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Abstract: The pars tuberalis (PT) plays an important role in the photoperiodic regulation of the
secretory activity of the pituitary gland. Additionally, PT secretory activity may be influenced
by the animal’s immune status. The melatonin signal processing in PT cells occurs through the
presence of melatonin receptors and the expression of molecular clock genes. This study aimed to
define the effects of acute inflammation induced by intravenous administration of lipopolysaccharide
(LPS) on the expression of clock genes in the PT of ewes under different photoperiodic conditions.
Two analogous experiments were conducted in different photoperiods: short-day and long-day.
Both experiments included 24 sheep divided into two groups: day (n = 12) and night (n = 12),
further subdivided into a control group (n = 6) and a group treated with LPS (n = 6) at a dose of
400 ng/kg. Under short-day conditions, the expression of clock circadian regulator, basic helix-loop-
helix ARNT like 1, cryptochrome circadian regulator (CRY) 1, 2, and casein kinase 1 epsilon genes
was lower during inflammation. LPS injection increased expression of the period circadian regulator
1 gene during the night. Under long-day conditions, CRY1 mRNA level was lower during the night,
while diurnal CRY2 mRNA expression was decreased after LPS injection. Our results showed that
inflammation disturbed the expression of molecular clock genes in the PT; however, this influence
was partly dependent on photoperiod conditions.

Keywords: clock genes; LPS; ovine; pars tuberalis; photoperiod

1. Introduction

In animals, daily and seasonal fluctuations in physiology are observed, including
sleep and wakefulness rhythm, reproduction, or changes in coloration, which enable
adaptation to shifting environmental conditions. The changing of night length is the
primary environmental signal governing these rhythms [1]. Many animals exhibit seasonal
rhythms also in their reproductive processes, where breeding activity is limited to the most
optimal time of year to ensure that birth is timed to occur during optimal conditions for
offspring growth and development, as well as maternal lactation support. These animals
can be categorized into two groups, i.e., long-day breeders and short-day breeders [2].
The first group includes species such as ferrets, hedgehogs, hamsters, and horses, which
begin the breeding season following the winter solstice. Conversely, short-day breeders,
including deer, goats, and sheep, initiate their reproductive activity as daylight hours
shorten, typically from late summer to early autumn [3]. At the molecular level, both
seasonal and circadian rhythms are regulated by a molecular clock mechanism based on
complex transcriptional and translational feedback loops (TTL) involving the so-called
clock genes [4]. The activating complexes in the positive feedback loop are heterodimers
formed by the circadian locomotor output cycles kaput (CLOCK) and basic helix-loop-helix
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ARNT-like protein 1 (BMAL) proteins. These complexes activate the expression of genes
encoding period circadian regulator (PER) 1 and 2, and cryptochrome circadian regulator
(CRY) 1 and 2 [5]. The resulting PER-CRY protein heterodimer is transported to the cell
nucleus, where it inhibits its own gene expression by interacting with the CLOCK-BMAL
complex. The degradation of the PER protein, preceded by its appropriate phosphorylation,
is necessary to unblock Per and Cry gene transcription. Casein kinase 1 epsilon (CK1ε)
and casein kinase 1 delta (CK1δ) are the main kinases that regulate the levels of the PER-
CRY complex. They phosphorylate PER and CRY proteins, leading to their proteasomal
degradation, which drives the entire cycle [4–6]. Light, along with the ratio of day-to-
night length, serves as the primary synchronizer of the molecular clock. The light signal
is transmitted to the central clock located in the suprachiasmatic nuclei (SCN) through
neural pathways [7]. Melatonin in turn is the primary transmitter synchronizing clock gene
expression to day/night conditions in other tissues. This indoleamine is synthesized in
the dark in the pinealocytes of the pineal gland, and its quantity strictly depends on the
duration of the dark phase. The necessary compound of melatonin synthesis is tryptophan,
transformed by hydroxylase into 5-hydroxytryptophan, which is in turn transformed by 5-
hydroxytryptophan decarboxylase into 5-hydroxytryptamine (serotonin). Further synthesis
involves N-acetylation by serotonin N-acetyltransferase (its activity varies daily) to form
N-acetylserotonin, which is O-methylated by 5-hydroxyindole-O-methyltransferase to form
5-methoxy-N-acetyltryptamine or melatonin [8]. It should be noted, however, that the
absence of the melatonin signal does not abolish the rhythmic expression of clock genes,
because the rhythm is maintained in constant conditions, i.e., without light, with a period
of approximately 24 h [7,9–11].

