receptors gene expression
in ewe’s aorta. J. Anim. Feed Sci. 28, 128-137, https://doi.
org/10.22358/jafs/110022/2019

Krél K., Tomaszewska-Zaremba D., Herman A., 2016. Photoperiod-
dependent effect of inflammation on nocturnal gene
expression of proinflammatory cytokines and their receptors
in pars tuberalis of ewe. J. Anim. Feed Sci. 25, 3-11, https:/
doi.org/10.22358/jafs/65581/2016

Lara-Diaz V., Castilla-Cortazar I., Martin-Estal |., Garcia-Magarifio M.,
Aguirre G., Puche J., De La Garza R., Morales L., Mufioz
U., 2017. IGF-1 modulates gene expression of proteins
involved in inflammation, cytoskeleton, and liver architecture.
J. Physiol. Biochem. 73, 245-258, https://doi.org/10.1007/
§13105-016-0545-x

Layé S., Gheusi G., Cremona S., Combe C., Kelley K., Dantzer R.,
Parnet P., 2000. Endogenous brain IL-1 mediates LPS-
induced anorexia and hypothalamic cytokine expression.
Am. J. Physiol. Regul. Integr. Comp. Physiol. 279, R93-R98,
https://doi.org/10.1152/ajpregu.2000.279.1.R93

Lazarus D.D., Moldawer L.L., Lowry S.F., 1993. Insulin-like growth
factor-1 activity is inhibited by interleukin-1 alpha, tumor
necrosis factor-alpha, and interleukin-6. Lymphokine
Cytokine Res. 12, 219-223

Le Roith D., Bondy C., Yakar S., Liu J.-L., Butler A., 2001. The
somatomedin hypothesis: 2001. Endocr. Rev. 22, 53-74,
https://doi.org/10.1210/edrv.22.1.0419

Li Y., Wang J., Wang Y., He W., Zhang Y., Liu Y., 2022. IL-1p/
NF-kB signaling inhibits IGF-1 production via let-7f-5p in
dendritic epidermal T cells. J. Leukoc. Biol. 112, 1677-1690,
https://doi.org/10.1002/JLB.3MA0322-171R

Mainardi G.L., Saleri R., Tamanini C., Baratta M., 2002. Effects of
Interleukin-1-beta, interleukin-6 and tumor necrosis factor-
alpha, alone or in association with hexarelin or galanin, on
growth hormone gene expression and growth hormone
release from pig pituitary cells. Horm. Res. Paediatr. 58,
180-186, https://doi.org/10.1159/000065487

Mantovani A., Dinarello C.A., Molgora M., Garland C., 2019.
Interleukin-1 and related cytokines in the regulation of
inflammation and immunity. Immunity 50, 778-795, https://
doi.org/10.1016/j.immuni.2019.03.012

Martin A.l., Priego T., Moreno-Ruperez A., Gonzalez-Hedstrom D.,
Granado M., Lopez-Calderén A., 2021. IGF-1 and IGFBP-3 in
inflammatory cachexia. Int. J. Mol. Sci. 22, 9469, https:/doi.
org/10.3390/ijms22179469

Mastorakos G., Chrousos G.P., Weber J.S., 1993. Recombinant
interleukin-6 activates the hypothalamic-pituitary-adrenal axis
in humans. Clin. Endocrinol. Metab. 77, 1690-1694, https://
doi.org/10.1210/jcem.77.6.8263159

Meijer C., Huysen V., Smeenk R.T.J., Swaak A.J.G., 1993. Profiles of
cytokines (TNFa and IL-6) and acute phase proteins (CRP
and a1AG) related to the disease course in patients with
systemic lupus erythematosus. Lupus 2, 359-365, https://doi.
org/10.1177/096120339300200605

Merola M., Blanchard B., Tovey M.G., 1996. The kB enhancer of the
human interleukin-6 promoter is necessary and sufficient to
confer an IL-1B and TNF-a response in transfected human
cell lines: requirement for members of the C/EBP family for
activity. J. Interferon Cytokine Res. 16, 783-798, https://doi.
0rg/10.1089/jir.1996.16.783

