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Abstract

:

In humans, retinoic acid receptor responders (RARRES) have been shown to be altered in third trimester placentas complicated by the pathologies preeclampsia (PE) and PE with intrauterine growth restriction (IUGR). Currently, little is known about the role of placental Rarres in rodents. Therefore, we examined the localization and expression of Rarres1 and 2 in placentas obtained from a Wistar rat model of isocaloric maternal protein restriction (E18.5, IUGR-like features) and from an eNOS-knockout mouse model (E15 and E18.5, PE-like features). In both rodent models, Rarres1 and 2 were mainly localized in the placental spongiotrophoblast and giant cells. Their placental expression, as well as the expression of the Rarres2 receptor chemokine-like receptor 1 (CmklR1), was largely unaltered at the examined gestational ages in both animal models. Our results have shown that RARRES1 and 2 may have different expression and roles in human and rodent placentas, thereby underlining immanent limitations of comparative interspecies placentology. Further functional studies are required to elucidate the potential involvement of these proteins in early placentogenesis.
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1. Introduction


Our previous human studies indicated a dysregulation of the tumor suppressor genes retinoic acid receptor responsive proteins (retinoic acid receptor responders, RARRES) 1 and 2 in the third trimester placentas complicated by preeclampsia (PE) and PE conjoined with intrauterine growth restriction (IUGR) [1,2]. We observed an induction of RARRES1 expression in primary villous cytotrophoblasts isolated from PE and PE/IUGR placentas with a concomitant increase in RARRES1 syncytial staining. RARRES2 mRNA expression, on the contrary, seemed reduced, yet unaltered at the protein level in third trimester villous placental samples [1]. These results are controversial, as others have found increased RARRES2 protein expression in samples from total placentas in pregnancies complicated by PE [3]. Furthermore, we had previously determined that RARRES1 and 2 were located in distinct functional placental compartments [1]. RARRES1 (also known as Tazarotene-induced gene 1 (TIG1), Latexin-like (LXNL), or Phorbol Ester-induced gene 1 (PERG-1) [4]) was located in human villous and extravillous trophoblast cells (EVT) [1], while RARRES2 (also known as chemerin, HP10433, and TIG2 [5]) was specifically expressed in human placental EVTs [1]. In contrast, Garces et al. described an additional placental RARRES2 expression in cytotrophoblasts and Hofbauer cells [6].



RARRES1 stimulates the expression of antioxidant enzymes, inhibits angiogenesis, and stimulates autophagy via mTOR [7]. In line with its proposed tumor suppressor function [8,9,10], RARRES1, along with RARRES2, was reduced in choriocarcinoma [2] and its expression was also significantly reduced in certain choriocarcinoma cell lines (i.e., Jeg-3 and BeWo) [1].



While RARRES1 is located intracellularly [10,11], RARRES2 is a secreted adipocytokine that requires activation of its pro-form by proteolytic cleavage to exert its functions via chemokine-like receptor 1 (CMKLR1, ChemR23) [12,13]. Wang et al. [3] were able to show that RARRES2 exerts anti-inflammatory functions by inducing endothelial nitric oxide synthase (eNOS) expression in human umbilical vein endothelial cells (HUVECs) and by significantly decreasing TNF-α-induced nuclear factor (NF)-kappa B, and vascular cell adhesion molecule (VCAM)-1 production [3]. RARRES2 further modulates chemotaxis and activation of dendritic cells and macrophages via CMKLR1 [14,15], which is expressed in various leukocyte populations [16].



Pregnancy represents a state of constant metabolic adaptation and increased inflammation. In this respect, IUGR and PE represent two extreme gestational disturbances [17,18,19]. In PE the production of placental inflammatory cytokines [18,19] is increased. It is known that adipocytokine and interleukin signaling interact [20,21,22]. Recently IL-11, a member of the IL-6 family also known as adipogenesis inhibitory factor (AGIF) [23], has been found by others to be upregulated in PE and leads to inflammation and preeclampsia-like features in mice [24]. Treatment of mice with IL-11 negatively affects placentation, including trophoblast invasion and spiral artery remodeling, a key process in the pathogenesis of human PE [24,25]. IL-11 further increases systolic maternal blood pressure and leads to PE-like proteinuria in dams [24,25]. Mice with an eNOS-deficiency (eNOS−/− [26,27,28,29]) display PE-like features (e.g., vascular placental impairment [19,27,30] and an increased inflammatory state [31,32,33,34]).



To confirm this, we tested placental IL-11 expression in these mice. Moreover, we analyzed Rarres expression in second and third trimester placenta of eNOS−/− mice, because Garces et al. detected a maximum of placental Rarres2 expression at this gestational age in rodents [6].



To expand our findings from third trimester human placenta [1], we investigated Rarres1, Rarres2, and Cmklr1 expression in third trimester rodent placenta. Moreover, we analyzed the influence of maternal protein restriction in rats (IUGR-like features [35,36]) on placental Rarres1 and 2 expression. We additionally compared placentas in the context of fetal sex, given the differences in Rarres2 expression that were already described by Watts et al. [37] for male and female fetuses.




2. Results


2.1. Auxology


Animal data are displayed in Table 1. Maternal protein restriction led to a significant decrease in fetal weight (p = 0.03) and a significant increase in placental/fetal ratio (p = 0.03) at E18.5 in rats. This had no significant influence on placental weight (p = 0.11). In our eNOS−/− mice, fetal and placental weights were examined at E15 and E18.5. The animals showed a significant decrease of fetal weight at both time points compared to wildtype controls (p < 0.001). Mouse placental weights were significantly decreased at E18.5 (p = 0.006), with a similar trend at E15 (p = 0.08). The placental-to-fetal weight ratio was unaffected by eNOS deficiency (Table 1).




2.2. Localization of Rarres1 and 2


Representative images of Rarres1 and 2 immunohistochemical (IHC) stains are given in Figure 1A,D and Figure 2A,D, respectively. Both proteins shared similar localization in functional placental compartments. In contrast to Rarres1 (cytoplasmic stain, Figure 1), Rarres2 (Figure 2) additionally showed nuclear staining. IHC did not reveal species differences between rat (Figure 1A and Figure 2A) and mouse (Figure 1D and Figure 2D) placentas regarding Rarres1 and 2 localization. Positive staining was mostly present in the cytoplasm of trophoblast giant cells (GC) and spongiotrophoblasts (ST) of rat (Figure 1A) and mouse (Figure 1D) placentas at E18.5. In mice, we did not note differences in Rarres1 and 2 staining in comparison to E15 (data not shown). We additionally found positive staining for both proteins in the yolk sac, decidual stroma, and the umbilical cord lining membrane (data not shown). Glycogen cells and the labyrinth zone (LZ) stained negative for Rarres1 and 2.