Adaptation of the body to changing environmental conditions relies on the dynamic
activity of numerous endocrine systems [12]. Research has shown that the production,
secretion, and abundance of various endocrine factors are tightly regulated by predictable
time-of-day patterns, as is the sensitivity of target organs to these signals [13]. Most mam-
malian species show seasonal variations in their ovulation frequency, with the activity
of the hypothalamic–pituitary–gonadal (HPG) axis also exhibiting diurnal fluctuation.
Reproductive processes are regulated by gonadotropin-releasing hormone (GnRH) synthe-
sized in hypothalamic neurons and secreted into the pituitary portal circulation. Changes
in the frequency and amplitude of GnRH impulses have a varied impact on the syn-
thesis and release of luteinizing hormone (LH) and follicle-stimulating hormone (FSH)
from the pituitary [14–18]. It has been postulated that, partially, circadian differences in
gonadotropins secretion may be due to changes in GnRH release generated by the endoge-
nous clock located in the suprachiasmatic nucleus (SCN) [19]. However, it is believed that
photoperiod-dependent changes in gonadotropins secretion are influenced by melatonin
action within the anterior lobe of the pituitary gland known as the pars tuberalis (PT). PT
cells secrete hormones, including gonadotropins [20], but also express melatonin receptors
(MT1), which distinguishes them from other pituitary cells [16,18]. It has been proposed that
the PT regulates and supports the secretory activity of the pars distalis (PD) [21] and plays a
crucial role as a master controller of seasonal breeding in mammals [22]. Moreover, our
previous study has shown that PT cells express genes encoding several pro-inflammatory
cytokines and their corresponding receptors, suggesting that this region of the pituitary
gland may also be one of the areas for immune–endocrine interactions which may be
dependent on light conditions [23].

It is worth mentioning that immune/inflammatory challenges activated by numerous
stimuli, including bacterial endotoxin, may inhibit reproductive processes in animals,
affecting the secretory activity of the HPG axis [24–26]. Inflammation induced by bacterial
endotoxin-lipopolysaccharide (LPS) administration may decrease GnRH neuronal activity
by stimulating negative inputs such as opioids and GABA. LPS administration to adult rats
inhibited steroid-induced LH release and reduced Fos expression in GnRH neurons [27].
The administration of LPS has been also found to suppress the pulsatile LH release in
gonadectomized rats [28–30]. The study on sheep also showed that endotoxin-induced
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inflammation could alter circulating concentrations of LH at the level of the pituitary
via inhibition of LH production and release or inhibition of the LH response to GnRH
stimulation [31]. Both acute and prolonged inflammation influence LH secretion in a
similar manner; however, only prolonged inflammation disturbs the secretion of FSH
in ewes [17,32,33]. Our previous study showed that acute inflammation also affects the
melatonin action on LH secretion from the PT, which may be one of the mechanisms via
which immune/inflammatory challenges disturb reproduction processes in animals [31].
This also suggests that inflammation may be an important factor influencing the functioning
of PT. However, there is a lack of studies analyzing the effect of peripheral inflammation
on the clock gene expression in the mammalian pituitary.

Our previous study also described diurnal and seasonal changes in basal clock gene
expression in the PT of ovines. We found that both diurnal and nocturnal PT clock gene
expression was higher during the short-day (SD) season compared to the long-day (LD)
photoperiod. This means that protein products resulting from the expression of these
genes may have a stronger effect on PT secretory activity under SD conditions [18]. The
importance of the proper functioning of the biological clock in the PT for pituitary hormone
secretion was underscored by the work carried out on transgenic PER1 and MT1 knockout
mice, diagnosed with a reversed expression rhythm of the gene encoding the beta subunit
of thyroid stimulating hormone (TSH) or a switch-off of the day–night rhythm of TSHβ
gene expression [34]. Considering the key role of the PT in the specific integration and
processing of signals from the endocrine and immune systems, as well as its involvement
in the photoperiodic control of hormone secretion, it is necessary to better understand
the processes occurring in this region of the pituitary gland. Therefore, this study aimed
to define the influence of acute inflammation induced by intravenous administration of
bacterial endotoxin on the expression of clock genes in the PT of ewes under different
photoperiodic conditions.

2. Results
Effect of LPS Administration on the Expression of Clock Genes in the PT

The influence of inflammation on the expression of clock genes in the PT depended
upon the photoperiodic conditions. Endotoxin treatment reduced (p < 0.05) the level of
mRNA for CLOCK both during the day and at night in the SD season (Figure 1A). On the
other hand, the administration of LPS did not influence the gene expression of CLOCK
during LD (Figure 1B). The expression of the BMAL gene was also reduced (p < 0.05) by
LPS administered in SD conditions (Figure 2A), while in the LD photoperiod, the level of
this gene expression did not change (Figure 2B). Inflammation lowered (p < 0.05) the level
of CRY1 gene expression under SD conditions both during the day and at night (Figure 3A),
whereas during LD, endotoxin injection inhibited (p < 0.05) only the nocturnal expression
of this gene (Figure 3B).

