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Abstract: Chemerin belongs to the group of adipocyte-derived hormones known as adipokines,
which are responsible mainly for the control of energy homeostasis. Adipokine exerts its influence
through three receptors: Chemokine-like receptor 1 (CMKLR1), G protein-coupled receptor 1 (GPR1),
and C-C motif chemokine receptor-like 2 (CCRL2). A growing body of evidence indicates that
chemerin participates in the regulation of the female reproductive system. According to the literature,
the expression of chemerin and its receptors in reproductive structures depends on the local hormonal
milieu. The aim of this study was to investigate the in vitro effect of prostaglandins E2 (PGE2) and
F2α (PGF2α) on chemerin and chemerin receptor (chemerin system) mRNAs (qPCR) and proteins
(ELISA, Western blotting) in endometrial tissue explants collected from early-pregnant gilts. Both
PGE2 and PGF2α significantly influenced the expression of the chemerin gene, hormone secretion,
and the expression of chemerin receptor genes and proteins. The influence of both prostaglandins on
the expression of the chemerin system varied between different stages of gestation. This is the first
study to describe the modulatory effect of PGE2 and PGF2α on the expression of the chemerin system
in the porcine uterus during early gestation.
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1. Introduction

The relationship between nutritional status and reproductive success in animals has been studied
for many years. Adipokines are a group of adipocyte-derived agents that are responsible mainly
for the regulation of energy metabolism, and they are perceived as the key link between metabolic
status and reproductive functions. The adipokine family includes chemerin, the product of the retinoic
acid receptor responder 2 gene (RARRES2), also known as tazarotene-induced gene 2 (TIG2) [1].
Chemerin circulates in the blood as prochemerin, which consists of 143 amino acids and originates
from a 163 amino acid precursor known as pre-prochemerin [2]. Interestingly, chemerin has been
found to exert pleiotropic effects, including modulation of insulin sensitivity that affects food intake,
energy homeostasis, and adipose tissue function [3,4]. Chemerin has been found to have a chemotactic
properties for immune cells, through promoting the immune cells migration to the inflammation
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sites. It has also been reported that chemerin may inhibit pro-inflammatory cytokines actions, such as
interleukin-6 (IL-6) and tumor necrosis factor-α (TNF-α) [3,5]. In the body, chemerin binds to three
G-protein coupled receptors: Chemokine-like receptor 1 (CMKLR1), G protein-coupled receptor 1
(GPR1), and C-C motif chemokine receptor-like 2 (CCRL2). Chemokine-like receptor 1, also known as
ChemR23 in humans, has been most extensively studied. G protein-coupled receptor 1 is structurally
similar to CMKLR1, but its role has not been elucidated to date. It is believed that GPR1 has
different functions than those of CMKLR1 because both receptors are expressed in different tissues.
Chemokine-like receptor 1 has been detected mainly in macrophages, natural killer cells, plasmacytoid
dendritic cells, and myeloid dendritic cells, whereas GPR1 is expressed in cells related to the central
nervous system [6–8]. CMKLR1 has been found to use MAPK/ERK1/2, AMPK, and PI3K/Akt kinases
to transduce signals, whereas GPR1 acts mainly through the AMPK signaling pathway [9]. The third
receptor, CCRL2, differs from CMKLR1 and GPR1. C-C motif chemokine receptor-like 2 is unable
to transduce the signal, but it binds the N-terminal region of chemerin and exposes the C-terminal
region of the hormone molecule to CMKLR1 that is expressed on the membranes of the neighboring
cells [10]. The expression of the CCLR2 gene and protein was confirmed in neutrophils, T cells,
and macrophages [11].

A growing body of evidence suggests that chemerin may be responsible for the control of
reproductive functions. It has been indicated that the inhibition of the chemerin signaling via the
CMKLR1 receptor in the mice decidua results in embryo abortion [12]. Furthermore, it has been
observed that in women who had early spontaneous abortions, the concentrations of chemerin in the
blood plasma were decreased, whereas the expression of CMKLR1 in the decidua was found to be
elevated [12]. The expression of the chemerin system (a collective term for chemerin and its receptors)
was confirmed in brain structures responsible for reproductive functions, as well as in the lower branches
of the hypothalamic-pituitary-ovarian axis and the female reproductive tract. Chemerin expression
was confirmed in the hypothalami of mice and pigs [13,14]. Chemerin receptor expression was reported
in porcine and bovine pituitaries and hypothalami [14–16]. It has been suggested that chemerin plays
an important role in the structural remodeling of the hypothalamus, and may be responsible for
the regulation of the secretion of hypothalamic hormones connected with feeding behavior [13,17].
The expression of chemerin and its receptors in the porcine hypothalamic structures responsible for
gonadoliberin (GnRH) production, as well as in the pituitary gonadotrophs suggests the potential
involvement of the adipokine in the regulation of the reproductive functions [14,15]. Chemerin system
expression was observed in the human uterus [18,19], in human and rat placenta [1,20], in the ovaries
of women and rodents [1,21,22], and in porcine ovaries, uteri, trophoblasts, and conceptuses [23,24].
The expression of the chemerin system components in the endometrium, trophoblasts, placentas,
and conceptuses suggests that the adipokine may play an important role in the foeto–maternal crosstalk
during early pregnancy, as well as, through the placenta, across the whole gestation period. Chemerin
decreases the in vitro steroidogenesis of granulosa cells, blocks oocyte meiotic progression in cattle,
and suppresses FSH-induced progesterone (P4) and estradiol (E2) secretion in rat preantral follicles
and granulosa cells [21,22,25]. Chemerin also reduced the hCG-induced production of P4 in cultured
follicles and corpora lutea of mice [26]. Our previous research revealed changes in the expression of the
chemerin system in porcine uterine and ovarian tissues and demonstrated changes in serum chemerin
concentrations during the estrous cycle and early gestation. These findings suggest that chemerin
system expression may be dependent on the hormonal milieu [14,23,24]. Similar observations were
made by Yang et al., [26] who reported that chemerin and GPR1 expression in the ovaries of mice
varied during the estrous cycle. Treatment involving PGF2α decreased GPR1 receptor expression at
both gene and protein levels. The above findings supported the formulation of the research hypothesis
postulating that prostaglandins, the key factors that regulate uterine functions in early pregnancy,
affect the endometrial expression of the chemerin system. Therefore, the aim of the present study was
to investigate the influence of prostaglandin E2 (PGE2) and F2α (PGF2α) on the endometrial expression
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of chemerin, CMKLR1, GPR1, and CCRL2 genes, and on the concentrations of chemerin receptor
proteins and chemerin secretion by endometrial tissue explants during early gestation.

2. Results

2.1. The Effect of PGE2 on Chemerin Gene Expression and Protein Secretion by the Endometrial Tissue Explants

In the endometrium, on days 10 to 11 of gestation, PGE2 at the dose of 250 ng/mL enhanced, but at
the dose of 100 ng/mL decreased chemerin gene expression (Figure 1A). On days 12 to 13 of gestation,
PGE2 at all the tested doses caused an increase in chemerin mRNA content (Figure 1C). On days 15 to
16 of pregnancy, PGE2 enhanced chemerin gene expression (100 ng/mL), but decreased the hormone
secretion (100 and 500 ng/mL; Figure 1E,F). Prostaglandin E2 suppressed the endometrial chemerin
gene expression on days 27 to 28 of pregnancy (100, 250, 500 ng/mL), as well as on days 10 to 11 of the
estrous cycle (250 ng/mL; Figure 1G,I; p < 0.05).

In general, PGE2 treatment resulted in an increase of chemerin mRNA expression on days 12 to 13
and 15 to 16 of pregnancy and a decrease on days 27 to 28 of gestation and days 10 to 11 of the cycle.
PGE2 decreased chemerin protein secretion on days 15 to 16 of gestation.

2.2. The Effect of PGE2 on CMKLR1 Gene and Protein Expression in the Endometrial Tissue Explants

In the endometrium, on days 10 to 11 of gestation, PGE2 (100, 250, 500 ng/mL) caused a decrease
in CMKLR1 gene expression (Figure 2A). During the same days, PGE2 at the dose of 250 ng/mL
increased, whereas at doses of 100 and 500 ng/mL decreased the receptor protein concentration
(Figure 2B). On days 12 to 13 of pregnancy, PGE2 increased (250, 500 ng/mL) CMKLR1 mRNA content
and decreased (100, 250, 500 ng/mL) the receptor protein concentration (Figure 2C,D). On days 15 to
16 of gestation, PGE2 at the dose of 250 ng/mL enhanced, but at the dose of 100 ng/mL suppressed
CMKLR1 mRNA content (Figure 2E). During the same days, PGE2 caused a decrease in the receptor
protein concentration (100, 250, 500 ng/mL; Figure 2F). On days 27 to 28 of pregnancy, PGE2 inhibited
CMKLR1 gene expression (250 ng/mL) and enhanced the receptor protein concentration (100, 250,
500 ng/mL; Figure 2G,H). On days 10 to 11 of the estrous cycle, PGE2 at all tested doses caused an
increase in CMKLR1 gene expression but decreased the receptor protein concentration (Figure 2J;
p < 0.05).