Mordret G., 1993. MAP kinase kinase: a node connecting
multiple pathways. Biol. Cell. 79, 193-207, https:/doi.
org/10.1016/0248-4900(93)90138-5


https://doi.org/10.3390/ijms232314880
https://doi.org/10.1186/1755
https://doi.org/10.1507/endocrj.K09E
https://doi.org/10.1507/endocrj.K09E
https://doi.org/10.1155/2014/867170
https://doi.org/10.1155/2014/867170
https://doi.org/10.22358/jafs/66011/2013
https://doi.org/10.1111/j.1439-0531.2010.01595
https://doi.org/10.1155/2014/475152
https://doi.org/10.1155/2013/926937
https://doi.org/10.1210/endo-129-3-1275
https://doi.org/10.1038/45230
https://doi.org/10.1016/j.immuni.2019.04.006
https://doi.org/10.1016/j.immuni.2019.04.006
https://doi.org/10.1016/j.rvsc.2017.09.003
https://doi.org/10.22358/jafs/110022/2019
https://doi.org/10.22358/jafs/110022/2019
https://doi.org/10.22358/jafs/65581/2016
https://doi.org/10.22358/jafs/65581/2016
https://doi.org/10.1007/s13105
https://doi.org/10.1007/s13105
https://doi.org/10.1152/ajpregu.2000.279.1.R93
https://doi.org/10.1210/edrv.22.1.0419
https://doi.org/10.1002/JLB.3MA0322
https://doi.org/10.1159/000065487
https://doi.org/10.1016/j.immuni.2019.03.012
https://doi.org/10.1016/j.immuni.2019.03.012
https://doi.org/10.3390/ijms22179469
https://doi.org/10.3390/ijms22179469
https://doi.org/10.1210/jcem.77.6.8263159
https://doi.org/10.1210/jcem.77.6.8263159
https://doi.org/10.1177/096120339300200605
https://doi.org/10.1177/096120339300200605
https://doi.org/10.1089/jir.1996.16.783
https://doi.org/10.1089/jir.1996.16.783
%20https://doi.org/10.1016/0248-4900%2893%2990138-5
%20https://doi.org/10.1016/0248-4900%2893%2990138-5

M. Wejcik et al.

411

Miiller E.E., Locatelli V., Cocchi D., 1999. Neuroendocrine control of
growth hormone secretion. Physiol. Rev. 79, 511-607, https:/
doi.org/10.1152/physrev.1999.79.2.511

Nadatani Y., Watanabe T., Tanigawa T., Machida H., Okazaki H.,
Yamagami H., Watanabe K., Tominaga K., Fujiwara Y.,
Arakawa T., 2012. High mobility group box 1 promotes small
intestinal damage induced by nonsteroidal anti-inflammatory
drugs through Toll-like receptor 4. Am. J. Pathol. 181, 98-110,
https://doi.org/10.1016/j.ajpath.2012.03.039

Nemet D., Eliakim A., Zaldivar F., Cooper D.M., 2006. Effect of
rhiL-6 infusion on GH—IGF-I axis mediators in humans. Am.
J. Physiol. Regul. Integr. Comp. Physiol. 291, R1663-R1668,
https://doi.org/10.1152/ajpregu.00053.2006

Niimi M., Sato M., Wada Y., Tamaki M., Takahara J., Kawanishi K.,
1994. Analysis of growth hormone release from rat anterior
pituitary cells by reverse hemolytic plaque assay: influence
of interleukin-1. Life Sci. 55, 1807-1813, https://doi.
org/10.1016/0024-3205(94)90091-4

Nussey S., Whitehead S. (Editors), 2001. The pituitary gland.
Endocrinology: An Integrated Approach. BIOS Scientific
Publishers. Milton Park (UK), https://doi.org/10.1201/b15306

O'Neill L.AJ., 2008. The interleukin-1 receptor/Toll-like receptor
superfamily: 10 years of progress. Immunol. Rev. 226, 10-18,
https://doi.org/10.1111/j.1600-065X.2008.00701.x

Orlando S., Matteucci C., Fadlon E.J., Buurman W.A., Bardella M.T.,
Colotta F., Introna M., Mantovani A., 1997. TNF-alpha,
unlike other pro- and anti-inflammatory cytokines, induces
rapid release of the IL-1 type Il decoy receptor in human
myelomonocytic cells. J. Immunol. 158, 3861-3868, https://
doi.org/10.4049/jimmunol.158.8.3861

Parusel R., Steimle A., Lange A., Schafer A., Maerz J.K., Bender A,
Frick J.-S., 2017. An important question: which LPS do you
use? Virulence 8, 1890-1893, https://doi.org/10.1080/21505
594.2017.1361100

Patel Y.C., 1999. Somatostatin and its receptor family. Front.
Neuroendocrinol 20, 157-198, https://doi.org/10.1006/
frne.1999.0183