Interestingly, our research showed that, unlike the clock genes mentioned, there are
no seasonal differences in the effect of acute inflammation of the gene expression of CRY2,
PER2, and CK1. It was found that the administration of LPS decreased (p < 0.05) the diurnal
and nocturnal expression of the CRY2 gene. This effect was observed both in SD (Figure 4A)
and LD conditions (Figure 4B). Endotoxin administered under SD conditions decreased
(p < 0.05) the diurnal expression of the PER1 mRNA, while it increased (p < 0.05) the
nocturnal expression of this gene (Figure 5A). The same effect of LPS-induced inflammation
on the level of PER2 mRNA was demonstrated under the LD photoperiod (Figure 5B).
The administration of endotoxin in SD (Figure 6A) and LD (Figure 6B) conditions lowered
(p < 0.05) the level of mRNA for CK1 both during the day and at night.
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Figure 1. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of 
clock circadian regulator (CLOCK) under short-day (SD) (A) and long-day (LD) (B) conditions dur-
ing the day and night. Data are presented as means ± SEM; significant differences marked with 
different capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s 
post hoc test. Statistical significance was stated when (p < 0.05). Values marked with the same capital 
letters do not differ significantly. 
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Figure 1. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of
clock circadian regulator (CLOCK) under short-day (SD) (A) and long-day (LD) (B) conditions during
the day and night. Data are presented as means ± SEM; significant differences marked with different
capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s post hoc
test. Statistical significance was stated when (p < 0.05). Values marked with the same capital letters
do not differ significantly.
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Figure 2. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of 
clock circadian regulator (BMAL1) under short-day (SD) (A) and long-day (LD) (B) conditions dur-
ing the day and night. Data are presented as means ± SEM; significant differences marked with 
different capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s 
post hoc test. Statistical significance was stated when (p < 0.05). Values marked with the same capital 
letters do not differ significantly. 
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Figure 2. Cont.
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Figure 2. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of
clock circadian regulator (BMAL1) under short-day (SD) (A) and long-day (LD) (B) conditions during
the day and night. Data are presented as means ± SEM; significant differences marked with different
capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s post hoc
test. Statistical significance was stated when (p < 0.05). Values marked with the same capital letters
do not differ significantly.
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Figure 3. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of 
clock circadian regulator (CRY1) under short-day (SD) (A) and long-day (LD) (B) conditions during 
the day and night. Data are presented as means ± SEM; significant differences marked with different 
capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s post hoc 
test. Statistical significance was stated when (p < 0.05). Values marked with the same capital letters 
do not differ significantly. 
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Figure 3. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of
clock circadian regulator (CRY1) under short-day (SD) (A) and long-day (LD) (B) conditions during
the day and night. Data are presented as means ± SEM; significant differences marked with different
capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s post hoc
test. Statistical significance was stated when (p < 0.05). Values marked with the same capital letters
do not differ significantly.
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Figure 4. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of
clock circadian regulator (CRY2) under short-day (SD) (A) and long-day (LD) (B) conditions during
the day and night. Data are presented as means ± SEM; significant differences marked with different
capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s post hoc
test. Statistical significance was stated when (p < 0.05). Values marked with the same capital letters
do not differ significantly.
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Figure 5. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of
clock circadian regulator (PER1) under short-day (SD) (A) and long-day (LD) (B) conditions during
the day and night. Data are presented as means ± SEM; significant differences marked with different
capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s post hoc
test. Statistical significance was stated when (p < 0.05). Values marked with the same capital letters
do not differ significantly.
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Figure 6. Effect of lipopolysaccharide (LPS) injection at a dose of 400 ng/kg bw on the expression of
clock circadian regulator (CK1) under short-day (SD) (A) and long-day (LD) (B) conditions during
the day and night. Data are presented as means ± SEM; significant differences marked with different
capital letters above the bars were analyzed by a two-way ANOVA followed by a Fisher’s post hoc
test. Statistical significance was stated when (p < 0.05). Values marked with the same capital letters
do not differ significantly.
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3. Discussion

The results support previous findings indicating circadian fluctuation in the clock gene
mRNA level in the PT [18,33]. On the other hand, it should be noted that in previous works,
the trend of circadian changes in the expression of clock genes remained relatively constant,
irrespective of the season analyzed [18]. The present study demonstrated a predominantly
inhibitory effect of acute inflammation induced by bacterial endotoxin injection on the
expression of molecular clock genes in the PT, but only under SD conditions. The only
exception was the PER1 gene, whose expression was reduced by LPS administration
during the day, while at night, endotoxin-treated animals showed increased PER1 mRNA
expression in the PT. Meanwhile, the impact of LPS administration on clock gene expression
under LD conditions was more variable, with reductions observed in daytime BMAL and
CRY2 gene expression, and in night-time CRY2 gene expression.