In general, PGE2 decreased CMKLR1 gene expression on days 10 to 11 and 27 to 28 of gestation and
protein expression on days 12 to 13 and 15 to 16 of gestation, and 10 to 11 of the cycle. PGE2 enhanced
the receptor gene expression on days 12 to 13 of gestation and 10 to 11 of the cycle, and increased
CMKLR1 protein content on days 27 to 28 of pregnancy.
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Figure 1. The influence of prostaglandin E2 (PGE2; 100, 250, 500 ng/mL) on chemerin mRNA expression
(A,C,E,G,I) and chemerin protein secretion (B,D,F,H,J) in the porcine endometrial tissue explants on
days 10 to 11, 12 to 13, 15 to 16 and 27 to 28 of the pregnancy, and on days 10 to 11 of the estrous
cycle. The gene expression was determined by quantitative real-time PCR. The protein secretion was
determined by an ELISA test. Results are reported as the means ± S.E.M. (n = 5). Bars with different
superscripts differ (p < 0.05).
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Figure 2. The influence of prostaglandin E2 (PGE2; 100, 250, 500 ng/mL) on chemokine-like receptor
1 (CMKLR1) mRNA (A,C,E,G,I) and protein (B,D,F,H,J) expression in the porcine endometrium on
days 10 to 11, 12 to 13, 15 to 16, and 27 to 28 of the pregnancy, and on days 10 to 11 of the estrous cycle.
The gene expression was determined by quantitative real-time PCR. The protein concentration was
determined by the western blotting analysis; upper panels: Representative immunoblots; lower panels:
Densitometric analysis of CMKLR1 protein relative to actin protein. Results are reported as the means
± S.E.M. (n = 5). Bars with different superscripts differ (p < 0.05).

2.3. The Effect of PGE2 on GPR1 Gene and Protein Expression in the Endometrial Tissue Explants

On days 10 to 11 of gestation, PGE2 at all tested doses caused a decrease in GPR1 expression at
both the gene and protein levels (Figure 3A,B). On days 12 to 13 of gestation, PGE2 at the dose of
500 ng/mL increased, but at the doses of 100 and 250 ng/mL inhibited GPR1 gene expression. During
the same days, PGE2 (250 ng/mL) caused an increase in the endometrial GPR1 protein concentration
(Figure 3C,D). On days 15 to 16 of pregnancy, PGE2 caused a decrease in GPR1 mRNA content (100, 250,
500 ng/mL) and increased the receptor protein concentration (100, 500 ng/mL; Figure 3E,F). On days 27
to 28 of pregnancy, PGE2 at all the tested doses caused a decrease in the receptor gene expression and
provoked an increase in GPR1 protein concentration (Figure 3G,H). On days 10 to 11 of the estrous
cycle, PGE2 at the doses of 250 and 500 ng/mL enhanced, but at the dose of 100 ng/mL inhibited the
endometrial GPR1 expression. During the same period, PGE2 at the dose of 100 ng/mL was found to
increase the receptor protein concentration (Figure 3I,J; p < 0.05).
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Figure 3. The influence of prostaglandin E2 (PGE2; 100, 250, 500 ng/mL) on G protein-coupled receptor
1 (GPR1) mRNA (A,C,E,G,I) and protein (B,D,F,H,J) expression in the porcine endometrium on days
10 to 11, 12 to 13, 15 to 16, and 27 to 28 of the pregnancy, and on days 10 to 11 of the estrous cycle.
The gene expression was determined by quantitative real-time PCR. The protein concentration was
determined by the western blotting analysis; upper panels: Representative immunoblots; lower panels:
Densitometric analysis of GPR1 protein relative to actin protein. Results are reported as the means ±
S.E.M. (n = 5). Bars with different superscripts differ (p < 0.05).
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Generally, PGE2 decreased the receptor mRNA content on days 10 to 11, 15 to 16, and 27 to 28 of
pregnancy and GPR1 protein concentration on days 10 to 11 of pregnancy. The prostaglandin increased
GPR1 protein concentration on days 12 to 13, 15 to 16, and 27 to 28 of pregnancy, and 10 to 11 of
the cycle.

2.4. The Effect of PGE2 on CCRL2 Gene and Protein Expression in the Endometrial Tissue Explants

On days 10 to 11 of gestation, PGE2 was found to exert an inhibitory effect on the endometrial
expression of CCRL2 at both the gene (100, 250, 500 ng/mL) and protein (100, 250 ng/mL) levels
(Figure 4A,B). On days 12 to 13 of gestation, PGE2 caused a decrease (100, 250, 500 ng/mL) in CCRL2
expression, but increased (100, 250 ng/mL) the receptor protein concentration (Figure 4C,D). On days 15
to 16 of pregnancy, PGE2 at the dose of 500 ng/mL caused an increase in CCRL2 protein concentration
(Figure 4F). On days 27 to 28 of pregnancy, PGE2 at the dose of 100 ng/mL increased, whereas at the
dose of 500 ng/mL decreased CCRL2 mRNA content (Figure 4G). On these days, PGE2 at all the tested
doses caused an increase in the endometrial CCRL2 protein concentration (Figure 4H). On days 10 to
11 of the estrous cycle, PGE2 at the dose of 250 ng/mL enhanced, but at the dose of 100 ng/mL inhibited
CCRL2 expression (Figure 4I). On these days, PGE2 was observed to decrease (100, 250, 500 ng/mL) the
endometrial CCRL2 protein concentration (Figure 4J; p < 0.05).

In summary, PGE2 inhibited CCRL2 gene expression on days 10 to 11 and 12 to 13 of gestation,
and the receptor protein content on days 10 to 11 of pregnancy and 10 to 11 of the cycle. On days 12 to
13, 15 to 16, and 27 to 28, PGE2 stimulated CCRL2 protein expression.
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Figure 4. The influence of prostaglandin E2 (PGE2; 100, 250, 500 ng/mL) on C-C motif chemokine receptor
like 2 (CCRL2) mRNA (A,C,E,G,I) and protein (B,D,F,H,J) expression in the porcine endometrium on
days 10 to 11, 12 to 13, 15 to 16, and 27 to 28 of the pregnancy, and on days 10 to 11 of the estrous cycle.
The gene expression was determined by quantitative real-time PCR. The protein concentration was
determined by the western blotting analysis; upper panels: Representative immunoblots; lower panels:
Densitometric analysis of CCRL2 protein relative to actin protein. Results are reported as the means ±
S.E.M. (n = 5). Bars with different superscripts differ (p < 0.05).

2.5. The Effect of PGF2α on Chemerin Gene Expression and Protein Secretion by the Endometrial
Tissue Explants

In the endometrium, on days 10 to 11 of pregnancy, PGF2α caused an increase (250, 500 ng/mL)
in chemerin gene expression (Figure 5A). On days 12 to 13 of pregnancy, PGF2α caused an increase
in chemerin mRNA content (100, 250, 500 ng/mL), but decreased (500 ng/mL) its protein secretion
(Figure 5C,D). On days 15 to 16 of gestation, PGF2α caused a decrease in chemerin gene expression
(100, 500 ng/mL), as well as its protein secretion (100, 250, 500 ng/mL; Figure 5E,F). On days 27 to 28 of
pregnancy, PGF2α also decreased both chemerin gene expression (100, 250, 500 ng/mL) and protein
secretion (250 ng/mL) (Figure 5G,H; p < 0.05).
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Figure 5. The influence of prostaglandin F2α (PGF2α; 100, 250, 500 ng/mL) on chemerin mRNA
expression (A,C,E,G,I) and chemerin protein secretion (B,D,F,H,J) in the porcine endometrial tissue
explants on days 10 to 11, 12 to 13, 15 to 16, and 27 to 28 of the pregnancy, and on days 10 to 11 of
the estrous cycle. The gene expression was determined by quantitative real-time PCR. The proteins
secretion was determined by an ELISA test. Results are reported as the means ± S.E.M. (n = 5). Bars
with different superscripts differ (p < 0.05).
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Briefly, PGF2α decreased chemerin mRNA content on days 15 to 16 and 27 to 28 of pregnancy,
and protein secretion on days 12 to 13, 15 to 16, and 27 to 28 of pregnancy. On days 10 to 11 and 12 to
13 of gestation, the prostaglandin enhanced chemerin gene expression.