Payne L.C., Obal Jr F.,, Opp M.R., Krueger J.M., 1992. Stimulation
and inhibition of growth hormone secretion by interleukin-
18; the involvement of growth hormone-releasing
hormone. Neuroendocrinology 56, 118-123, https://doi.
org/10.1159/000126217

Peters V.A., Joesting J.J., Freund G.G., 2013. IL-1 receptor 2 (IL-1R2)
and its role in immune regulation. Brain Behav. Immun. 32,
1-8, https://doi.org/10.1016/j.bbi.2012.11.006

Poltorak A., He X., Smirnova . et al., 1998. Defective LPS signaling
in C3H/Hed and C57BL/10ScCr mice: mutations in Tir4
gene. Science 282, 2085-2088, https://doi.org/10.1126/
science.282.5396.2085

Priego T., Ibafiez De Caceres I., Martin A.l., Villanta MA. Lépez-
Calderdn A., 2004. NO plays a role in LPS-induced decreases
in circulating IGF-1 and IGFBP-3 and their gene expression in
the liver. Am. J. Physiol. Endocrinol. Metab. 286, E50-E56,
https://doi.org/10.1152/ajpendo.00149.2003

Priego T., Ibafiez De Caceres I., Martiin A.l., Villanda M.A., Lopez-
Calderon A., 2003. Endotoxin decreases serum |IGFBP-3
and liver IGFBP-3 mRNA: Comparison between Lewis
and Wistar rats. Mol. Cell. Endocrinolgy 199, 23-28,
https://doi.org/10.1016/S0303-7207(02)00356-8

Przybyt B., Wojcik-Gtadysz A., Gajewska A., Szlis M., 2021. Brain-
derived neurotrophic factor (BDNF) affects somatotrophicaxis
activity in sheep. J. Anim. Feed. Sci. 30, 329-339, https://doi.
org/10.22358/jafs/143353/2021

Raetz C.R.H., Whitfield C., 2002. Lipopolysaccharide endotoxins.
Ann. Rev. Biochem. 71, 635-700, https://doi.org/10.1146/
annurev.biochem.71.110601.135414

Reeh H., Rudolph N., Billing U. et al., 2019. Response to IL-6 trans-
and IL-6 classic signalling is determined by the ratio of the
IL-6 receptor a to gp130 expression: Fusing experimental
insights and dynamic modelling. Cell. Commun. Signal. 17,
46, https://doi.org/10.1186/s12964-019-0356-0

Renaville R., Hammadi M., Portetelle D., 2002. Role of the
somatotropic axis in the mammalian metabolism. Domest.
Anim. Endocrinol. 23, 351-360, https://doi.org/10.1016/
s0739-7240(02)00170-4

Renner U., Newton C. J., Pagotto U., Sauer J., Arzt E., Stalla G.K,,
1995. Involvement of interleukin-1 and interleukin-1 receptor
antagonist in rat pituitary cell growth regulation. Endocrinology
136, 31863193, https://doi.org/10.1210/endo.136.8.7628350

Sabatino M. E., Sosa L.D.V., Petiti J.P., Mukdsi J.H., Mascanfroni |.D.,
Pellizas C.G., Gutiérrez S., Torres A.l., De Paul A.L., 2013.
Functional Toll-like receptor 4 expressed in lactotrophs
mediates LPS-induced proliferation in experimental pituitary
hyperplasia. Exp. Cell. Res. 319, 3020-3034, https://doi.
org/10.1016/j.yexcr.2013.08.012

Scarborough D.E., 1990. Somatostatin regulation by cytokines.
Metabolism 39, 108-111, https://doi.org/10.1016/0026-
0495(90)90224-2

Schettini G., Florio T., Meucci O., Landolfi E., Lombardi G.,
Scala G., Leong D., 1990. Interleukin-1-B modulation
of prolactin secretion from rat anterior pituitary
cells: involvement of adenylate cyclase activity and
calcium mobilization. Endocrinology 126, 1435-1441,
https://doi.org/10.1210/endo-126-3-1435

Silverman M.N., Pearce B.D., Biron C.A., Miller A.H., 2005. Immune
modulation of the hypothalamic-pituitary-adrenal (HPA) axis
during viral infection. Viral Immunol. 18, 41-78, https://doi.
org/10.1089/vim.2005.18.41