2.3. Expression Analyses of Rarres1/2, CmklR1 Receptor, and IL-11


We detected a small but significant decrease of placental Rarres1 mRNA expression in our maternal protein restriction rat model at E18.5 (p = 0.03, Figure 1B). Sex did not show any significant influence on the expression of Rarres1, 2 and CmklR1 mRNA expression levels (Table 2). In contrast to the rat, we could determine significant differences in Rarres1 mRNA expression between eNOS−/− mice and C57BL/6 wildtype controls at E15 (p = 0.03) but not on E18.5 (p = 0.66) (Figure 1E). However, a 3.6-fold (eNOS−/−) and 6.5-fold (C57BL/6) temporal increase of placental Rarres1 mRNA expression was detected from E15 to E18.5 (p = 0.008 for C57BL6 mice and p = 0.002 for eNOS−/− mice, Figure 1E). Western blot analysis did not reveal significant differences in placental Rarres1 protein expression E18.5 in both animal models (rat: p = 0.057, mouse: p = 0.20, Figure 1C,F).



Placental Rarres2 mRNA (Figure 2B,E) and protein expression (Figure 2C,F) was neither affected by maternal protein restriction in the rat (PCR: p = 0.89, WB: p = 0.10, Figure 2B,C), nor eNOS−/− in the mice (PCR: E15: p = 0.31, E19: p = 0.66, WB: p = 0.49, Figure 2E,F). Also, the expression of Rarres2 remained unchanged from E15 to E18.5 in the mouse (p = 0.31 for C57BL6 mice and p = 0.13 for eNOS−/− mice, Figure 2E).



Placental CmklR1 expression was unchanged by maternal protein restriction in the rat and eNOS−/− in the mouse. Gestational age seemed to have no significant influence on CmklR1 expression in the mouse (Table 3). However, a significant increase of placental interleukin 11 (IL-11) mRNA expression at E15 (2.3-fold, p = 0.004, Figure 3) was observed in eNOS−/− mice compared to controls. No such change in IL-11 expression was noted at E18.5 (p = 0.99).





3. Discussion


Summarizing our findings, we demonstrate a sufficient induction of intrauterine growth restriction in both rodent models, as determined by fetal weight reduction, when compared to the respective controls. Rarres1 and 2 were pre-dominantly located in the spongiotrophoblast and giant cells of both rat and mouse placenta. In the rat, no consistent regulation of Rarres1/2 was detected under maternal protein restriction. Similarly, we did not find changes in Rarres1 and 2 mRNA or protein expressions in eNOS−/− mice. In the mouse, we observed a temporal increase in placental Rarres1 mRNA expression from E15 to E18.5 independent of their genotype. Moreover, we found an IL-11 induction at E15 in the eNOS−/− mice, suggestive of increased placental inflammation, a common feature of human PE [24].



3.1. Expression of Rarres1 in Rodent Placenta


Based on its localization in the human placenta, we have previously hypothesized that RARRES1, as a tumor-suppressor gene, might slow down invasion and migration of EVTs in terminal placentas and that it might regulate proliferation, syncytialization, and apoptosis of villous trophoblasts [1,2]. Thus, an increased RARRES1 expression in human PE might represent a state of reduced trophoblast proliferation and syncytialization with increased apoptosis [1,38,39].



In our current study, we determined that rodent Rarres1 was predominantly located in the placental junctional zone (giant cells and the spongiotrophoblast) with only minor expression in the labyrinth layer (resembling the human syncytiotrophoblast). Based on this observation, it could be assumed that Rarres1 plays a minor role in rodent placental syncytial physiology at the examined gestational stages. Other than a common hemochorial nature, murine placental anatomy shares limited features with the human placenta [40,41]. Nevertheless, the rodent placenta junctional zone (JZ) shares similarities with the human extravillous compartment [42,43,44,45], as it is positioned between the labyrinth and the maternal decidua [46]. From ~E12.5 onwards, trophoblast cells of the JZ invade into the decidua, where they become associated with maternal blood spaces. As a counterpart to the human placental syncytium, the JZ also constitutes the main placental endocrine compartment affecting both maternal and fetal physiology [46]. We have previously demonstrated that the placental distribution pattern of RARRES1 changes throughout human gestation [1]. Since we were able to detect temporal changes in the gestational expression of Rarres1 in mice, an involvement of Rarres1 in placental development and growth seems feasible, potentially regulating invasiveness of JZ trophoblast.



In contrast to our previous results from human PE placentas, Rarres1 expression was not induced in placentas of eNOS−/− mice. In fact, late gestational expression of placental Rarres1 was rather reduced by dietary-induced IUGR in the rat. However, our Rarres1 mRNA data were not supported by Western blot analysis, potentially owing to alterations in translation rate/protein degradation or transcription/mRNA stability (reviewed by [47]).



Our findings argue for a species-specific role of RARRES1 in the human syncytium and its involvement in PE [48,49]. While in the murine placenta temporal changes of placental Rarres1 expression were noted, gestational changes in Rarres1 expression in the rat were not studied. No differences in Rarres1 expression were detected in placentas of male or female fetuses.




3.2. Expression of Rarres2 in Rodent Placenta


We found that our Wistar rats expressed Rarres2 in the same placental compartments as Rarres1 (see above). The pronounced localization of Rarres2 in rat trophospongium supports our previous findings in human placenta [1], where RARRES2 was specifically expressed in extravillous trophoblasts (see above).



The expression and regulation of Rarres2 during rat pregnancy has been previously studied by Garces et al. [6] in Sprague Dawley rats at multiple gestational timepoints. In contrast to our findings, Garces et al. [6] found relevant Rarres2 staining in the labyrinthine trophoblast, besides the trophospongium in rats, which might have been due to the difference in employed rat species (Wistar vs. Sprague Dawley). Similarly, they found syncytial RARRES2 expression besides its extravillous localization in the human placenta, which was not supported by our previous studies [1]. This difference requires further investigation. It might be due to divergent IHC techniques (fixation: methyl Carnoy’s solution (our study) versus paraformaldehyde [6], rabbit antibody vs. recombinant full length human RARRES2 (our study) versus goat antibody vs. N-terminal human RARRES2 [6]). The placental Rarres2 expression increased until E16 in rats and then decreased until term, while rat maternal serum levels (ELISA) steadily decreased over the course of pregnancy in their animals [6]. This finding is in contrast to analyses of the same research group in humans, where RARRES2 levels were shown to rise significantly over the course of pregnancy [50]. This might argue for species-specific differences in the regulation of gestational Rarres2 expression and/or different functions of Rarres2 in murine and human placenta. The expression of Rarres2 in rat mesenteric adipose tissue remained mainly constant, despite a singular increase at E19 [6]. IUGR (30% of total ad libitum maternal diet) resulted in a ~50% reduction of placental Rarres2 expression in Sprague Dawley rats. The gestational expression pattern of Rarres2 (i.e., maximum of placental expression around E16), however, remained unchanged [6]. Rarres2 expression in rodents was higher at the end of the second trimester, than at the end of the third trimester. This is in line with our findings of a more prominent Rarres2 expression in mouse placenta at gestational E15 compared to gestational day E18.5.