2.6. The Effect of PGF2α on CMKLR1 Gene and Protein Expression in the Endometrial Tissue Explants

On days 10 to 11 of gestation, PGF2α caused a decrease (100, 250, 500 ng/mL) in CMKLR1
expression and increased (250, 500 ng/mL) the receptor protein concentration (Figure 6A,B). On days
12 to 13 of pregnancy, PGF2α at the dose of 250 ng/mL enhanced CMKLR1 expression (Figure 6C).
On those days, PGF2α at the dose of 500 ng/mL increased, but at the doses of 100 and 250 ng/mL,
decreased the receptor protein concentration (Figure 6D). On days 15 to 16 of pregnancy, PGF2α caused
a decrease in CMKLR1 expression at both the gene (250, 500 ng/mL) and protein (100, 250 ng/mL)
levels (Figure 6E,F). On days 27 to 28 of pregnancy, PGF2α at the dose of 100 ng/mL enhanced, but at
the dose of 500 ng/mL inhibited CMKLR1 expression (Figure 6G). On those days, PGF2α at the doses of
250 and 500 ng/mL was found to enhance the receptor protein expression (Figure 6H). On days 10 to 11
of the estrous cycle, PGF2α provoked an increase in both CMKLR1 gene (100, 250, 500 ng/mL) and
protein (500 ng/mL) expression (Figure 6I,J; p < 0.05).
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Figure 6. The influence of prostaglandin F2α (PGF2α; 100, 250, 500 ng/mL) on chemokine-like receptor
1 (CMKLR1) mRNA (A,C,E,G,I) and protein (B,D,F,H,J) expression in the porcine endometrium on
days 10 to 11, 12 to 13, 15 to 16, and 27 to 28 of the pregnancy, and on days 10 to 11 of the estrous cycle.
The gene expression was determined by quantitative real-time PCR. The protein concentration was
determined by the western blotting analysis; upper panels: Representative immunoblots; lower panels:
Densitometric analysis of CMKLR1 protein relative to actin protein. Results are reported as the means
± S.E.M. (n = 5). Bars with different superscripts differ (p < 0.05).

Summarizing, PGF2α suppressed CMKLR1 gene expression on days 10 to 11 and 15 to 16 of
pregnancy, and the receptor protein expression on days 15 to 16 of pregnancy. On days 12 to 13 of
gestation and 10 to 11 of the cycle, PGF2α enhanced the receptor gene expression, whereas on days 10
to 11, 27 to 28 of pregnancy and 10 to 11 of the cycle, it increased CMKlR1 protein expression.

2.7. The Effect of PGF2α on GPR1 Gene and Protein Expression in the Endometrial Tissue Explants

In the endometrium, on days 10 to 11 of gestation, PGF2α at all the tested doses caused a decrease
in GPR1 expression at both gene and protein levels (Figure 7A,B). On days 12 to 13 of gestation, PGF2α at
the dose of 250 ng/mL increased, whereas at the doses of 100 and 500 ng/mL decreased GPR1 expression
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(Figure 7C). On those days, PGF2α at the dose of 500 ng/mL enhanced the receptor protein expression
(Figure 7D). On days 15 to 16 of pregnancy, PGF2α caused a decrease (100, 250, 500 ng/mL) in GPR1
expression but increased (250 ng/mL) the endometrial receptor protein concentration (Figure 7E,F).
On days 27 to 28 of pregnancy, PGF2α at the dose of 250 ng/mL increased, whereas at the doses of 100
and 500 ng/mL decreased the GPR1 mRNA content (Figure 7G). On those days, PGF2α at all the tested
doses decreased the receptor protein concentration (Figure 7H). On days 10 to 11 of the estrous cycle,
PGF2α enhanced (250, 500 ng/mL) GPR1 expression and decreased (500 ng/mL) the receptor protein
concentration (Figure 7I,J; p < 0.05).
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Figure 7. The influence of prostaglandin F2α (PGF2α; 100, 250, 500 ng/mL) on G protein-coupled
receptor 1 (GPR1) mRNA (A,C,E,G,I) and protein (B,D,F,H,J) expression in the porcine endometrium
on days 10 to 11, 12 to 13, 15 to 16, and 27 to 28 of the pregnancy, and on days 10 to 11 of the estrous
cycle. The gene expression was determined by quantitative real-time PCR. The protein concentration
was determined by the western blotting analysis; upper panels: Representative immunoblots; lower
panels: Densitometric analysis of GPR1 protein relative to actin protein. Results are reported as the
means ± S.E.M. (n = 5). Bars with different superscripts differ (p < 0.05).

Generally, PGF2α decreased GPR1 gene expression on days 10 to 11 and 15 to 16 of pregnancy
and the receptor protein content on days 10 to 11 and 27 to 28 of gestation and 10 to 11 of the cycle.
On days 10 to 11 of the cycle PGF2α increased GPR1 gene expression, and on days 12 to 13 and 15 to 16
of pregnancy, it increased the receptor protein content.

2.8. The Effect of PGF2α on CCRL2 Gene and Protein Expression in the Endometrial Tissue Explants

In the endometrium, on days 10 to 11 of gestation, PGF2α enhanced (100 ng/mL) CCRL2 expression
and decreased (100, 250, 500 ng/mL) the receptor protein concentration (Figure 8A,B). On days 12 to 13
of pregnancy, PGF2α decreased (100, 500 ng/mL) CCRL2 expression and increased (100, 250, 500 ng/mL)
the receptor protein concentration (Figure 8C,D). On days 15 to 16 of pregnancy, PGF2α caused a
decrease in CCRL2 expression at both the gene (100 ng/mL) and protein (100, 250, 500 ng/mL) levels
(Figure 8E,F). On days 27 to 28 of gestation, PGF2α provoked an increase in CCRL2 expression (100,
500 ng/mL), as well as in the receptor protein concentration (100, 250 ng/mL; Figure 8G,H). On days 10
to 11 of the estrous cycle, PGF2α at all tested doses stimulated CCRL2 expression, but decreased the
receptor protein concentration (Figure 8I,J; p < 0.05).
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Figure 8. The influence of prostaglandin F2α (PGF2α; 100, 250, 500 ng/mL) on C-C motif chemokine
receptor like 2 (CCRL2) mRNA (A,C,E,G,I) and protein (B,D,F,H,J) expression in the porcine
endometrium on days 10 to 11, 12 to 13, 15 to 16, and 27 to 28 of the pregnancy, and on days
10 to 11 of the estrous cycle. The gene expression was determined by quantitative real-time
PCR. The protein concentration was determined by the western blotting analysis; upper panels:
Representative immunoblots; lower panels: Densitometric analysis of CCRL2 protein relative to actin
protein. Results are reported as the means ± S.E.M. (n = 5). Bars with different superscripts differ
(p < 0.05).

In general, PGF2α caused a decrease in CCRL2 gene expression on days 12 to 13 and 15 to 16 of
gestation, and in the receptor protein content on days 10 to 11 and 15 to 16 of gestation and 10 to 11
of the cycle. On days 10 to 11 and 27 to 28 of pregnancy and 10 to 11 of the cycle, PGF2α enhanced
CCRL2 gene expression, whereas on days 12 to 13 and 27 to 28 of pregnancy, it increased the receptor
protein content.

3. Discussion

The expression of the chemerin system in the porcine reproductive tract during the estrous cycle
and early gestation has been reported previously [23]. Chemerin, CMKLR1, GPR1, and CCRL2 have
been detected in both the endometrium and the myometrium. However, the relationship between the
chemerin system and uterine-derived factors responsible for the regulation of reproductive functions,
such as steroid hormones and prostaglandins, has not been previously investigated. This is the first
study to demonstrate the modulatory influence of PGE2 and PGF2α on chemerin system expression in
the endometrium of early-pregnant gilts. The obtained results indicate the dose-dependent influence
of prostaglandins (PGs) on the endometrial expression of chemerin system at both the gene and
protein levels. Our unpublished results (Smolinska et al., unpublished) indicate that chemerin may
also enhance the expression of the key enzymes responsible for the synthesis of prostaglandins such
as microsomal prostaglandin E synthase-1 (mPGES-1), cyclooxygenase-2 (COX-2), prostaglandin F
synthase (PGFS), and prostaglandin E 9-keto-reductase (CBR1), as well as modulate the secretion of
PGE2 and PGF2α, depending on the adipokine dose and the pregnancy period. The above points
to the presence of a complex regulatory loop between chemerin and prostaglandins in the porcine
endometrium. This study revealed differences in the expression patterns of chemerin system genes
and the corresponding proteins. The observed differences in the expression patterns of mRNA and the
corresponding proteins are not surprising. Schwanhäusser et al. [27] reported that the differences in
mRNA expression in mammals explained approximately 40% of the variation in protein levels, and the
coefficient of determination (R2) between the content of mRNA and protein was only 0.41. The R2