Soto L., Martin A., Millan S., Vara E., Lopez-Calderon A., 1998.
Effects of endotoxin lipopolysaccharide administration on the
somatotropic axis. J. Endocrinol. 159, 239-246, https://doi.
0rg/10.1677/joe.0.1590239

Szczepkowska A., Bochenek J., Woéjcik M. Tomaszewska-
Zaremba D., Antushevich H., Tomczyk M., Skipor J., Herman
A., 2022. Effect of caffeine on adenosine and ryanodine
receptorgene expression in the hypothalamus, pituitary,
and choroidplexus in ewes under basal and LPS challenge
conditions. J. Anim. Feed Sci. 32, 17-25, hitps://doi.
org/10.22358/jafs/156762/2022

Szczepkowska A., Wojck M., Tomaszewska-Zaremba D.,
Antushevich H., Krawczyriska A., Wiechetek W., Skipor J.,
Herman A.P., 2021. Acute effect of caffeine on the synthesis
of pro-inflammatory cytokines in the hypothalamus and
choroid plexus during endotoxin-induced inflammation in
a female sheep model. Int. J. Mol. Sci. 22, 13237, https://doi.
org/10.3390/ijms222413237

Taishi P, De A, Alt J., Gardi J., Obal F., Krueger J.M., 2004.
Interleukin-1beta  stimulates growth hormone-releasing
hormone receptor mRNA expression in the rat hypothalamus
in vitro and in vivo. J. Neuroendocrinol. 16, 113-118,
https://doi.org/10.1111/1.0953-8194.2004.01138.x

Teglund S., McKay C., Schuetz E., van Deursen J.M., Stravopodis D.,
Wang D., Brown M., Bodner S., Grosveld G., Ihle J.N., 1998.
Statba and Stat5b proteins have essential and nonessential,
or redundant, roles in cytokine responses. Cell 93, 841-850,
https://doi.org/10.1016/S0092-8674(00)81444-0

Tittle A.M., 1998. Interleukin-1B effects on somatostatin release in
vitro. Master of Science Thesis. Memorial University of
Newfoundland. Newfoundland and Labrador’s University. St.
John’s, Newfoundland and Labrador (Canada)


https://doi.org/10.1152/physrev.1999.79.2.511
https://doi.org/10.1152/physrev.1999.79.2.511
https://doi.org/10.1016/j.ajpath.2012.03.039
https://doi.org/10.1152/ajpregu.00053.2006
https://doi.org/10.1016/0024
https://doi.org/10.1016/0024
https://doi.org/10.1201/b15306
https://doi.org/10.1111/j.1600-065X.2008.00701
https://doi.org/10.4049/jimmunol.158.8.3861
https://doi.org/10.4049/jimmunol.158.8.3861
https://doi.org/10.1080/21505594.2017.1361100
https://doi.org/10.1080/21505594.2017.1361100
https://doi.org/10.1006/frne.1999.0183
https://doi.org/10.1006/frne.1999.0183
https://doi.org/10.1159/000126217
https://doi.org/10.1159/000126217
https://doi.org/10.1016/j.bbi.2012.11.006
https://doi.org/10.1126/science.282.5396.2085
https://doi.org/10.1126/science.282.5396.2085
https://doi.org/10.1152/ajpendo.00149.2003
https://doi.org/10.1016/S0303
https://doi.org/10.22358/jafs/143353/2021
https://doi.org/10.22358/jafs/143353/2021
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1146/annurev.biochem.71.110601.135414
https://doi.org/10.1186/s12964
https://doi.org/10.1016/s0739-7240%2802%2900170-4
https://doi.org/10.1016/s0739-7240%2802%2900170-4
https://doi.org/10.1210/endo.136.8.7628350
https://doi.org/10.1016/j.yexcr.2013.08.012
https://doi.org/10.1016/j.yexcr.2013.08.012
https://doi.org/10.1016/0026
https://doi.org/10.1210/endo
https://doi.org/10.1089/vim.2005.18.41
https://doi.org/10.1089/vim.2005.18.41
https://doi.org/10.1677/joe.0.1590239
https://doi.org/10.1677/joe.0.1590239
https://doi.org/10.22358/jafs/156762/2022
https://doi.org/10.22358/jafs/156762/2022
https://doi.org/10.3390/ijms222413237
https://doi.org/10.3390/ijms222413237
https://doi.org/10.1111/j.0953-8194.2004.01138
https://doi.org/10.1016/S0092