In contrast to Garces et al. [6], we did not observe a reduction of Rarres2 in our isocaloric rat model of maternal protein restriction. This might be due to the divergent use of maternal diets (i.e., isocaloric protein restriction vs. total caloric reduction). We have just recently shown that our diet does not resemble a stress-model, unlike other models of total intake restriction [36]. Furthermore, models with total calorie restriction [51,52] seem more prone to develop insulin resistance after IUGR. Thus, the observed placental reduction of rat Rarres2 expression under the condition of profound maternal food restriction [6] might underscore its proposed role as placental adipocytokine [6,53], with putative involvement in the development of maternal insulin resistance [54,55] and in feto-maternal metabolic homeostasis during pregnancy [56]. However, this hypothesis and the association of markers of insulin sensitivity with circulating RARRES2 is controversially discussed [50,57]. Unfortunately, there was no description of the influence of IUGR on Rarres2 levels in rat maternal adipose tissue or serum by Garces et al. [6].



In vitro findings of Wang et al. [3] indicated that RARRES2 induces NO production in HUVECs. Our PE mouse model did not show local induction of Rarres2 despite the knockout of eNOS, which suggests a lack of local negative feedback. At this point, systemic feedback-signaling cannot be ruled out, as circulating Rarres2 remained undetermined in our study.




3.3. Expression of CmklR1 in Rodent Placenta


Our finding of stable placental CmklR1 expression levels in our Wistar rats resembled the gestational findings of Sanchez-Rebordelo et al. in Sprague Dawley rats [58]. Similarly, we could not detect significant differences or gestational changes of CmklR1-expression in our eNOS−/− mice. This finding is of interest, as CMKLR1 activation has been shown to induce vasoconstriction of peripheral vessels [59] and a reduced uterine blood flow is characteristic in eNOS−/− mice [60]. Thus, CmklR1 might play a minor role in the dysregulation of vascular tone in these mice. However, as knockout of CmklR1 seems to induce higher abortion rates in mice [61], different mechanisms of action need to be taken into consideration.




3.4. IL-11 as a Novel Regulatory Cytokine in eNOS−/− Mice


The level of IUGR in our rats, as determined by fetal weight, was comparable to our previous experience with this model [36,62]. Additionally, the observed level of fetal and placental weight reduction in eNOS−/− mice (18% and 22%, respectively; E18.5) was similar to findings from the literature (11% and 10%, respectively; E17 [28]), when compared to C57BL/6 control mice.



Interestingly, we found an induction of placental IL-11 in our eNOS−/− mice at midgestation, which has not been shown previously. As IL-11 has been demonstrated to contribute to the development of inflammation in PE and placental vascular changes in mice [24,25], our finding might indicate respective changes in our rodent placentas, which are found in a similar manner in human PE.





4. Materials and Methods


4.1. Animals and Diets


This study was carried out following the recommendations of the National Institute of Health (NIH) Guide for the Care and Use of Laboratory Animals and the Directive 2010/63/EU. All procedures and protocols were governmentally approved by the corresponding board (Regierung von Mittelfranken, AZ #54-2531.31-31/09 (10 November 2010) and AZ #55.2-2532-2-820 (17 January 2019)). Surgical procedures were performed under isoflurane anesthesia and all efforts were made to minimize suffering.



4.1.1. Alimentary Rat Model with IUGR-Like Features


Animal procedures and the dietary regimen were carried out as previously described by us in detail [36]. Wistar rats were ordered from Charles River (Sulzfeld, Germany). Weighing 240–260 g, rats were mated, and the beginning of gestation was determined via assessment of vaginal plug expulsion. Subsequently, dams were randomly assigned into two groups consisting of six animals each and received semi-purified diets (Altromin Spezialfutter GmbH & Co. KG, Lage, Germany) of either low protein diet (LP group, 25 g/d of Altromin C1003, 8% protein) or an isocaloric diet of normal protein content (NP group, 25 g/d of Altromin C1000, 17% protein) from day 1 of gestation. This results in reduced birth weight and increased placental-to-fetal weight ratio, indicating preserved placental efficiency [63]. Rat placentas were obtained at E18.5. Animal characteristics are displayed in Table 1. Sex verification was carried out via sex-determining region Y (Sry) gene PCR, as previously described by us in detail [36].




4.1.2. Mouse Model with PE/IUGR-Like Features


The eNOS-knockout (eNOS−/−) mice came from Jackson Laboratories (Bar Harbor, Maine, USA). The recommended wild-type (WT) C57BL/6 mice were ordered from Charles River (Sulzfeld, Germany). A homozygous breeding strategy was followed. Both strains were kept over ten generations in our animal facility before being utilized in experiments. Mice were housed at 22 ± 2 °C and a 12 h light/dark cycle in our animal facilities. Animals had unlimited access to standard chow (SSNIFF V1534, ssniff Spezialdiäten GmbH, Soest, Germany) and tap water. The animal model of eNOS−/− mice was previously described in detail by others [28,64,65]. The placental dysfunction in eNOS−/− mice [26,64,65] is caused with an impaired systemic vascularization of the dam [29]: eNOS deficiency significantly reduces the essential maternal cardiovascular adaptive capacity via reduction of circulating nitric oxide [28]. Thus, maintenance of constant uterine and feto-placental blood flow and of low feto-placental vascular resistance via modulation of smooth muscle myogenic tone is disabled [19,27,30]. Moreover, eNOS deficiency seems to be associated with an increased inflammatory state [31,32,33,34]. We chose eNOS−/− mice over various other rodent models of PE (reviewed by [18]) as placentas of this model lack gross anatomic alterations [28] similar to our low protein rat model [66]. Each group of mice was mated, and the presence of a copulation plug was denoted as day 0.5 of pregnancy. Mouse placentas were obtained from these mice at day E15 and E18.5. Animal characteristics are displayed in Table 1. Based on our finding that sex seemed to have no influence on Rarres1/2 expression in the rat placenta, we did not include it as a variable in the mouse model analysis. The placental eNOS mRNA expression was well detectable in control mice but was below the detection limit in eNOS−/− mice (data not shown).



All rodent placentas were fixed in methyl Carnoy’s solution (Roth, Karlsruhe, Germany) for embedding in paraffin or were snap frozen and stored at −80 °C for messenger RNA (mRNA) preparation and protein extraction.