value increased to 0.95 when translation rate constants were taken into account. These suggest that the
protein abundance may be regulated mainly by the translation efficiency. The presented mechanism
may be beneficial for the metabolism of cell because of the savings in the substrates for protein
synthesis and the minimization in the energy expenditure associated with the translation process.
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The discrepancies between gene and protein expression may also arise from the differences in the
stability of proteins and gene transcripts, transcriptional and post-transcriptional regulation, inhibition
of post-transcriptional processes through high mRNA content, or attenuation of gene expression
due to high protein concentrations, as well as due to miRNA-induced mRNA degradation [28–30].
The observed changes in the expression of the endometrial chemerin system under the influence of
prostaglandins could be explained by variations in the expression of prostaglandin receptors during
the analyzed pregnancy periods. The concentrations of PGE2 and PGF2α receptors fluctuate during
pregnancy in mice and during the estrous cycle and early gestation in pigs [31–33]. In pigs, differences
were observed in the endometrial content of PGF2α receptor (PTGFR) protein during the estrous cycle
and gestation [32]. Estradiol and PGE2, the main factors responsible for the maternal recognition
of pregnancy, stimulate the endometrial expression of PGE2 receptors PTGER2 and PTGER4 [33].
Varied responses to prostaglandins may also be explained by differences in the activity of prostaglandin
9-ketoreductase (CBR1) in explants collected during different gestation periods. The prostaglandin
9-ketoreductase enzyme converts PGE2 into PGF2α. The expression of the CBR1 gene and protein
was confirmed in the porcine uterus during early pregnancy and the oestrous cycle [34], which could
point to the conversion of prostaglandins in tissue explants during the studied periods. Therefore,
the differences in the concentration of chemerin system elements may be explained by the characteristic
response for each of the studied dose of PGs. Beside the concentration and ratio of both prostaglandins,
their receptors expression patterns, which are strongly connected with the individual periods of
early gestation, should also be considered as an important factor that may affect chemerin and its
receptors’ mRNA and protein content. The differences observed in the present study could also be
attributed to changes in the hormonal microenvironment induced by different concentration patterns
of steroid hormones, endogenous prostaglandins, as well as the occurrence of accompanying processes
characteristic for the studied periods.

Early pregnancy in pigs is one of the most dynamic and critical periods during gestation.
Around day 11 of porcine gestation, migrating conceptuses begin to secrete E2, which initiates
a number of processes related to the maternal recognition of pregnancy [35]. During this time,
the direction of PGF2α secretion is altered from endocrine to exocrine, and PGE2 production is
stimulated, which promotes the secretory functions of the corpus luteum and ensures the proper
course of gestation [36,37]. During our previous study we indicated the changes of chemerin system
protein expression across early gestation which may be caused by a number of factors present in the
uterine microenvironment [23]. The analysis of the results presented herein indicates many similarities
between the basal and PG-stimulated chemerin system expression patterns on the corresponding days
of gestation. The comparison of the response patterns indicates that changes in the basal chemerin
system expression during early pregnancy seem to be connected with the local presence of PGE2 and
PGF2α. Furthermore, due to a fact that PGs are secreted in a pulsatile manner, and their secretion
patterns during early pregnancy are similar, the PGE2:PGF2α ratio is another agent, which should
be taken into consideration [38]. Beside its luteoprotective effects, the redirection of prostaglandin
secretion also promotes endometrial reconstruction and modulation of the angiogenesis process during
the peri-implantation period [32,39,40]. The chemerin system seems to be involved in the stimulation
of angiogenesis. Chemerin has been found to promote angiogenesis in vivo in mice and in vitro in the
human umbilical vein endothelial cell line. Similar effects were observed in the human microvascular
endothelial cell line [41,42]. Furthermore, it has also been found that chemerin, besides its influence
on the vascularization process, may also, mainly via CMKLR1 receptor, influence the vascular tone
and blood pressure [43]. Our unpublished data also indicate that chemerin enhances the endometrial
secretion of several angiogenic factors, including vascular endothelial growth factors (VEGFA and
VEGFB), placental growth factor, and basic fibroblast growth factor, as well as modulates the expression
of their receptor proteins, depending on chemerin dose and the stage of gestation. In the present
study, PGE2 decreased CMKLR1 protein concentrations on days 12 to 13 and 15 to 16 of gestation,
whereas increased CCRL2 protein expression. PGF2α generally exerts a similar effect on the CMKLR1
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receptor on days 12 to 16 of gestation and enhances CCRL2 protein content on days 12 to 13. Both
prostaglandins exerted the opposite effects on GPR1 protein expression on days 12 to 16 of gestation.
Chemerin promotes angiogenesis mainly via the CMKLR1 receptor [41], whereas the GPR1 receptor is
responsible mainly for glucose homeostasis [44], which could suggest that by suppressing CMKLR1
and promoting GPR1 expression, prostaglandins could regulate tissue remodeling, prevent excessive
vascular development, and ensure the availability of nutrients for implanting embryos. These findings
could be confirmed by the observation that the lack of GPR1 expression in pregnant mice resulted in
glucose intolerance, disrupted lipid metabolism, and decreased insulin levels [45]. We propose that
the regulation of these processes may take place not only through the inhibition of CMKLR1 receptor
expression, but also via the stimulation of CCRL2 protein expression. An increase of CCRL2 protein
content may result in an increased chemerin uptake from the circulating blood and, in consequence,
enhanced GPR1 receptor expression in the tissue. Interestingly, both prostaglandins stimulated the
expression of CMKLR1 and CCRL2 proteins on days 27 to 28 of gestation, which implies that the
chemerin system could be involved in intensive angiogenesis processes during this period. The present
results suggest that the chemerin system and prostaglandins could be a part of a mechanism that
regulates endometrial tissue vascularization and, consequently, nutrient availability.

In mammals, gestation is a unique period during which the maternal organism accepts conceptuses
carrying different genetic material. Developing conceptuses harbor only one half of genetic material
which is identical to the maternal DNA, and they are perceived as natural semi-allografts. The presence
of foreign genetic material in the uterine environment raises the risk of immune system mobilization
and, consequently, embryo rejection. The suppression of immune activity in the pregnant uterus is
a natural mechanism that prevents embryo rejection. Implanting conceptuses secrete a number of
factors that modulate the maternal immune system, including interleukin 1β (IL1β), interferons δ and
γ, interleukin 6 (IL6), epidermal growth factor, transforming growth factor β, and leukemia inhibitory
factor (LIF), which are crucial for maternal–fetal crosstalk [46–50]. However, these processes must be
strictly controlled to prevent conceptus rejection [51,52]. Progesterone and PGE2 are the key factors
that suppress the immune system during gestation. The presence of PGE2 during the first trimester of
human gestation restrains the activation of maternal leukocytes in the decidua, which inhibits their
anti-trophoblast killer function [53]. In contrast, PGF2α is an important inflammatory mediator in the
reproductive system [54]. Chemerin is also a potential modulator of the immune response. Chemerin
acts through CMKLR1 to promote chemotaxis of immature dendritic cells (DCs) and macrophages [6].
Chemerin levels were elevated in tissues and fluids during inflammation, and CMKLR1-expressing
immune cells were involved in several chronic inflammatory diseases [5]. However, chemerin can also
exert anti-inflammatory effects. Cash et al. (2008) reported that chemerin significantly downgraded
neutrophil and monocyte recruitment and decreased proinflammatory cytokine expression in mice [55].
Our unpublished data indicate that chemerin may modulate the endometrial secretion of various
cytokines, including interleukins 1β, IL6 and 8, tumor necrosis factor α (TNFα), transforming growth
factor α (TGFα), and LIF. We revealed that chemerin may inhibit and/or enhance the secretion of IL8,
IL1β, IL6, TNFα, TGFα, and LIF in a dose- and time-dependent manner. Chemerin not only influences
cytokine secretion, but also controls cytokine activity by regulating the expression of cytokine receptors
in endometrial tissue. We found that the effect of chemerin on the cytokine receptor expression in the
endometrium varied depending on the pregnancy period and the dose of the adipokine (Smolinska et al.,
unpublished). Due to the fact that chemerin acts as the chemoattractant for the immune cells, one
of the most important sources of cytokines, further studies concerning the role of this adipokine in
the endometrial immune cells recruitment are necessary to receive the full picture of its effect on
the uterine immunological milieu during the early gestation period. The current study revealed
that PGE2 inhibits chemerin secretion on days 15 to 16 of pregnancy and stimulates CCRL2 protein
expression, whereas PGF2α exerts the same effect on days 12 to 28 of gestation in the case of chemerin
and promotes the expression of CCRL2 on days 12 to 13 and 27 to 28. During implantation, on days 15
to 16 of pregnancy, both prostaglandins could inhibit chemerin production to prevent the recruitment
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of immune cells and pregnancy failure. Furthermore, the enhanced expression of CCRL2 protein in the
tissue may result in further chemerin level reduction. In pigs, the conceptuses initiate an acute-phase
inflammatory response during implantation and placental attachment; therefore, PGF2α could inhibit
chemerin secretion during the maternal recognition of pregnancy and implantation to counteract its
anti-inflammatory effects and establish a supportive environment for gestation [56].