Our findings in the sheep model demonstrated that acute immune stress induced by
endotoxin injection affected the expression of certain clock genes in the PT. These results
are consistent with previous studies on rodents showing that intraperitoneal administra-
tion of LPS-induced photic-like phase delays in mice [35], or suppression of biological
clock genes in male Wistar rats caused by intravenous LPS [36]. Moreover, another mouse
study revealed that LPS injection suppressed the amplitude of Per2 expression in the ovary,
while also inhibiting the expression of cytochrome P450 aromatase (CYP19) and luteiniz-
ing hormone receptor (LHr) genes on the ovary of mice treated with equine chorionic
gonadotropin (eCG). This suggests that the inflammation-dependent inhibition of Per2
expression may be associated with the inhibition of CYP19 and LHr expression by LPS in
the ovaries of immature mice [37]. These findings collectively imply that immune system
activation should be regarded as a stimulating signal for circadian clock gene expression
both in nocturnal and diurnal animals. Although the expression patterns of most clock
genes are similar in both nocturnal and diurnal species [38], our study, demonstrating
that inflammation may disturb the expression of clock genes in the PT, may be more
representative of diurnal animals. It should be noted that dysregulation of clock gene
expression could have a significant impact on animal health status, including immune
system function. Among these genes, BMAL1 seems to play the most important role in the
immune response. Previous research demonstrated that mice with Bmal1 deletion lacked
a circadian rhythm in the levels of pro-inflammatory cytokines (especially IL-6) during
endotoxin-induced inflammation [39,40]. BMAL1 was also found to play a significant role
in the development of B cells. In mice with the Bmal1−/− genotype, a reduced number of
mature B cells was present in the peripheral blood, bone marrow, and spleen [41]. Moreover,
in a model of Listeria monocytogenes infection, Bmal1 was shown to regulate the circadian
rhythm of monocyte recruitment to tissues [41,42]. CLOCK is another gene whose activity
is important for the functioning of the inflammatory response. A reduced inflammatory
response to endotoxin was found to occur in Clock knockout mice [43]. Decreased activity
of nuclear factor kappa-light-chain-enhancer of activated B cells (NF-κB) was demonstrated
in Clock-deficient animals, whereas NF-κB activation was directly proportional to Clock
overexpression. Importantly, the same study showed an inverse relationship between
NF-κB activation and Bmal1 gene expression [44]. Studies have reported that PER and
CRY proteins play crucial roles in the control of cancer cell development. In mice, Per1
and Per2 were identified as tumor suppressors, while PER2-deficient animals had an in-
creased risk of genetic and UV-induced cancer [45]. Conversely, overexpression of both Per
genes was shown to inhibit cancer cell growth in vivo and promote apoptosis in vitro [45].
Interestingly, mice lacking both p53 and CRY protein expression did not develop cancers
and had a longer lifespan compared to those deficient in p53 alone [46]. Reduced levels of
CRY1/CRY2 proteins were also found to promote cellular apoptosis in animals exposed to
UV radiation [47–49]. Thus, CRY deficiency and PER overexpression appear to act similarly
in inhibiting tumor growth, suggesting that disruption of circadian genes during aging
involves a complex interplay between their roles in the circadian clock and other cellular
processes and pathways [50]. Importantly, accumulating evidence from human studies
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suggests that modern lifestyles, which significantly disturb the body’s natural circadian
rhythms, may consequently lead to disruptions in reproductive processes [51], increased
cancer risk [52,53], cardiovascular diseases [54,55], and many other health problems.

The proper rhythmic changes in the expression of biological clock genes may regulate
the secretory activity of numerous glands. A recent study on rats aimed to determine the
role of clock genes in the endocrine function of the pineal gland, particularly focusing on
the transcription of the alkylamine N-acetyltransferase (Aanat) gene encoding the enzyme
responsible for generating the rhythm of melatonin synthesis. The study showed that
knocking down the Clock gene resulted in a marked overexpression of Aanat in pinealocytes,
suggesting that the expression of this gene in these cells regulates the diurnal profile of
Aanat expression [56]. Another study on mice provided evidence supporting the critical role
of clock genes in the control of tear secretion in the lacrimal gland. Diurnal and circadian
rhythms were demonstrated to occur during tear secretion in wild-type mice, with tear
volume increased in the objective and subjective night. Conversely, disruption in diurnal
and circadian rhythms of tear secretion was observed in mice deficient in core clock genes
(Cry1−/− Cry2−/−) [57].