4.2. RNA Extraction, RT-PCR, and Real-Time Quantitative PCR


Gene expression analysis has previously been described by us in detail [36]. PCR was performed in n = 5 pups (mean) per litter from 4 NP/LP dams, respectively. In our mouse model, n = 2 pups per litter from n = 6 eNOS−/− dams and n = 5 C57BL/6 wild type controls, respectively, were examined at two different time points (E15; E18.5). Snap-frozen placental tissues were minced using a Mikro-Dismembrator (Sartorius Stedim Biotech GmbH, Göttingen, Germany). RNA purification of our rat placentas was achieved with peqGold TriFast reagent (Peqlab, Erlangen, Germany), and RNA pretreatment with DNase I (Sigma-Aldrich, Darmstadt, Germany) was used. For mouse samples, the frozen tissue was homogenized by grinding with a T10 basic ULTRA TURRAX disperser (IKA, Staufen im Breisgau, Germany), and total RNA was extracted using the RNeasy Mini Kit with DNase treatment (Qiagen, Hilden, Germany) according to the manufacturer’s instructions. RNA concentration was determined by NanoDrop spectrophotometry (Peqlab, Erlangen, Germany) and adjusted to 100 ng/ mL for all rodent placenta samples. Complementary DNA (cDNA) synthesis was conducted using TaqMan Reverse Transcription (Applied Biosystems, Waltham, MA, USA) in a Biometra Trio thermal cycler (Analytik Jena, Jena, Germany). Quantification of Rarres1, Rarres2, CmlkR1, and IL11 mRNA expression was achieved by qRT PCR analysis using the Fast SYBR Green Master Mix and Sequence Detector StepOnePlus (Applied Biosystems, Waltham, MA, USA) with r18s RNA as a reference gene. Measurements were performed in duplicate. Primers were designed using Primer Express software (version 3.0.1, Applied Biosystems, Waltham, MA, USA) or Primer-BLAST (NCBI, NIH). Primers were ordered from Eurofins (Eurofins Genomics Germany GmbH, Ebersberg, Germany) and sequences are listed in Table 4.




4.3. Western Blot Analysis


For protein expression analysis, placental tissue of rat NP/LP (4 dams with 2 pups/dam) and mouse E18.5 eNOS−/− versus C57BL/6 control (8 dams with 1 pup each) was homogenized by mincing in 20 mL RIPA buffer, consisting of 50 mM Tris (pH 7.2), 10 mM EDTA, 150 mM NaCl, 0.1% SDS, 1.0% Triton X-100, 1.0% sodium deoxycholate, 20 μL/mL proteinase inhibitor (Complete proteinase inhibitor, Santa Cruz Biotechnology Inc., Dallas, TX, USA), and 2 mM Na3VO4. Buffer amount was adjusted to sample weight. The protein concentration was determined by the kit (Pierce, Rockford, IL, USA). Rat samples containing 30 µg/44 µl and mouse samples containing 30 µg/40 µL of protein were boiled at 95 °C for 8 min and separated on a 10% denaturing SDS-PAGE gel (for Rarres1 measurements of rat samples, 12% gel was used). Semi-dry electro-blotting was performed using Hartenstein GB33 PVDF membranes (Bio-Rad Laboratories, Hercules, USA), which were then blocked with Rotiblock (Roth, Karlsruhe, Germany) for 60 min. The membrane was incubated overnight at 4 °C with a polyclonal rabbit anti-rat antibody to Rarres1 (Biorbyt, Cambridge, UK) at a concentration of 1:250, or polyclonal rabbit anti-rat antibody to Rarres2 (Thermo Fisher, Waltham, MA, USA) at a concentration of 1:500 (rat)/1:1000 (mouse). Subsequently, the membrane was incubated for 60 min at room temperature with a secondary donkey anti-rabbit antibody (GE Healthcare, Amersham, UK) in the concentration 1:10,000 (for Rarres1 rat–blots 5% milk powder was added). As a reference, a monoclonal mouse anti-vinculin antibody at a concentration of 1:2000 and a monoclonal mouse anti-β-Tubulin antibody at a concentration of 1:10,000 (both from Sigma Aldrich, St. Louis, MO, USA) followed by a secondary sheep anti-mouse antibody (GE Healthcare, Amersham, UK) were used. As both reference genes resulted in similar results, only β-Tubulin blots were displayed. Immunoreactivity was visualized using the fluorescent ECL Plus Western Blotting Substrate according to the manufacturer’s instructions (Thermo Fisher Scientific, Waltham, MA, USA) and quantified with a luminescent imager (LAS-1000, Fujifilm, Berlin, Germany) and AIDA Image Analysis software (version 2.1, Elysia-raytest GmbH, Straubenhardt Germany).



Coomassie Brilliant Blue staining served as the loading control.




4.4. Immunohistochemistry


For immunohistochemical (IHC) analysis, tissues were fixed in methyl Carnoy’s solution and embedded in paraffin, as previously described [67]. Each group consisted of 6 placentas (3 sections of the central region, each) from 2 dams. Two-micrometer paraffin sections were prepared with a HM340E microtome (Thermo Fisher Scientific, Waltham, MA, USA). After de-paraffinization and rehydration with intermittent Tris-buffered saline (TBS) washing, tissue sections were unmasked by cooking in target retrieval solution (TRS, Dako Agilent, Santa Clara, CA, USA) for 10 min. Endogenous peroxidase activity was blocked with 3% H2O2 for 20 min at room temperature. Sections were then incubated in fetal calf serum (FCS) at 37 °C for 30 min and coated with the primary antibody (Rarres1: MyBioSource, San Diego, CA, USA, 1:50; Rarres2: Thermo Fisher, Waltham, MA, USA 1:100). After incubation at 4 °C overnight, sections were washed in TBS and layered with the secondary antibody (dilution 1:500; biotin-conjugated, goat anti-rabbit immunoglobulin G; Vector Laboratories, Burlingame, CA, USA) at room temperature for 30 min. Subsequently, sections were incubated with avidin-biotinylated horseradish peroxidase complex (Vectastain PK-6100; Vector Laboratories) at RT for 30 min and with a DAB (diaminobenzidine tetrahydrochloride) kit (SK-4100; Vector Laboratories, both supplied by Linaris, Dossenheim, Germany) for 15 min and counterstained with hematoxylin (Merck, Darmstadt, Germany). After embedding in Entellan (Merck, Darmstadt, Germany), imaging was performed with a DMC 6200 camera mounted on a Leica DMR microscope (Type 020-525.731) using LASX 3.4.2.18368 image software (all from Leica Microsystems, Wetzlar, Germany). Representative photomicrographs for antibody specificity testing are shown in supplementary Figure S1.




4.5. Statistical Analysis


Results were expressed as mean ± standard deviation (SD) unless stated otherwise. Statistical analyses were performed using GraphPad Prism software (version 7.0, GraphPad Software, San Diego, CA, USA). We checked for outliers by using the PRISM “robust regression and outlier removal” (ROUT) method (Q = 1%, equivalent to a false discovery rate of 1%), as described by Motulsky and Brown [68] and Hughes and Hekimi [69]. Excluded data points (n = 0 in rats; n = 1 for mouse PCR of Rarres1, CmklR1, and IL-11, respectively) were not included in the calculation of the mean per litter. Subsequently, the means per litter were subjected to further statistical analysis. Before performing groupwise comparisons, outliers were removed [36] and a non-parametric Mann–Whitney U-test was executed. A p value <0.05 was considered statistically significant. Data processing and imaging was performed with Microsoft Office 2016 (Microsoft, Redmond, WA, USA) and Adobe Photoshop CS6 (Adobe Systems, San José, CA, USA).