4. Materials and Methods

4.1. Animals and Tissue Collection

Twenty-five mature crossbred gilts (Large White × Polish Landrace, 130–140 kg, of weight and age
of 7–8 months) were randomly assigned to one of the following experimental groups (n = 5 per group):
Gilts on days 10 to 11 (transuterine migration of embryos), 12 to 13 (maternal recognition of pregnancy),
15 to 16 (beginning of implantation), and 27 to 28 (end of implantation) of pregnancy, and days 10 to
11 of the estrous cycle (mid-luteal phase; the activity of corpora lutea (CL) is comparable to the CL
activity during pregnancy). The quantity of CLs and embryos are specified in the Supplementary
Table S1. Animals were maintained and fed in accordance with current Polish standards. The daily
dose of compound feed was approximately 2.7 kg/gilt at 32.4 MJ of metabolizable energy intake (12 MJ
per kg of feed). The feed contained 135 g/kg of total digestible protein, 5.4 g/kg methionine and cystine,
7.3 g/kg lysine, 2.1 g/kg tryptophan, 4.8 g/kg threonine, 5.7 g/kg total phosphorus, 8.9 g/kg calcium,
1.7 g/kg sodium, 10% fiber, and the addition of other macro- and microelements. All individuals
were given access to fresh water and forage ad libitum. Cyclic gilts were monitored daily for estrus
behavior in the presence of boar. The day of the onset of the second estrus was recognized as day 0
of the cycle. The phase of the estrus cycle was confirmed on the basis of the ovary morphology [57].
The inseminations were conducted by natural mating with the use of the same, crossbreed boar.
The insemination was carried out on the first or second day of the estrous cycle, and the first day after
coitus was counted as a first day of gestation. The phase of gestation was further confirmed based
on the conceptuses morphology [58]. Additionally, the phase of the estrous cycle and pregnancy was
confirmed by determining the level P4, as described in Nitkiewicz et al. [59] and Dobrzyn et al. [60].
The concentrations of P4 in the porcine plasma and uterine luminal flushing are detailed in the
Supplementary Table S1. The post-mortem-obtained uteri were transported immediately in ice-cold
PBS supplemented with antibiotic-antimycotic solution (Sigma-Aldrich, Saint Louis, MO, USA) for an
in vitro tissue culture procedure. Figure 9 presents the experimental design scheme.

4.2. Endometrial Explant Cultures

The in vitro cultures of endometrial explants were conducted as described by Smolinska et al. [61].
In order to investigate the impact of PGE2 and PGF2α on the chemerin system expression,
after preincubation (2 h) in phenol-red free medium M199 (Sigma-Aldrich, USA), explants were
incubated in the presence of PGE2 (100, 250, 500 ng/mL; Sigma-Aldrich, USA), PGF2α (100, 250,
500 ng/mL; Sigma-Aldrich, USA), or without any treatment (control group) for 24 h (37 ◦C, 95% O2,
5% CO2). The doses of PGE2 and PGF2α were chosen based on the work of Morgan et al. [62] and
Gregoraszczuk and Michas [63]. Morgan et al. measured PGF2α levels in porcine uterine flushing
on day 11 of gestation under exposure to estradiol valerate. The concentration of PGF2α in the
control group was 198 ng/mL on the above-mentioned day. Since both PGs are secreted in a pulsatile
manner and their concentrations are not constant, their physiological levels could be determined in the
range of 100–500 ng/mL. The cultures were run in five separate experiments per group (n = 5, one
gilt per each experiment) and each treatment combination was prepared in duplicates. The lactate
dehydrogenase (LDH) activity measurement after preincubation and incubation periods was used to
define the viability of tissue explants. The analysis was performed using Liquick Cor-LDH kit (Cormay,
Poland) in accordance with the manufacturer’s instructions. The obtained LDH activity in the culture
media was compared to the enzyme activity in the fully disintegrated tissue (maximal LDH release,
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positive control). The mean activity of LDH in the culture media after 24 h of incubation was 184 ± 14
U/L (0.93% of maximal LDH release).
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4.3. Total RNA Isolation and Reverse Transcription

Total RNA from endometrial tissue explants was isolated using TRI Reagent® RNA Isolation
Reagent (Sigma-Aldrich) following the producer’s instructions. The quantity and purity of the obtained
RNA samples were inspected spectrophotometrically using Infinite M200 Pro (Tecan, Mannedorf,
Switzerland). One microgram of each RNA sample was reverse transcribed (RT) with the use of
Omniscript RT Kit (Qiagen, Germantown, MD, USA) in the presence of 0.5 µg oligo(dT)15 (Roche,
Basel, Switzerland) in a final volume of 20 µL. The RT reaction was conducted at 37 ◦C for 1 h and was
terminated by the incubation at 93 ◦C for 5 min.

4.4. Quantitative Real-Time PCR Analysis

Quantitative real-time PCR (qPCR) analysis was carried out using Power SYBR Green Master Mix
(Applied Biosystems, Carlsbad, CA, USA) as described by Smolinska et al. [14]. Specific primer pairs
used to amplify parts of chemerin, CMKLR1, GPR1, CCRL2, cyclophilin (PPIA), and β-actin (ACTB)
genes are included in Table 1. The constitutively expressed genes PPIA and ACTB were used as the
internal controls to verify the method. Our preliminary studies revealed that the endometrial PPIA
and ACTB expression was stable during the estrous cycle and pregnancy, as well as with and without
treatments. Quantitative real-time PCR reaction mixtures contained: cDNA, primers, Power SYBR
Green PCR Master Mix (12.5 µL; Applied Biosystems), and RNase-free water (to the final volume of 25
µL). In negative controls, the cDNA was substituted by water, or RT was not performed before qPCR.
All reactions were run in duplicates. The specificity of the reaction was confirmed at the end of the run
by the analysis of the melting-curve. The purity of the amplification product was confirmed by agarose
gel electrophoresis. The calculation of chemerin and chemerin receptors genes’ relative expression was
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conducted with the use of the comparative cycle threshold method (∆∆CT) and normalized using the
geometrical means of the reference genes Ct values.

Table 1. Characteristics of the primers used in the study of gene expression in porcine endometrial
explants. RARRES2: Chemerin; CCRL2: C-C motif chemokine receptor like 2; CMLKR1: chemokine-like
receptor 1; GPR1: G protein-coupled receptor 1; PPIA: Cyclophilin; ACTB: β-actin; F: Forward;
R: Reverse.

Gene Primers Sequences Accession
Number

Primer,
nM Reaction Conditions Reference

RARRES2

F: 5′-TGGAGGAGT
TCCACAAGCAC-3′

EU660865
500 Activation : 95 ◦C—10 min

Denaturation : 95 ◦C—15 s
Annealing : 60 ◦C—1 min
Elongation : 72 ◦C—1 min

 40
[14]R: 5′-GCTTTCTTC

CAGTCCCTCTTC-3′ 500

CCRL2

F: 5′-GAGCAGCAG
CTA CTTACTTCC-3′

NM_001001617.1
200 Activation : 95 ◦C—10 min

Denaturation : 95 ◦C—15 s
Annealing : 60 ◦C—1 min
Elongation : 72 ◦C—1 min

 40
[14]

R: 5′-CTGCCCACT
GACCGAGTTC-3′ 200

CMKLR1

F: 5′-GGACTACCA
CTGGGTGTTCG-3′

EU660866
200 Activation : 95 ◦C—10 min

Denaturation : 95 ◦C—15 s
Annealing : 60 ◦C—1 min
Elongation : 72 ◦C—1 min

 40
[14]

R: 5′-GCCATGTAA
GCCAGTCGGA-3′ 200

GPR1

F: 5′-ACCGACTTG
GAGGAGAAAGC -3’

FJ234899.1
200 Activation : 95 ◦C—10 min

Denaturation : 95 ◦C—15 s
Annealing : 60 ◦C—1 min
Elongation : 72 ◦C—1 min

 40
[14]