The proper functioning of the biological clock also appears to be important for the
function of the pituitary gland. An in vitro study revealed a correlation of the expres-
sion of Per2 and Clock with proopiomelanocortin (POMC) and prolactin in pituitary cells.
Knockdown experiments targeting Per2 and Clock resulted in the suppression of POMC
and PRL expression, respectively [58]. Moreover, the latter study suggested that this effect
could be partially induced by melatonin which inhibited Per2 expression in corticotroph
cells, but did not affect Clock in lactotroph cells [58]. This implied that the clock gene
could be involved in the melatonin-dependent modulation of certain pituitary hormone
synthesis pathways. The PT is a part of the pituitary gland involved in the photoperiodic
regulation of hormone secretion because cells located in this area express melatonin recep-
tors [21,59]. This in turn enables melatonin to influence the activity of PT cells and may
explain day–night differences in clock gene expression found in our study. It should be
noted that our previous ex vivo studies suggested an important role of the PT in the secre-
tion of LH, as they demonstrated that the basal and GnRH-stimulated secretion of LH in
the PT explants was even higher than that determined in anterior pituitary explants [60,61].
Additionally, it was found that the stimulatory effect of GnRH on LH release could be
abolished by melatonin administration [60]. Daily changes in the circulating concentration
of melatonin play an important role in the photoperiodic regulation of gonadotropins,
particularly LH levels. Studies confirm that in sheep, both the level of LH mRNA and the
concentration of this hormone in the blood are higher during the day. Moreover, these
values are higher in animals in the follicular phase compared to animals in the anestrus
phase [16]. It is noteworthy that studies on mice gonadotrophs showed the presence of
a functional molecular clock in these cells. A conditional deletion of Bmal1 in this cell
population was found to cause only a modest increase in LH levels in proestrus, and
increased FSH levels during estrus, resulting in increased variability in the estrus cycle,
but no impact on fertility. This data suggests that the intrinsic clock in gonadotrophs is
dispensable for LH surge regulation, but contributes to the stability of the estrus cycle [62].
An in vitro study on mouse gonadotropin LβT2 cells revealed that clock genes and the bone
morphogenetic protein (BMP) system could be involved in the regulation of gonadotropin
secretion by GnRH. The latter authors demonstrated that LH expression in gonadotropin
LβT2 cells exhibited Bmal1/Clock-dependent fluctuations under the influence of GnRH.
After GnRH stimulation, these fluctuations were modulated in a phase-dependent manner
by extracellular signal-regulated kinases (ERKs) and bone morphogenetic proteins (BMPs)
in the early and late stages, respectively [63].
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4. Materials and Methods
4.1. Experimental Design

Two analogous experiments were conducted at two different photoperiods that in-
volved 2–3-year-old ewes. The experiments were carried out one month before the winter
solstice (short-day; SD; 8:16) and the summer solstice (long-day; LD; 16:8), respectively. In
the SD photoperiod, the estrus cycle was synchronized using a Chronogest® CR (Merck &
Co., Inc., Rahway, NJ, USA) following the methodology described in [64,65], to minimize
the impact of different levels of gonadal steroids on the inflammatory-dependent response
of the expression of clock gene. The experiments were performed during the 10 days of the
luteal phase, coinciding with estradiol and progesterone plateau. Each experiment included
24 sheep allocated to two groups: day (n = 12) and night (n = 12), with a control subgroup
(n = 6) and an experimental group treated with lipopolysaccharide (LPS) (n = 6) (Figure 7).
The animals were housed indoors under natural lighting conditions (52◦ N, 21◦ E) and had
constant access to food according to the recommendation of the National Research Institute
of Animal Production for adult ewes [66]. The ewes had visual contact with each other
to avoid isolation stress. Three hours before midday or midnight, an appropriate volume
of LPS isolated from E. coli 055:B5 (400 ng/kg BW) (Merck KGaA, Darmstadt, Germany),
dissolved in saline (0.9% w/v NaCl; Baxter, Deerfield, IL, USA), was injected intravenously
(iv.) into the jugular vein using an intrajugular catheter (implanted the day before the
experiment). The maximum volume of the injected LPS solution never exceeded 2.5 mL.
The control group was administered the same volume of NaCl based on their body weight.
The efficiency of the LPS treatment in inducing an inflammatory response was assessed
by measuring body temperature (from 39.1 ◦C ± 0.3 to ±41.0 ◦C ± 0.2). All procedures in
the night experiment were performed under red light. Animal euthanasia was performed
at midday or midnight. Sheep were slaughtered after prior pharmacological stunning
(xylazine 0.2 mg/kg of body mass and ketamine: 3 mg/kg of body mass, iv.) according
to the method described elsewhere [67], and the brains were promptly removed from the
skulls; the PT was dissected, immediately frozen in liquid nitrogen, and stored at −80 ◦C
until further analysis.
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Figure 7. Schematic of the experimental set-up carried out analogously under short-day (SD, 8:16)
and long-day (LD, 16:8) conditions. In each experiment (n = 24), animals were divided into day
(n = 12) and night groups (n = 12), with subgroups formed within each group–control (n = 6) and
lipopolysaccharide-treated (LPS; 400 ng/kg bw; iv.; n = 6) animals.

All procedures on animals were carried out with the approval of the Local Ethics
Committee of Warsaw University of Life Sciences at SGGW (Warsaw, Poland), authorized
under No. 23/2015 (approved on 21 May 2015) and No. WAW2/62/2017 (approved on 21
June 2017).
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4.2. Analysis of Relative Gene Expression by RT-qPCR

Total RNA isolation from PT was performed by the NucleoSpin® RNA kit (MACHEREY-
NAGEL GmbH and Co. KG, Düren, Germany). All isolation steps were conducted follow-
ing the manufacturer’s instructions. The purity and integrity of the obtained RNA were
confirmed according to the method described in the publication [60]. For cDNA synthesis,
the Maxima™ First Strand cDNA Synthesis Kit for RT-qPCR (Thermo Fisher Scientific,
Waltham, MA, USA) was used. The real-time PCR reactions were conducted on a Rotor-
Gene Q machine (Qiagen, Dusseldorf, Germany) using HOT FIREPol EvaGreen® qPCR
Mix Plus (Solis BioDyne, Tartu, Estonia) and specific oligonucleotide primers (Genomed,
Warsaw, Poland). The primers used for analysis were selected based on our previous study
or originally designed using the Primer3 version 4.1.00 (The Whitehead Institute, Boston,
MA, USA) bioinformatic tool (Table 1). Amplification specificity was confirmed by the final
melting curve analysis.