5. Limitations


In our study, rodent placental tissue was analyzed in toto. Thus, compartment specific changes might have been masked. We did not analyze circulating Rarres2 levels in maternal or fetal serum. Thus, at this point, our conclusions regarding Rarres1/2 are limited to the placental level only. In line with this limitation, no other local sources of Rarres1/2 (e.g., adipose tissue) were evaluated in our study and only certain gestational time-points were examined. Thus, temporal changes in placental expression profiles remain elusive. The choice to analyze mid-/late-gestational placental tissue was based on our previous findings in human third trimester placentas and trophoblasts [1,2]. Consequently, a potential involvement of Rarres1/2 in placentation and early gestation of our animal models remains to be determined. Furthermore, the use of eNOS−/− as a model for IUGR or preeclampsia has been controversially discussed [70,71]. This model is characterized by impaired endothelial function with uterine artery dysfunction and a lack of blood vessel expansion, as well as a placental transport phenotype [26]. Therefore, eNOS−/− might only represent certain early subtypes of human PE and/or IUGR, which on the other hand may not be relevant to rodents themselves.




6. Conclusions


To our knowledge, we were the first to examine Rarres1 localization in the rodent placenta. Also, Rarres1 and 2 expressions have not been studied in the above rodent models.



Rarres1/2 findings in both animal models did not resemble placental alterations of RARRES1/2 observed by us in human PE or PE/IUGR. These results might indicate species-specific differences in placental regulation and compartmentation. The fact that others observed reduced placental Rarres2 expression following more profound maternal food restriction suggests metabolic functions of the peptide beyond its potential tumor-suppressor role that need further investigation. Furthermore, the clarification of a potential feto-maternal crosstalk via adipocytokine Rarres2 and its possible role in the regulation of immunologic and inflammatory processes at the placental interface requires further functional studies. Moreover, the role of IL-11 in the placental pathophysiology of eNOS−/− mice remains to be determined.








Supplementary Materials


The following are available online at https://www.mdpi.com/1422-0067/21/1/242/s1, Figure S1: Specificity testing of the antibody to RARRES1, Figure S2: Specificity testing of the antibody to RARRES2.





Author Contributions


Conceptualization, Validation and Project Administration by F.B.F. and A.H.; Methodology and Visualization by M.S., R.W., H.H., and N.C.; Investigation, Data Acquisition and Analysis, Software and Preparation of Original Draft by A.M.; Reviewing and Editing by C.M.-C.; Supervision and Resources by A.H. Revision by F.B.F., A.H., and A.M. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Deutsche Forschungsgemeinschaft and Friedrich-Alexander-University Erlangen-Nürnberg (FAU) within the funding program Open Access Publishing.




Acknowledgments


Data acquisition was performed by Alexander F. C. Mocker in fulfillment of the requirements for obtaining the degree “med.” at the Friedrich-Alexander University of Erlangen-Nürnberg, Department of Pediatrics and Adolescent Medicine, Germany. We thank M. Kupraszewicz-Hutzler for supervising the immunohistochemistry.




Conflicts of Interest


The authors declare no conflict of interest. Funding by DFG had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to publish the results.




References


	



Huebner, H.; Hartner, A.; Rascher, W.; Strick, R.R.; Kehl, S.; Heindl, F.; Wachter, D.L.; Beckmann Md, M.W.; Fahlbusch, F.B.; Ruebner, M. Expression and Regulation of Retinoic Acid Receptor Responders in the Human Placenta. Reprod. Sci. 2018, 25, 1357–1370. [Google Scholar] [CrossRef] [PubMed]

	



Huebner, H.; Strick, R.; Wachter, D.L.; Kehl, S.; Strissel, P.L.; Schneider-Stock, R.; Hartner, A.; Rascher, W.; Horn, L.C.; Beckmann, M.W.; et al. Hypermethylation and loss of retinoic acid receptor responder 1 expression in human choriocarcinoma. J. Exp. Clin. Cancer Res. 2017, 36, 165. [Google Scholar] [CrossRef] [PubMed]

	



Wang, L.; Yang, T.; Ding, Y.; Zhong, Y.; Yu, L.; Peng, M. Chemerin Plays a Protective Role by Regulating Human Umbilical Vein Endothelial Cell-Induced Nitric Oxide Signaling in Preeclampsia. Endocrine 2015, 48, 299–308. [Google Scholar] [CrossRef] [PubMed]

	



Nagpal, S.; Patel, S.; Asano, A.T.; Johnson, A.T.; Duvic, M.; Chandraratna, R.A. Tazarotene-Induced Gene 1 (TIG1), a Novel Retinoic Acid Receptor-Responsive Gene in Skin. J. Investig. Dermatol. 1996, 106, 269–274. [Google Scholar] [CrossRef] [PubMed]

	



Nagpal, S.; Patel, S.; Jacobe, H.; Disepio, D.; Ghosn, C.; Malhotra, M.; Teng, M.; Duvic, M.; Chandraratna, R.A. Tazarotene-induced gene 2 (TIG2), a novel retinoid-responsive gene in skin. J. Investig. Dermatol. 1997, 109, 91–95. [Google Scholar] [CrossRef]

	



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

	



Roy, A.; Ramalinga, M.; Kim, O.J.; Chijioke, J.; Lynch, S.; Byers, S.; Kumar, D. Multiple roles of RARRES1 in prostate cancer: Autophagy induction and angiogenesis inhibition. PLoS ONE 2017, 12, 0180344. [Google Scholar] [CrossRef]

	



Wang, X.; Saso, H.; Iwamoto, T.; Xia, W.; Gong, Y.; Pusztai, L.; Woodward, W.A.; Reuben, J.M.; Warner, S.L.; Bearss, D.J.; et al. TIG1 Promotes the Development and Progression of Inflammatory Breast Cancer through Activation of Axl Kinase. Cancer Res. 2013, 73, 6516–6525. [Google Scholar] [CrossRef]

	



Liu-Chittenden, Y.; Jain, M.; Gaskins, K.; Wang, S.; Merino, M.J.; Kotian, S.; Kumar Gara, S.; Davis, S.; Zhang, L.; Kebebew, E. Rarres2 Functions as a Tumor Suppressor by Promoting Beta-Catenin Phosphorylation/Degradation and Inhibiting P38 Phosphorylation in Adrenocortical Carcinoma. Oncogene 2017, 36, 3541–3552. [Google Scholar] [CrossRef]

	



Oldridge, E.E.; Walker, H.F.; Stower, M.J.; Simms, M.S.; Mann, V.M.; Collins, A.T.; Pellacani, D.; Maitland, N.J. Retinoic acid represses invasion and stem cell phenotype by induction of the metastasis suppressors RARRES1 and LXN. Oncogenesis 2013, 2, e45. [Google Scholar] [CrossRef]