R: 5′-ATTGAGGAA
CCAGAGCGTGG -3’ 200

PPIA

F: 5′-GCACTGGTG
GCAAGTCCAT-3’

U48832
300 50 ◦C—2 min ◦C

Activation : 95 ◦C—10min ◦C
Denaturation : 95 ◦C—15 s
Annealing : 60 ◦C—1 min

 40
[64]R: 5′-AGGACCCGT

ATGCTTCAGGA-3’ 300

ACTB

F: 5′-ACATCAAGG
AGAAGCTCTGCTACG-3’

U07786
500 Activation : 95 ◦C—10 min

Denaturation : 95 ◦C—15 s
Annealing : 61 ◦C—15 min
Elongation : 72 ◦C—1 min

 40
[65]

R: 5′-GAGGGGCGA
TGATCTTGATCTTCA-3’ 500

4.5. Enzyme-Linked Immunosorbent Assay (ELISA) of Chemerin

Chemerin concentrations in the culture media were determined using a commercial ELISA kit
(FineTest, Wuhan, China) following the manufacturer’s protocol. The range of standard curve was
0.156–10 ng/mL. The sensitivity of the assay was approximately 0.1 ng/mL. The sensitivity of the
assays was defined as the lowest protein concentration that could be differentiated from zero samples.
Absorbance was measured at 450 nm with the use of Infinite M200 PRO reader with Tecan i-control
software (Tecan, Switzerland). The data were linearized by plotting the log of chemerin concentration
versus the log of the optical density, and the best fit line was determined by regression analysis.
Intra- and inter-assay coefficients of variation of the assay were 3.22% ± 0.39 and 8.1%, respectively.

The basal concentrations of chemerin in the uterine luminal flushing were determined by [23] and
are detailed in the Supplementary Table S1.

4.6. Protein Isolation and Western Blotting

The endometrial tissue explants were homogenized in T-PER Tissue Protein Extraction Reagent
(Thermo Fischer Scientific, Waltham, MA, USA) in the presence of peptidase and phosphatase inhibitors
(Sigma-Aldrich). The lysates were cleared by double centrifugation at 10,000× g for 5 min. The protein
concentrations were measured with the use of Bradford dye-binding procedure with the dilutions of
bovine serum albumin (BSA) as standards.
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Western blotting analysis was performed as described by Smolinska et al. [14]. Endometrial
tissue lysates (40 µg) from control, PGE2-, and PGF2α-treated samples were resolved by SDS-PAGE
electrophoresis in the 12.5% polyacrylamide gels and transferred onto PVDF membrane (Whatman,
USA). Subsequently, membranes were blocked for 1 h in Tris-buffered saline Tween-20 containing
5% skimmed milk powder. After blocking, membranes were incubated for 12 h at 4 ◦C with rabbit
polyclonal antibodies to CMKLR1 (1:1000; ab230442; Abcam, UK), mouse polyclonal antibodies to
GPR1 (1:500; ab169331; Abcam, UK), rabbit polyclonal antibodies to CCRL2 (1:600; ab85224; Abcam,
UK), and rabbit polyclonal antibodies to actin (1:200; A2066; Sigma-Aldrich, USA). Actin was used as a
control to normalize the results of chemerin receptors protein concentration. Subsequently, to identify
immunoreactive products, membranes were incubated for 1.5 h at RT with goat anti-rabbit IgG for
CMKLR1, CCRL2, and actin (1:5000; sc-2054; Santa Cruz, USA), and goat anti-mouse IgG for GPR1
(1:2500; 115-035-003; Jackson ImmunoResearch Laboratories, Baltimore Pike, PA, USA) conjugated
with horseradish peroxidase (HRP). For negative control blots, primary antibodies were substituted by
nonspecific fetal calf serum (MP Biomedicals, Santa Ana, CA, USA). Immunocomplexes were visualized
with Immobilon Western Chemiluminescent HRP Substrate (Merck Millipore, Kenilworth, NJ, USA)
on the G: Box EF Gel Documentation System (Syngene, Cambridge, UK). The same protocol was
performed in relation to the adipose tissue used as the positive controls. The results were quantified by
densitometric analysis of immunoblots with the use of Image Studio Lite version 5.2 software (LI-COR,
Lincoln, NE, USA). Data were expressed as the ratio of chemerin receptors proteins relative to actin
protein in arbitrary optical density units.

4.7. Statistical Analysis

Statistica software (StatSoft Inc., Tulsa, OK, USA) was used to perform the statistical analysis
of results. All variables were analyzed using descriptive statistics (mean, standard deviation,
sample minimum, and sample maximum). To determine the differences in genes expression and
proteins concentration between control groups and PGE2 or PGF2α treated groups, a one-way ANOVA
followed by Duncan’s post-hoc test were used. Results were presented as the means ± S.E.M. from five
independent observations. Values for p < 0.05 were considered statistically significant.

5. Conclusions

This is the first study to demonstrate that prostaglandins affect the expression of the chemerin
system in the porcine uterus during early gestation. The presented results indicate that the analyzed
prostaglandins exert different effects on the endometrial chemerin system expression, which depend
on the dose of the used PGs. Furthermore, we revealed that the response pattern for PGs is specific
for each of the studied pregnancy periods. The above findings confirm our hypothesis assuming the
regulatory influence of PGs on chemerin system expression in the porcine early-pregnant uterus. In
the light of the existing knowledge, the presented findings also suggest that the chemerin system could
be an important element of the regulatory mechanism responsible for the proper course of gestation,
and that its expression depends on the local hormonal microenvironment.

Supplementary Materials: Supplementary materials can be found at http://www.mdpi.com/1422-0067/21/15/
5213/s1. Supplementary Table S1. Progesterone and chemerin concentrations, as well as and number of corpora
lutea (CL) and embryos in the research groups. Supplementary Figure S1. The standard curve of Chemerin ELISA
kit used in the study.

Author Contributions: Conceptualization, N.S., T.K., K.D., M.K.; methodology, N.S., M.K., and K.D.; validation,
M.K., K.D., E.R.; formal analysis, N.S., M.G., K.K., E.Z.; investigation, M.K., K.D., N.S., E.R., K.K., E.Z.; resources,
K.B., G.K., K.S.; data curation, M.K., and B.K.; writing—original draft preparation, M.K. and K.D.; writing—review
and editing, M.K., N.S., T.K., B.K., K.D.; supervision, N.S. and T.K.; project administration, N.S.; funding acquisition,
N.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by the National Science Centre (projects no: 2017/25/B/NZ9/00040).

Conflicts of Interest: The authors declare no competing financial interests.

http://www.mdpi.com/1422-0067/21/15/5213/s1
http://www.mdpi.com/1422-0067/21/15/5213/s1


Int. J. Mol. Sci. 2020, 21, 5213 23 of 26

Animal Welfare Statement: The authors confirm that the ethical policies of the journal, as noted on the journal’s
author guidelines page, have been adhered to. All studies were carried out in accordance with the Polish Act on
the protection of animals used for scientific or educational purposes of the 15th of January 2015 (Polish Journal of
Law of 2015 item 266), as well as directive 2010/63/EU of the European Parliament of the 22nd of September 2010
on the protection of animals used for scientific purposes.

References

1. Goralski, K.B.; McCarthy, T.C.; Hanniman, E.A.; Zabel, B.A.; Butcher, E.C.; Parlee, S.D.; Muruganandan, S.;
Sinal, C.J. Chemerin, a novel adipokine that regulates adipogenesis and adipocyte metabolism. J. Biol. Chem.
2007, 282, 28175–28188. [CrossRef] [PubMed]

2. Zabel, B.A.; Zuniga, L.; Ohyama, T.; Allen, S.J.; Cichy, J.; Handel, T.M.; Butcher, E.C. Chemoattractants,
extracellular proteases, and the integrated host defense response. Exp. Hematol. 2006, 34, 1021–1032.
[CrossRef] [PubMed]

3. Mattern, A.; Zellmann, T.; Beck-Sickinger, A.G. Processing, signaling, and physiological function of chemerin.
IUBMB Life 2014, 66, 19–26. [CrossRef] [PubMed]

4. Brunetti, L.; Orlando, G.; Ferrante, C.; Recinella, L.; Leone, S.; Chiavaroli, A.; Di Nisio, C.; Shohreh, R.;
Manippa, F.; Ricciuti, A.; et al. Peripheral chemerin administration modulates hypothalamic control of
feeding. Peptides 2014, 51, 115–121. [CrossRef] [PubMed]