Table 1. Genes analyzed by real-time PCR: full names and abbreviations.

GenBank Acc. No. Gene Amplicon Size
[bp]

Forward/
Reverse

Sequence
5′→3′ Reference

NM_001009284.2
B2M

beta-2 microglobulin 119
Forward CTTCTGTCCCACGCTGAGTT Originally designedReverse GGTGCTGCTTAGAGGTCTCG

U39357 ACTB
actin beta 168

Forward CTTCCTTCCTGGGCATGG [68]Reverse GGGCAGTGATCTCTTTCTGC

NM_001034034
GAPDH

glyceraldehyde-3-phosphate dehydrogenase 134
Forward AGAAGGCTGGGGCTCACT [68]Reverse GGCATTGCTGACAATCTTGA

NM_001130932.1
CLOCK

clock circadian regulator 115
Forward CAGTCAGTCTCAAGGAAGCGT Originally designedReverse GGTGTAGAGGAAGGGTCCGA

NM_001129734.1
BMAL

Basic helix-loop-helix-ARNT like 1 92
Forward CGGAGTCGGTGGTTCAGTTT Originally designedReverse TCCAGGACGTTGGCTAAAACA

NM_001129735.1
CRY1

cryptochrome circadian regulator 1 150
Forward TAGCAGCAGTGCAAGTTGT Originally designedReverse TGCGTGTCCTCTTCCTGACTA

NM_001129736.1
CRY2

cryptochrome circadian regulator 2 139
Forward GATTGCGGCTCCATGACAAC Originally designedReverse GACTGAAGCAGGAACCTCCA

XM_027974927.1
PER1

period circadian regulator 1 138
Forward GTCCCTGCTACTGGCACATT Originally designedReverse GGAGCAACTGGAGGCTTCTT

NM_001078109.1
CK1ε

casein kinase 1 epsilon 143
Forward CACCTGGGCATCGAGCAAA Originally designedReverse TTCTTCTCGCTGATCCGCTC

Relative gene expression analysis was performed using Rotor-Gene Q Series Software
1.7 (Qiagen GmbH, Hilden, Germany) according to a previous study [18]. Gene expression
values were normalized to the average relative level of determined mRNA in the control
group from the SD photoperiod, which was set to 1.0.

4.3. Statistical Analysis

The obtained results were analyzed with a two-way (two parameters: day/night and
LPS) analysis of variance (ANOVA) and then with Fisher’s post hoc test in the STATISTICA
12 software (Stat Soft. Inc., Tulsa, OK, USA). Data are presented as means ± SEM, with
statistical significance set at p < 0.05.

5. Conclusions

Our research demonstrated that endotoxin-induced inflammation disrupted the ex-
pression of molecular clock genes in the ovine PT, but this effect was partly dependent
on photoperiodic conditions. We found that there are important seasonal differences in
the effect of inflammation on the expression of CLOCK, BMAL, and CRY2 in the ovine PT.
On the other hand, acute inflammation influences the expression of CRY2, PER2, and CK1
genes in the PT in a season-independent manner. Given the importance of clock genes for
PT secretory activity, such disturbances may have a significant impact on the function of
the anterior pituitary gland, subsequently affecting the endocrine system. A better under-
standing of the mechanisms through which inflammation interferes with endocrine activity



Int. J. Mol. Sci. 2024, 25, 11471 12 of 14

may be valuable for both human and veterinary medicine. However, a more thorough
elucidation of the PT’s role in the processing of photoperiodic and immunological signals
requires further in-depth research.
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32. Herman, A.; Kopycińska, K.; Krawczyńska, A.; Romanowicz, K.; Tomaszewska-Zaremba, D. The Effect of Repeated Endotoxin
Injections on Gonadotropin Secretion in Ewes. J. Anim. Feed Sci. 2014, 23, 217–221. [CrossRef]

33. Lincoln, G.A.; Andersson, H.; Hazlerigg, D. Clock Genes and the Long-Term Regulation of Prolactin Secretion: Evidence for a
Photoperiod/Circannual Timer in the Pars Tuberalis. J. Neuroendocrinol. 2003, 15, 390–397. [CrossRef] [PubMed]

34. Barrett, P.; Bolborea, M. Molecular Pathways Involved in Seasonal Body Weight and Reproductive Responses Governed by
Melatonin. J. Pineal Res. 2012, 52, 376–388. [CrossRef] [PubMed]

35. Marpegán, L.; Bekinschtein, T.A.; Costas, M.A.; Golombek, D.A. Circadian Responses to Endotoxin Treatment in Mice.
J. Neuroimmunol. 2005, 160, 102–109. [CrossRef]