	



Sahab, Z.J.; Hall, M.D.; Me Sung, Y.; Dakshanamurthy, S.; Ji, Y.; Kumar, D.; Byers, S.W. Tumor Suppressor Rarres1 Interacts with Cytoplasmic Carboxypeptidase Agbl2 to Regulate the Alpha-Tubulin Tyrosination Cycle. Cancer Res. 2011, 71, 1219–1228. [Google Scholar] [CrossRef] [PubMed]

	



Meder, W.; Wendland, M.; Busmann, A.; Kutzleb, C.; Spodsberg, N.; John, H.; Richter, R.; Schleuder, D.; Meyer, M.; Forssmann, W. Characterization of human circulating TIG2 as a ligand for the orphan receptor ChemR23. FEBS Lett. 2003, 555, 495–499. [Google Scholar] [CrossRef]

	



Zabel, B.A.; Silverio, A.M.; Butcher, E.C. Chemokine-like receptor 1 expression and chemerin-directed chemotaxis distinguish plasmacytoid from myeloid dendritic cells in human blood. J. Immunol. 2005, 174, 244–251. [Google Scholar] [CrossRef] [PubMed]

	



Lehrke, M.; Becker, A.; Greif, M.; Stark, R.; Laubender, R.P.; Von Ziegler, F.; Lebherz, C.; Tittus, J.; Reiser, M.; Becker, C.; et al. Chemerin is associated with markers of inflammation and components of the metabolic syndrome but does not predict coronary atherosclerosis. Eur. J. Endocrinol. 2009, 161, 339–344. [Google Scholar] [CrossRef]

	



Wittamer, V.; Franssen, J.D.; Vulcano, M.; Mirjolet, J.F.; Le Poul, E.; Migeotte, I.; Brezillon, 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. [Google Scholar] [CrossRef]

	



Bondue, B.; Wittamer, V.; Parmentier, M. Chemerin and its receptors in leukocyte trafficking, inflammation and metabolism. Cytokine Growth Factor Rev. 2011, 22, 331–338. [Google Scholar] [CrossRef]

	



Redman, C.; Sargent, I. Pre-eclampsia, the Placenta and the Maternal Systemic Inflammatory Response—A Review. Placenta 2003, 24 (Suppl. A), S21–S27. [Google Scholar] [CrossRef]

	



Podjarny, E.; Losonczy, G.; Baylis, C. Animal Models of Preeclampsia. Semin. Nephrol. 2004, 24, 596–606. [Google Scholar] [CrossRef]

	



Sladek, S.M.; Magness, R.R.; Conrad, K.P. Nitric Oxide and Pregnancy. Am. J. Physiol. 1997, 272, R441–R463. [Google Scholar] [CrossRef]

	



Depoortere, I.; Thijs, T.; Keith, J.; Peeters, T.L. Treatment with interleukin-11 affects plasma leptin levels in inflamed and non-inflamed rabbits. Regul. Pept. 2004, 122, 149–156. [Google Scholar] [CrossRef]

	



Makrilakis, K.; Fragiadaki, K.; Smith, J.; Sfikakis, P.P.; Kitas, G.D. Interrelated Reduction of Chemerin and Plasminogen Activator Inhibitor-1 Serum Levels in Rheumatoid Arthritis after Interleukin-6 Receptor Blockade. Clin. Rheumatol. 2015, 34, 419–427. [Google Scholar] [CrossRef] [PubMed]

	



Fatima, S.S.; Alam, F.; Chaudhry, B.; Khan, T.A. Elevated Levels of Chemerin, Leptin, and Interleukin-18 in Gestational Diabetes Mellitus. J. Matern. Fetal Neonatal Med. 2017, 30, 1023–1028. [Google Scholar] [CrossRef] [PubMed]

	



Kawashima, I.; Ohsumi, J.; Mita-Honjo, K.; Shimoda-Takano, K.; Ishikawa, H.; Sakakibara, S.; Miyadai, K.; Takiguchi, Y. Molecular cloning of cDNA encoding adipogenesis inhibitory factor and identity with interleukin-11. FEBS Lett. 1991, 283, 199–202. [Google Scholar] [CrossRef]

	



Winship, A.; Dimitriadis, E. Interleukin 11 is upregulated in preeclampsia and leads to inflammation and preeclampsia features in mice. J. Reprod. Immunol. 2018, 125, 32–38. [Google Scholar] [CrossRef]

	



Winship, A.L.; Koga, K.; Menkhorst, E.; Van Sinderen, M.; Rainczuk, K.; Nagai, M.; Cuman, C.; Yap, J.; Zhang, J.-G.; Simmons, D.; et al. Interleukin-11 alters placentation and causes preeclampsia features in mice. Proc. Natl. Acad. Sci.USA 2015, 112, 15928–15933. [Google Scholar] [CrossRef]

	



Kusinski, L.C.; Stanley, J.L.; Dilworth, M.R.; Hirt, C.J.; Andersson, I.J.; Renshall, L.J.; Baker, B.C.; Baker, P.N.; Sibley, C.P.; Wareing, M.; et al. eNOS knockout mouse as a model of fetal growth restriction with an impaired uterine artery function and placental transport phenotype. Am. J. Physiol. Integr. Comp. Physiol. 2012, 303, R86–R93. [Google Scholar] [CrossRef]

	



Anumba, D.O.C.; Robson, S.C.; Boys, R.J.; Ford, G.A. Nitric oxide activity in the peripheral vasculature during normotensive and preeclamptic pregnancy. Am. J. Physiol. Content 1999, 277, H848–H854. [Google Scholar] [CrossRef]

	



Hefler, L.A.; Reyes, C.A.; O’Brien, W.E.; Gregg, A.R. Perinatal development of endothelial nitric oxide synthase-deficient mice. Boil. Reprod. 2001, 64, 666–673. [Google Scholar] [CrossRef]

	



Hefler, L.A.; Tempfer, C.B.; Moreno, R.M.; O’Brien, W.E.; Gregg, A.R. Endothelial-derived nitric oxide and angiotensinogen: Blood pressure and metabolism during mouse pregnancy. Am. J. Physiol. Integr. Comp. Physiol. 2001, 280, R174–R182. [Google Scholar] [CrossRef]

	



Veerareddy, S.; Cooke, C.-L.M.; Baker, P.N.; Davidge, S.T. Vascular adaptations to pregnancy in mice: Effects on myogenic tone. Am. J. Physiol. Circ. Physiol. 2002, 283, H2226–H2233. [Google Scholar] [CrossRef]

	



Flaherty, M.P.; Brown, M.; Grupp, I.L.; El Schultz, J.; Murphree, S.S.; Jones, W.K. eNOS Deficient Mice Develop Progressive Cardiac Hypertrophy with Altered Cytokine and Calcium Handling Protein Expression. Cardiovasc. Toxicol. 2007, 7, 165–177. [Google Scholar] [CrossRef] [PubMed]

	