5. Ernst, M.C.; Sinal, C.J. Chemerin: At the crossroads of inflammation and obesity. Trends Endocrinol. Metab.
2010, 21, 660–667. [CrossRef] [PubMed]

6. Wittamer, V.; Franssen, J.D.; Vulcano, M.; Mirjolet, J.F.; Le Poul, E.; Migeotte, I.; Brézillon, S.; Tyldesley, R.;
Blanpain, C.; Detheux, M.; et al. Specific recruitment of antigen-presenting cells by chemerin, a novel
processed ligand from human inflammatory fluids. J. Exp. Med. 2003, 198, 977–985. [CrossRef]

7. Edinger, A.L.; Hoffman, T.L.; Sharron, M.; Lee, B.; O’Dowd, B.; Doms, R.W. Use of GPR1, GPR15, and STRL33
as coreceptors by diverse human immunodeficiency virus type 1 and simian immunodeficiency virus
envelope proteins. Virology 1998, 249, 367–378. [CrossRef]

8. Shimizu, N.; Soda, Y.; Kanbe, K.; Liu, H.Y.; Jinno, A.; Hoshino, H.; Kitamura, T. An orphan G protein-coupled
receptor, GPR1, acts as a coreceptor to allow replication of human immunodeficiency virus types 1 and 2 in
brain- derived cells. J. Virol. 1999, 73, 5231–5239. [CrossRef]

9. Reverchon, M.; Ramé, C.; Bertoldo, M.; Dupont, J. Adipokines and the Female Reproductive Tract. Int. J.
Endocrinol. 2014, 2014, 232454.

10. Zabel, B.A.; Nakae, S.; Zúñiga, L.; Kim, J.Y.; Ohyama, T.; Alt, C.; Pan, J.; Suto, H.; Soler, D.; Allen, S.J.;
et al. Mast cell-expressed orphan receptor CCRL2 binds chemerin and is required for optimal induction of
IgE-mediated passive cutaneous anaphylaxis. J. Exp. Med. 2008, 205, 2207–2220. [CrossRef]

11. Migeotte, I.; Franssen, J.D.; Goriely, S.; Willems, F.; Parmentier, M. Distribution and regulation of expression
of the putative human chemokine receptor HCR in leukocyte populations. Eur. J. Immunol. 2002, 32, 494–501.
[CrossRef]

12. Yang, X.; Yao, J.; Wei, Q.; Ye, J.; Yin, X.; Quan, X.; Lan, Y.; Xing, H. Role of chemerin/CMKLR1 in the
maintenance of early pregnancy. Front. Med. 2018, 12, 525–532. [CrossRef] [PubMed]

13. Helfer, G.; Ross, A.W.; Thomson, L.M.; Mayer, C.D.; Stoney, P.N.; McCaffery, P.J.; Morgan, P.J.
A neuroendocrine role for chemerin in hypothalamic remodelling and photoperiodic control of energy
balance. Sci. Rep. 2016, 6, 1–12. [CrossRef] [PubMed]

14. Smolinska, N.; Kiezun, M.; Dobrzyn, K.; Rytelewska, E.; Kisielewska, K.; Gudelska, M.; Zaobidna, E.;
Bogus-Nowakowska, K.; Wyrebek, J.; Bors, K.; et al. Expression of chemerin and its receptors in the porcine
hypothalamus and plasma chemerin levels during the oestrous cycle and early pregnancy. Int. J. Mol. Sci.
2019, 20, 3887. [CrossRef] [PubMed]

15. Kisielewska, K.; Rytelewska, E.; Gudelska, M.; Kiezun, M.; Dobrzyn, K.; Bogus-Nowakowska, K.;
Kaminska, B.; Smolinska, N.; Kaminski, T. Relative abundance of chemerin mRNA transcript and protein in
pituitaries of pigs during the estrous cycle and early pregnancy and associations with LH and FSH secretion
during the estrous cycle. Anim. Reprod. Sci. 2020, 219, 106532. [CrossRef]

16. Song, S.H.; Fukui, K.; Nakajima, K.; Kozakai, T.; Sasaki, S.; Roh, S.G.; Katoh, K. Cloning, expression analysis,
and regulatory mechanisms of bovine chemerin and chemerin receptor. Domest. Anim. Endocrinol. 2010, 39,
97–105. [CrossRef]

http://dx.doi.org/10.1074/jbc.M700793200
http://www.ncbi.nlm.nih.gov/pubmed/17635925
http://dx.doi.org/10.1016/j.exphem.2006.05.003
http://www.ncbi.nlm.nih.gov/pubmed/16863908
http://dx.doi.org/10.1002/iub.1242
http://www.ncbi.nlm.nih.gov/pubmed/24446308
http://dx.doi.org/10.1016/j.peptides.2013.11.007
http://www.ncbi.nlm.nih.gov/pubmed/24269538
http://dx.doi.org/10.1016/j.tem.2010.08.001
http://www.ncbi.nlm.nih.gov/pubmed/20817486
http://dx.doi.org/10.1084/jem.20030382
http://dx.doi.org/10.1006/viro.1998.9306
http://dx.doi.org/10.1128/JVI.73.6.5231-5239.1999
http://dx.doi.org/10.1084/jem.20080300
http://dx.doi.org/10.1002/1521-4141(200202)32:2&lt;494::AID-IMMU494&gt;3.0.CO;2-Y
http://dx.doi.org/10.1007/s11684-017-0577-9
http://www.ncbi.nlm.nih.gov/pubmed/29556954
http://dx.doi.org/10.1038/srep26830
http://www.ncbi.nlm.nih.gov/pubmed/27225311
http://dx.doi.org/10.3390/ijms20163887
http://www.ncbi.nlm.nih.gov/pubmed/31404950
http://dx.doi.org/10.1016/j.anireprosci.2020.106532
http://dx.doi.org/10.1016/j.domaniend.2010.02.007


Int. J. Mol. Sci. 2020, 21, 5213 24 of 26

17. Brunetti, L.; Di Nisio, C.; Recinella, L.; Chiavaroli, A.; Leone, S.; Ferrante, C.; Orlando, G.; Vacca, M. Effects of
vaspin, chemerin and omentin-1 on feeding behavior and hypothalamic peptide gene expression in the rat.
Peptides 2011, 32, 1866–1871. [CrossRef]

18. Carlino, C.; Trotta, E.; Stabile, H.; Morrone, S.; Bulla, R.; Soriani, A.; Iannitto, M.L.; Agostinis, C.; Mocci, C.;
Minozzi, M.; et al. Chemerin regulates NK cell accumulation and endothelial cell morphogenesis in the
decidua during early pregnancy. J. Clin. Endocrinol. Metab. 2012, 97, 3603–3612. [CrossRef]

19. Jin, C.H.; Yi, K.W.; Ha, Y.R.; Shin, J.-H.; Park, H.T.; Kim, T.; Hur, J.-Y. Chemerin Expression in the Peritoneal
Fluid, Serum, and Ovarian Endometrioma of Women with Endometriosis. Am. J. Reprod. Immunol. 2015, 74,
379–386. [CrossRef]

20. Garces, M.F.; Sanchez, E.; Acosta, B.J.; Angel, E.; Ruíz, A.I.; Rubio-Romero, J.A.; Diéguez, C.; Nogueiras, R.;
Caminos, J.E. Expression and regulation of chemerin during rat pregnancy. Placenta 2012, 33, 373–378.
[CrossRef]

21. Reverchon, M.; Cornuau, M.; Ram, C.; Guerif, F.; Royre, D.; Dupont, J. Chemerin inhibits IGF-1-induced
progesterone and estradiol secretion in human granulosa cells. Hum. Reprod. 2012, 27, 1790–1800. [CrossRef]
[PubMed]

22. Wang, Q.; Kim, J.Y.; Xue, K.; Liu, J.Y.; Leader, A.; Tsang, B.K. Chemerin, a novel regulator of follicular
steroidogenesis and its potential involvement in polycystic ovarian syndrome. Endocrinology 2012, 153,
5600–5611. [CrossRef] [PubMed]

23. Gudelska, M.; Dobrzyn, K.; Kiezun, M.; Rytelewska, E.; Kisielewska, K.; Kaminska, B.; Kaminski, T.;
Smolinska, N. The expression of chemerin and its receptors (CMKLR1, GPR1, CCRL2) in the porcine uterus
during the oestrous cycle and early pregnancy and in trophoblasts and conceptuses. Animal 2020, 1–13.
[CrossRef] [PubMed]

24. Rytelewska, E.; Kisielewska, K.; Kiezun, M.; Kamil, D.; Marlena, G.; Rak, A.; Dupont, J.; Kaminska, B.;
Kaminski, T.; Smolinska, N. Expression of chemerin and its receptors in the ovaries of prepubertal and
mature gilts. Mol. Reprod. Dev. 2020, in press. [CrossRef]