36. Okada, K.; Yano, M.; Doki, Y.; Azama, T.; Iwanaga, H.; Miki, H.; Nakayama, M.; Miyata, H.; Takiguchi, S.; Fujiwara, Y.; et al.
Injection of LPS Causes Transient Suppression of Biological Clock Genes in Rats. J. Surg. Res. 2008, 145, 5–12. [CrossRef]

37. Shimizu, T.; Watanabe, K.; Anayama, N.; Miyazaki, K. Effect of Lipopolysaccharide on Circadian Clock Genes Per2 and Bmal1 in
Mouse Ovary. J. Physiol. Sci. 2017, 67, 623–628. [CrossRef]

38. Challet, E. Minireview: Entrainment of the Suprachiasmatic Clockwork in Diurnal and Nocturnal Mammals. Endocrinology 2007,
148, 5648–5655. [CrossRef]

39. Gibbs, J.E.; Blaikley, J.; Beesley, S.; Matthews, L.; Simpson, K.D.; Boyce, S.H.; Farrow, S.N.; Else, K.J.; Singh, D.; Ray, D.W.; et al.
The Nuclear Receptor REV-ERB Mediates Circadian Regulation of Innate Immunity through Selective Regulation of Inflammatory
Cytokines. Proc. Natl. Acad. Sci. USA 2012, 109, 582–587. [CrossRef]

40. Curtis, A.M.; Bellet, M.M.; Sassone-Corsi, P.; O’Neill, L.A.J. Circadian Clock Proteins and Immunity. Immunity 2014, 40, 178–186.
[CrossRef]

41. Sun, Y.; Yang, Z.; Niu, Z.; Peng, J.; Li, Q.; Xiong, W.; Langnas, A.N.; Ma, M.Y.; Zhao, Y. MOP3, a Component of the Molecular
Clock, Regulates the Development of B Cells. Immunology 2006, 119, 451–460. [CrossRef] [PubMed]

42. Nguyen, K.D.; Fentress, S.J.; Qiu, Y.; Yun, K.; Cox, J.S.; Chawla, A. Circadian Gene Bmal1 Regulates Diurnal Oscillations of Ly6Chi
Inflammatory Monocytes. Science 2013, 341, 1483–1488. [CrossRef] [PubMed]

43. Bellet, M.M.; Deriu, E.; Liu, J.Z.; Grimaldi, B.; Blaschitz, C.; Zeller, M.; Edwards, R.A.; Sahar, S.; Dandekar, S.; Baldi, P.; et al.
Circadian Clock Regulates the Host Response to Salmonella. Proc. Natl. Acad. Sci. USA 2013, 110, 9897–9902. [CrossRef] [PubMed]

44. Spengler, M.L.; Kuropatwinski, K.K.; Comas, M.; Gasparian, A.V.; Fedtsova, N.; Gleiberman, A.S.; Gitlin, I.I.; Artemicheva, N.M.;
Deluca, K.A.; Gudkov, A.V.; et al. Core Circadian Protein CLOCK Is a Positive Regulator of NF-κB–Mediated Transcription. Proc.
Natl. Acad. Sci. USA 2012, 109, E2457–E2465. [CrossRef] [PubMed]

45. Yu, E.A.; Weaver, D.R. Disrupting the Circadian Clock: Gene-Specific Effects on Aging, Cancer, and Other Phenotypes. Aging
2011, 3, 479–493. [CrossRef]

https://doi.org/10.22358/jafs/169747/2023
https://doi.org/10.1111/j.1365-2826.2009.01845.x
https://doi.org/10.1152/physrev.00003.2011
https://www.ncbi.nlm.nih.gov/pubmed/15361816
https://doi.org/10.1111/jne.13124
https://www.ncbi.nlm.nih.gov/pubmed/35384117
https://doi.org/10.22358/jafs/65581/2016
https://doi.org/10.22358/jafs/67366/2016
https://doi.org/10.1016/S1642-431X(12)60091-6
https://doi.org/10.1177/1933719108330087
https://doi.org/10.12717/DR.2016.20.2.113
https://doi.org/10.1046/j.1365-2826.2003.01031.x
https://doi.org/10.1159/000054323
https://doi.org/10.1292/jvms.59.93
https://doi.org/10.1016/S0739-7240(03)00042-0
https://www.ncbi.nlm.nih.gov/pubmed/12963096
https://doi.org/10.22358/jafs/65683/2014
https://doi.org/10.1046/j.1365-2826.2003.00990.x
https://www.ncbi.nlm.nih.gov/pubmed/12622839
https://doi.org/10.1111/j.1600-079X.2011.00963.x
https://www.ncbi.nlm.nih.gov/pubmed/22017374
https://doi.org/10.1016/j.jneuroim.2004.11.003
https://doi.org/10.1016/j.jss.2007.01.010
https://doi.org/10.1007/s12576-017-0532-1
https://doi.org/10.1210/en.2007-0804
https://doi.org/10.1073/pnas.1106750109
https://doi.org/10.1016/j.immuni.2014.02.002
https://doi.org/10.1111/j.1365-2567.2006.02456.x
https://www.ncbi.nlm.nih.gov/pubmed/16925591
https://doi.org/10.1126/science.1240636
https://www.ncbi.nlm.nih.gov/pubmed/23970558
https://doi.org/10.1073/pnas.1120636110
https://www.ncbi.nlm.nih.gov/pubmed/23716692
https://doi.org/10.1073/pnas.1206274109
https://www.ncbi.nlm.nih.gov/pubmed/22895791
https://doi.org/10.18632/aging.100323