Bucci, M.; Gratton, J.-P.; Rudic, R.D.; Acevedo, L.; Roviezzo, F.; Cirino, G.; Sessa, W.C. In vivo delivery of the caveolin-1 scaffolding domain inhibits nitric oxide synthesis and reduces inflammation. Nat. Med. 2000, 6, 1362–1367. [Google Scholar] [CrossRef] [PubMed]

	



Bucci, M.; Roviezzo, F.; Posadas, I.; Yu, J.; Parente, L.; Sessa, W.C.; Ignarro, L.J.; Cirino, G. Endothelial nitric oxide synthase activation is critical for vascular leakage during acute inflammation in vivo. Proc. Natl. Acad. Sci. USA 2005, 102, 904–908. [Google Scholar] [CrossRef] [PubMed]

	



Han, L.; Zhang, M.; Liang, X.; Jia, X.; Jia, J.; Zhao, M.; Fan, Y. Interleukin-33 Promotes Inflammation-Induced Lymphangiogenesis via St2/Traf6-Mediated Akt/Enos/No Signalling Pathway. Sci. Rep. 2017, 7, 10602. [Google Scholar] [CrossRef]

	



Beinder, L.; Faehrmann, N.; Wachtveitl, R.; Winterfeld, I.; Hartner, A.; Menendez-Castro, C.; Rauh, M.; Ruebner, M.; Huebner, H.; Noegel, S.C.; et al. Detection of Expressional Changes Induced by Intrauterine Growth Restriction in the Developing Rat Mammary Gland via Exploratory Pathways Analysis. PLoS ONE 2014, 9, e100504. [Google Scholar] [CrossRef]

	



Schmidt, M.; Rauh, M.; Schmid, M.C.; Huebner, H.; Ruebner, M.; Wachtveitl, R.; Cordasic, N.; Rascher, W.; Menendez-Castro, C.; Hartner, A.; et al. Influence of Low Protein Diet-Induced Fetal Growth Restriction on the Neuroplacental Corticosterone Axis in the Rat. Front. Endocrinol. 2019, 10, 124. [Google Scholar] [CrossRef]

	



Watts, S.W.; Darios, E.S.; Mullick, A.E.; Garver, H.; Saunders, T.L.; Hughes, E.D.; Filipiak, W.E.; Zeidler, M.G.; McMullen, N.; Sinal, C.J.; et al. The Chemerin Knockout Rat Reveals Chemerin Dependence in Female, but Not Male, Experimental Hypertension. FASEB J. 2018, fj201800479. [Google Scholar] [CrossRef]

	



Langbein, M.; Strick, R.; Strissel, P.L.; Vogt, N.; Parsch, H.; Beckmann, M.W.; Schild, R.L. Impaired Cytotrophoblast Cell-Cell Fusion Is Associated with Reduced Syncytin and Increased Apoptosis in Patients with Placental Dysfunction. Mol. Reprod. Dev. 2008, 75, 175–183. [Google Scholar] [CrossRef]

	



Burton, G.J.; Jones, C.J. Syncytial Knots, Sprouts, Apoptosis, and Trophoblast Deportation from the Human Placenta. Taiwan. J. Obstet. Gynecol. 2009, 48, 28–37. [Google Scholar] [CrossRef]

	



Dilworth, M.; Sibley, C. Review: Transport across the placenta of mice and women. Placenta 2013, 34, S34–S39. [Google Scholar] [CrossRef]

	



Silva, J.F.; Serakides, R. Intrauterine trophoblast migration: A comparative view of humans and rodents. Cell Adhes. Migr. 2016, 10, 88–110. [Google Scholar] [CrossRef] [PubMed]

	



Hemberger, M.; Cross, J.C. Genes governing placental development. Trends Endocrinol. Metab. 2001, 12, 162–168. [Google Scholar] [CrossRef]

	



Cross, J.; Baczyk, D.; Dobric, N.; Hemberger, M.; Hughes, M.; Simmons, D.; Yamamoto, H.; Kingdom, J. Genes, Development and Evolution of the Placenta. Placenta 2003, 24, 123–130. [Google Scholar] [CrossRef] [PubMed]

	



Georgiades, P.; Ferguson-Smith, A.; Burton, G. Comparative Developmental Anatomy of the Murine and Human Definitive Placentae. Placenta 2002, 23, 3–19. [Google Scholar] [CrossRef] [PubMed]

	



Simmons, D.G.; Cross, J.C. Determinants of trophoblast lineage and cell subtype specification in the mouse placenta. Dev. Boil. 2005, 284, 12–24. [Google Scholar] [CrossRef]

	



Woods, L.; Perez-Garcia, V.; Hemberger, M. Regulation of Placental Development and Its Impact on Fetal Growth—New Insights from Mouse Models. Front. Endocrinol. 2018, 9, 570. [Google Scholar] [CrossRef]

	



Abreu, R.D.S.; Penalva, L.O.; Marcotte, E.M.; Vogel, C. Global signatures of protein and mRNA expression levels. Mol. BioSyst. 2009, 5, 1512–1526. [Google Scholar]

	



Ruebner, M.; Strissel, P.L.; Langbein, M.; Fahlbusch, F.; Wachter, D.L.; Faschingbauer, F.; Beckmann, M.W.; Strick, R. Impaired cell fusion and differentiation in placentae from patients with intrauterine growth restriction correlate with reduced levels of HERV envelope genes. J. Mol. Med. 2010, 88, 1143–1156. [Google Scholar] [CrossRef]

	



Ruebner, M.; Strissel, P.L.; Ekici, A.B.; Stiegler, E.; Dammer, U.; Goecke, T.W.; Faschingbauer, F.; Fahlbusch, F.B.; Beckmann, M.W.; Strick, R. Reduced Syncytin-1 Expression Levels in Placental Syndromes Correlates with Epigenetic Hypermethylation of the ERVW-1 Promoter Region. PLoS ONE 2013, 8, 56145. [Google Scholar] [CrossRef]

	



Garces, M.F.; Sanchez, E.; Ruíz-Parra, A.I.; Rubio-Romero, J.A.; Angel-Müller, E.; Suarez, M.A.; Bohórquez, L.F.; Bravo, S.B.; Nogueiras, R.; Diéguez, C.; et al. Serum chemerin levels during normal human pregnancy. Peptides 2013, 42, 138–143. [Google Scholar] [CrossRef]

	



Snoeck, A.; Hoet, J.J.; Remacle, C.; Reusens, B. Effect of a Low Protein Diet during Pregnancy on the Fetal Rat Endocrine Pancreas. Biol. Neonate 1990, 57, 107–118. [Google Scholar] [CrossRef] [PubMed]

	



Blondeau, B.; Lesage, J.; Czernichow, P.; Dupouy, J.P.; Bréant, B. Glucocorticoids impair fetal beta-cell development in rats. Am. J. Physiol. Metab. 2001, 281, 592–599. [Google Scholar]

	