25. Reverchon, M.; Bertoldo, M.J.; Ramé, C.; Froment, P.; Dupont, J. CHEMERIN (RARRES2) Decreases In Vitro
Granulosa Cell Steroidogenesis and Blocks Oocyte Meiotic Progression in Bovine Species1. Biol. Reprod.
2014, 90, 1–15. [CrossRef]

26. Yang, Y.L.; Ren, L.R.; Sun, L.F.; Huang, C.; Xiao, T.X.; Wang, B.B.; Chen, J.; Zabel, B.A.; Ren, P.; Zhang, J.V.
The role of GPR1 signaling in mice corpus luteum. J. Endocrinol. 2016, 230, 55–65. [CrossRef]

27. Schwanhüusser, B.; Busse, D.; Li, N.; Dittmar, G.; Schuchhardt, J.; Wolf, J.; Chen, W.; Selbach, M. Global
quantification of mammalian gene expression control. Nature 2011, 473, 337–342. [CrossRef]

28. Gry, M.; Rimini, R.; Strömberg, S.; Asplund, A.; Pontén, F.; Uhlén, M.; Nilsson, P. Correlations between RNA
and protein expression profiles in 23 human cell lines. BMC Genomics 2009, 10. [CrossRef]

29. De Sousa Abreu, R.; Penalva, L.O.; Marcotte, E.M.; Vogel, C. Global signatures of protein and mRNA
expression levels. Mol. Biosyst. 2009, 5, 1512–1526. [CrossRef]

30. Liu, J. Control of protein synthesis and mRNA degradation by microRNAs. Curr. Opin. Cell Biol. 2008, 20,
214–221. [CrossRef]

31. Yang, Z.-M.; Das, S.K.; Wang, J.; Sugimoto, Y.; Ichikawa, A.; Dey, S.K. Potential Sites of Prostaglandin Actions
in the Periimplantation Mouse Uterus: Differential Expression and Regulation of Prostaglandin Receptor
Genes1. Biol. Reprod. 1997, 56, 368–379. [CrossRef] [PubMed]

32. Kaczynski, P.; Waclawik, A. Effect of conceptus on expression of prostaglandin F2α receptor in the porcine
endometrium. Theriogenology 2013, 79, 784–790. [CrossRef] [PubMed]

33. Waclawik, A.; Jabbour, H.N.; Blitek, A.; Ziecik, A.J. Estradiol-17beta, prostaglandin E2 (PGE2), and the PGE2
receptor are involved in PGE2 positive feedback loop in the porcine endometrium. Endocrinology 2009, 150,
3823–3832. [CrossRef] [PubMed]

34. Waclawik, A.; Ziecik, A.J. Differential expression of prostaglandin (PG) synthesis enzymes in conceptus
during peri-implantation period and endometrial expression of carbonyl reductase/PG 9-ketoreductase in
the pig. J. Endocrinol. 2007, 194, 499–510. [CrossRef]

35. Perry, J.S.; Heap, R.B.; Amoroso, E.C. Steroid hormone production by pig blastocysts. Nature 1973, 245, 45–47.
[CrossRef]

http://dx.doi.org/10.1016/j.peptides.2011.08.003
http://dx.doi.org/10.1210/jc.2012-1102
http://dx.doi.org/10.1111/aji.12405
http://dx.doi.org/10.1016/j.placenta.2012.02.007
http://dx.doi.org/10.1093/humrep/des089
http://www.ncbi.nlm.nih.gov/pubmed/22447628
http://dx.doi.org/10.1210/en.2012-1424
http://www.ncbi.nlm.nih.gov/pubmed/22948218
http://dx.doi.org/10.1017/S175173112000097X
http://www.ncbi.nlm.nih.gov/pubmed/32398173
http://dx.doi.org/10.1002/mrd.23391
http://dx.doi.org/10.1095/biolreprod.113.117044
http://dx.doi.org/10.1530/JOE-15-0521
http://dx.doi.org/10.1038/nature10098
http://dx.doi.org/10.1186/1471-2164-10-365
http://dx.doi.org/10.1039/b908315d
http://dx.doi.org/10.1016/j.ceb.2008.01.006
http://dx.doi.org/10.1095/biolreprod56.2.368
http://www.ncbi.nlm.nih.gov/pubmed/9116135
http://dx.doi.org/10.1016/j.theriogenology.2012.12.003
http://www.ncbi.nlm.nih.gov/pubmed/23321275
http://dx.doi.org/10.1210/en.2008-1499
http://www.ncbi.nlm.nih.gov/pubmed/19359378
http://dx.doi.org/10.1677/JOE-07-0155
http://dx.doi.org/10.1038/245045a0


Int. J. Mol. Sci. 2020, 21, 5213 25 of 26

36. Bazer, F.W.; Thatcher, W.W. Theory of maternal recognition of pregnancy in swine based on estrogen
controlled endocrine versus exocrine secretion of prostaglandin F2alpha by the uterine endometrium.
Prostaglandins 1977, 14, 397–400. [CrossRef]

37. Akinlosotu, B.A.; Diehl, J.R.; Gimenez, T. Prostaglandin E2 counteracts the effects of PGF2 alpha in
indomethacin treated cycling gilts. Prostaglandins 1988, 35, 81–93. [CrossRef]

38. Christenson, L.K.; Anderson, L.H.; Ford, S.P.; Farley, D.B. Luteal maintenance during early pregnancy in the
pig: Role for prostaglandin E2. Prostaglandins 1994, 47, 61–75. [CrossRef]

39. Kennedy, T.G.; Lukash, L.A. Induction of Decidualization in Rats by the Intrauterine Infusion of
Prostaglandins1. Biol. Reprod. 1982, 27, 253–260. [CrossRef]

40. Tobert, J.A. A study of the possible role of prostaglandins in decidualization using a nonsurgical method for
the instillation of fluids into the rat uterine lumen. J. Reprod. Fertil. 1976, 47, 391–393. [CrossRef]

41. Nakamura, N.; Naruse, K.; Kobayashi, Y.; Miyabe, M.; Saiki, T.; Enomoto, A.; Takahashi, M.; Matsubara, T.
Chemerin promotes angiogenesis in vivo. Physiol. Rep. 2018, 6, e13962. [CrossRef] [PubMed]

42. Kaur, J.; Adya, R.; Tan, B.K.; Chen, J.; Randeva, H.S. Identification of chemerin receptor (ChemR23) in human
endothelial cells: Chemerin-induced endothelial angiogenesis. Biochem. Biophys. Res. Commun. 2010, 391,
1762–1768. [CrossRef] [PubMed]

43. Kennedy, A.J.; Yang, P.; Read, C.; Kuc, R.E.; Yang, L.; Taylor, E.J.A.; Taylor, C.W.; Maguire, J.J.;
Davenport, A.P. Chemerin Elicits Potent Constrictor Actions via Chemokine-Like Receptor 1 (CMKLR1),
not G-Protein-Coupled Receptor 1 (GPR1), in Human and Rat Vasculature. J. Am. Heart Assoc. 2016, 5.
[CrossRef] [PubMed]

44. Rourke, J.L.; Muruganandan, S.; Dranse, H.J.; McMullen, N.M.; Sinal, C.J. Gpr1 is an active chemerin receptor
influencing glucose homeostasis in obese mice. J. Endocrinol. 2014, 222, 201–215. [CrossRef]

45. Huang, B.; Huang, C.; Zhao, H.; Zhu, W.; Wang, B.; Wang, H.; Chen, J.; Iao, T.; Niu, J.; Zhang, J. Impact of GPR1
signaling on maternal high-fat feeding and placenta metabolism in mice. Am. J. Physiol. Endocrinol. Metab.
2019, 316, E987–E997. [CrossRef]

46. Anegon, I.; Cuturi, M.C.; Godard, A.; Moreau, M.; Terqui, M.; Martinat-Botté, F.; Soulillou, J.P. Presence of
leukaemia inhibitory factor and interleukin 6 in porcine uterine secretions prior to conceptus attachment.
Cytokine 1994, 6, 493–499. [CrossRef]

47. Vaughan, T.J.; James, P.S.; Pascall, J.C.; Brown, K.D. Expression of the genes for TGF alpha, EGF and the EGF
receptor during early pig development. Development 1992, 116, 663–669.

48. Jaeger, L.A.; Spiegel, A.K.; Ing, N.H.; Johnson, G.A.; Bazer, F.W.; Burghardt, R.C. Functional effects of
transforming growth factor beta on adhesive properties of porcine trophectoderm. Endocrinology 2005, 146,
3933–3942. [CrossRef]
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