Int. J. Mol. Sci. 2024, 25, 11471 14 of 14

46. Gul, S.; Akyel, Y.K.; Gul, Z.M.; Isin, S.; Ozcan, O.; Korkmaz, T.; Selvi, S.; Danis, I.; Ipek, O.S.; Aygenli, F.; et al. Discovery of a
Small Molecule That Selectively Destabilizes Cryptochrome 1 and Enhances Life Span in P53 Knockout Mice. Nat. Commun. 2022,
13, 6742. [CrossRef]

47. Kastan, M.B.; Bartek, J. Cell-Cycle Checkpoints and Cancer. Nature 2004, 432, 316–323. [CrossRef]
48. Lee, S.; Donehower, L.A.; Herron, A.J.; Moore, D.D.; Fu, L. Disrupting Circadian Homeostasis of Sympathetic Signaling Promotes

Tumor Development in Mice. PLoS ONE 2010, 5, e10995. [CrossRef]
49. Ozturk, N.; Lee, J.H.; Gaddameedhi, S.; Sancar, A. Loss of Cryptochrome Reduces Cancer Risk in P53 Mutant Mice. Proc. Natl.

Acad. Sci. USA 2009, 106, 2841–2846. [CrossRef]
50. Dubrovsky, Y.V.; Samsa, W.E.; Kondratov, R.V. Deficiency of Circadian Protein CLOCK Reduces Lifespan and Increases Age-

Related Cataract Development in Mice. Aging 2010, 2, 936–944. [CrossRef]
51. Abo, S.M.C.; Layton, A.T. Modeling the Circadian Regulation of the Immune System: Sexually Dimorphic Effects of Shift Work.

PLoS Comput. Biol. 2021, 17, e1008514. [CrossRef] [PubMed]
52. Härmä, M.; Ojajärvi, A.; Koskinen, A.; Lie, J.-A.; Hansen, J. Shift Work with and without Night Shifts and Breast Cancer Risk in a

Cohort Study from Finland. Occup. Environ. Med. 2023, 80, 1–6. [CrossRef] [PubMed]
53. Haghayegh, S.; Liu, Y.; Zhang, Y.; Strohmaier, S.; Papantoniou, K.; Markt, S.; Giovannucci, E.; Schernhammer, E. Rotating Night

Shift Work and Bladder Cancer Risk in Women: Results of Two Prospective Cohort Studies. Int. J. Environ. Res. Public Health 2023,
20, 2202. [CrossRef] [PubMed]

54. Solymanzadeh, F.; Rokhafroz, D.; Asadizaker, M.; Dastoorpoor, M. Prediction of Risk of Coronary Artery Disease Based on the
Framingham Risk Score in Association with Shift Work among Nurses. Int. J. Occup. Saf. Ergon. 2023, 29, 56–61. [CrossRef]

55. Bortkiewicz, A. Whether Shiftwork, Long Working Hours and Noise Affect the Cardiovascular System. Heart 2022, 109, 338–339.
[CrossRef]

56. Blancas-Velazquez, A.S.; Bering, T.; Bille, S.; Rath, M.F. Role and Neural Regulation of Clock Genes in the Rat Pineal Gland:
Clock Modulates Amplitude of Rhythmic Expression of Aanat Encoding the Melatonin-producing Enzyme. J. Pineal Res. 2023,
75, e12893. [CrossRef]

57. Vu, C.H.V.; Kawashima, M.; Nakamura, W.; Nakamura, T.J.; Tsubota, K. Circadian Clock Regulates Tear Secretion in the Lacrimal
Gland. Exp. Eye Res. 2021, 206, 108524. [CrossRef]

58. Tsukamoto-Yamauchi, N.; Terasaka, T.; Iwasaki, Y.; Otsuka, F. Interaction of Pituitary Hormones and Expression of Clock Genes
Modulated by Bone Morphogenetic Protein-4 and Melatonin. Biochem. Biophys. Res. Commun. 2015, 459, 172–177. [CrossRef]

59. Morgan, P.; Williams, L.M. The Pars Tuberalis of the Pituitary: A Gateway for Neuroendocrine Output. Rev. Reprod. 1996, 1,
153–161. [CrossRef]

60. Wojtulewicz, K.; Tomaszewska-Zaremba, D.; Herman, A. Endotoxin-Induced Inflammation Suppresses the Effect of Melatonin on
the Release of LH from the Ovine Pars Tuberalis Explants—Ex Vivo Study. Molecules 2017, 22, 1933. [CrossRef]
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