412 Effect of inflammation on the pro-inflammatory cytokines expression in the HPS axis

Udy G.B., Towers R.P,, Snell R.G., Wilkins R.J., Park S.-H., Ram PA,,
Waxman D.J., Davey H.W., 1997. Requirement of STAT5b
for sexual dimorphism of body growth rates and liver gene
expression. Proc. Natl. Acad. Sci. 94, 7239-7244, https://doi.
0rg/10.1073/pnas.94.14.7239

Vambutas A., DeVoti J., Goldofsky E., Gordon M., Lesser M.,
Bonagura V., 2009. Alternate splicing of interleukin-1 receptor
type Il (IL1R2) in vitro correlates with clinical glucocorticoid
responsiveness in patients with AIED. PLoS ONE 4, 5293,
https://doi.org/10.1371/journal.pone.0005293

Vijayakumar A., Novosyadlyy R., Wu Y., Yakar S., LeRoith D., 2010.
Biological effects of growth hormone on carbohydrate and
lipid metabolism. Growth Horm. IGF Res. 20, 1-7, https://doi.
org/10.1016/j.ghir.2009.09.002

Wang P., 2002. The role of endotoxin, TNF-a, and IL-6 in inducing the
state of growth hormone insensitivity. World J. Gastroenterol.
8, 531, https://doi.org/10.3748/wjg.v8.i3.531

Witkowska-Sedek E., Pyrzak B., 2020. Chronic inflammation and
the growth hormone/insulin-like growth factor-1 axis. Cent.
Eur. J. Immunol. 45, 469-475, https://doi.org/10.5114/
ceji.2020.103422

Wojcik M., Krawczyniska A., Antushevich H., Herman A., 2018. Post-
Receptor inhibitors of the GHR-JAK2-STAT pathway in the
growth hormone signal transduction. Int. J. Mol. Sci. 19,
1843, https://doi.org/10.3390/ijms 19071843

Wojtulewicz K., Krawczynska A., Tomaszewska-Zaremba D., Wojcik M.,
Herman A.P., 2020. Effect of acute and prolonged inflammation
on the gene expression of proinflammatory cytokines and their
receptors in the anterior pituitary gland of ewes. Int. J. Mol. Sci.
21, 6939, https://doi.org/10.3390/jms21186939

Wong R., Lénart N., Hill L. et al., 2019. Interleukin-1 mediates
ischaemic brain injury via distinct actions on endothelial cells
and cholinergic neurons. Brain. Behav. Immun. 76, 126-138,
https://doi.org/10.1016/j.bbi.2018.11.012

Xu L., Zhang W., Sun R,, Liu J., Hong J., Li Q., Hu B., Gong F., 2017.
IGF-1 may predict the severity and outcome of patients with
sepsis and be associated with microRNA-1 level changes.
Exp. Ther. Med. 14, 797-804, https://doi.org/10.3892/
etm.2017.4553

ZhaoQ., Yang S.T., Wang J.J. etal., 2015. TNF alpha inhibits myogenic
differentiation of C2C12 cells through NF-kB activation and
impairment of IGF-1 signaling pathway. Biochem. Biophys.
Res. Commun. 458, 790-795, https://doi.org/10.1016/j.
bbrc.2015.02.026

Zhao Y., Xiao X., Frank S.J., Lin HY., Xia Y., 2014. Distinct
mechanisms of induction of hepatic growth hormone
resistance by endogenous IL-6, TNF-a, and IL-1B. Am. J.
Physiol. Endocrinol. Metab. 307, E186-E198, https://doi.
org/10.1152/ajpendo.00652.2013


https://doi.org/10.1073/pnas.94.14.7239
https://doi.org/10.1073/pnas.94.14.7239
https://doi.org/10.1371/journal.pone.0005293
https://doi.org/10.1016/j.ghir.2009.09.002
https://doi.org/10.1016/j.ghir.2009.09.002
https://doi.org/10.3748/wjg.v8.i3.531
https://doi.org/10.5114/ceji.2020.103422
https://doi.org/10.5114/ceji.2020.103422
https://doi.org/10.3390/ijms19071843
https://doi.org/10.3390/ijms21186939
https://doi.org/10.1016/j.bbi.2018.11.012
https://doi.org/10.3892/etm.2017.4553
https://doi.org/10.3892/etm.2017.4553
https://doi.org/10.1016/j.bbrc.2015.02.026
https://doi.org/10.1016/j.bbrc.2015.02.026
https://doi.org/10.1152/ajpendo.00652.2013
https://doi.org/10.1152/ajpendo.00652.2013

	_GoBack