Mühlhäusler, B.S. Programming of the Appetite-Regulating Neural Network: A Link Between Maternal Overnutrition and the Programming of Obesity? J. Neuroendocr. 2007, 19, 67–72. [Google Scholar] [CrossRef] [PubMed]

	



Valsamakis, G.; Kumar, S.; Creatsas, G.; Mastorakos, G. The effects of adipose tissue and adipocytokines in human pregnancy. Ann. N. Y. Acad. Sci. 2010, 1205, 76–81. [Google Scholar] [CrossRef] [PubMed]

	



Ritterath, C.; Rad, N.T.; Siegmund, T.; Heinze, T.; Siebert, G.; Buhling, K.J. Adiponectin During Pregnancy: Correlation with Fat Metabolism, but Not with Carbohydrate Metabolism. Arch. Gynecol. Obstet. 2010, 281, 91–96. [Google Scholar] [CrossRef]

	



Briana, D.D.; Malamitsi-Puchner, A. The role of adipocytokines in fetal growth. Ann. N. Y. Acad. Sci. 2010, 1205, 82–87. [Google Scholar] [CrossRef]

	



Barker, G.; Lim, R.; Rice, G.E.; Lappas, M. Increased chemerin concentrations in fetuses of obese mothers and correlation with maternal insulin sensitivity. J. Matern. Neonatal Med. 2012, 25, 2274–2280. [Google Scholar] [CrossRef]

	



Sanchez-Rebordelo, E.; Cunarro, J.; Perez-Sieira, S.; Seoane, L.M.; Diéguez, C.; Nogueiras, R.; Tovar, S. Regulation of Chemerin and CMKLR1 Expression by Nutritional Status, Postnatal Development, and Gender. Int. J. Mol. Sci. 2018, 19, 2905. [Google Scholar] [CrossRef]

	



Kennedy, A.J.; Yang, P.; Read, C.; Kuc, R.E.; Yang, L.; Taylor, E.J.; 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. [Google Scholar] [CrossRef]

	



Kulandavelu, S.; Whiteley, K.J.; Qu, D.; Mu, J.; Bainbridge, S.A.; Adamson, S.L. Endothelial Nitric Oxide Synthase Deficiency Reduces Uterine Blood Flow, Spiral Artery Elongation, and Placental Oxygenation in Pregnant Mice. Hypertension 2012, 60, 231–238. [Google Scholar] [CrossRef]

	



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. [Google Scholar] [CrossRef] [PubMed]

	



Menendez-Castro, C.; Fahlbusch, F.; Cordasic, N.; Amann, K.; Münzel, K.; Plank, C.; Wachtveitl, R.; Rascher, W.; Hilgers, K.F.; Hartner, A. Early and Late Postnatal Myocardial and Vascular Changes in a Protein Restriction Rat Model of Intrauterine Growth Restriction. PLoS ONE 2011, 6, e20369. [Google Scholar] [CrossRef] [PubMed]

	



Hayward, C.E.; Lean, S.; Sibley, C.P.; Jones, R.L.; Wareing, M.; Greenwood, S.L.; Dilworth, M.R. Placental Adaptation: What Can We Learn from Birthweight: Placental Weight Ratio? Front. Physiol. 2016, 7, 405. [Google Scholar] [CrossRef] [PubMed]

	



Van Der Heijden, O.W.; Essers, Y.P.; Fazzi, G.; Peeters, L.L.; De Mey, J.G.R.; Van Eys, G.J. Uterine Artery Remodeling and Reproductive Performance Are Impaired in Endothelial Nitric Oxide Synthase-Deficient Mice1. Boil. Reprod. 2005, 72, 1161–1168. [Google Scholar] [CrossRef] [PubMed]

	



Pallares, P.; Gonzalez-Bulnes, A. The effect of embryo and maternal genotypes on prolificacy, intrauterine growth retardation and postnatal development of Nos3-knockout mice. Reprod. Boil. 2010, 10, 241–248. [Google Scholar] [CrossRef]

	



Herdl, S.; Huebner, H.; Volkert, G.; Marek, I.; Menendez-Castro, C.; Noegel, S.C.; Ruebner, M.; Rascher, W.; Hartner, A.; Fahlbusch, F.B. Integrin Alpha8 Is Abundant in Human, Rat, and Mouse Trophoblasts. Reprod. Sci. 2017, 24, 1426–1437. [Google Scholar] [CrossRef] [PubMed]

	



Menendez-Castro, C.; Nitz, D.; Cordasic, N.; Jordan, J.; Bäuerle, T.; Fahlbusch, F.B.; Rascher, W.; Hilgers, K.F.; Hartner, A. Neonatal nephron loss during active nephrogenesis—Detrimental impact with long-term renal consequences. Sci. Rep. 2018, 8, 4542. [Google Scholar] [CrossRef]

	



Motulsky, H.J.; E Brown, R. Detecting outliers when fitting data with nonlinear regression—A new method based on robust nonlinear regression and the false discovery rate. BMC Bioinform. 2006, 7, 123. [Google Scholar] [CrossRef]

	



Hughes, B.G.; Hekimi, S. Different Mechanisms of Longevity in Long-Lived Mouse andCaenorhabditis elegansMutants Revealed by Statistical Analysis of Mortality Rates. Genetics 2016, 204, 905–920. [Google Scholar] [CrossRef]

	



Pallares, P.; Gonzalez-Bulnes, A. Intrauterine Growth Retardation in Endothelial Nitric Oxide Synthase-Deficient Mice Is Established from Early Stages of Pregnancy. Boil. Reprod. 2008, 78, 1002–1006. [Google Scholar] [CrossRef]

	



Shesely, E.G.; Gilbert, C.; Granderson, G.; Carretero, C.; Carretero, O.A.; Beierwaltes, W.H. Nitric oxide synthase gene knockout mice do not become hypertensive during pregnancy. Am. J. Obstet. Gynecol. 2001, 185, 1198–1203. [Google Scholar] [CrossRef] [PubMed]








[image: Ijms 21 00242 g001 550] 





Figure 1. Rarres1 expression in rat and mouse placenta. (A–C) Rat placenta, (D–F) mouse placenta. (A,D) Immunohistochemical (IHC) stains of methyl Carnoy-fixed placental paraffin sections. Abbreviations: GC = giant cell, BZ = basal zone, ST = spongiotrophoblast, LZ = labyrinth zone, star = glycogen cells. The bar equals 100 µm. (B) Maternal protein restriction rat model: placental Rarres1 mRNA expression on E18.5 (*p = 0.03, Mann-Whitney U-Test, n = 4 NP/LP dams with 6 pups each). E) eNOS−/− mouse model: placental Rarres1 mRNA expression on E15 and E18.5 (* p = 0.03, ** p = 0.008 for C57BL/6 and p = 0.002 for eNOS−/−, ns: p = 0.66, Mann-Whitney U-Test, WT: n = 5 dams, eNOS−/−: n = 6 dams with 2 pups each). C + F) Analysis of Rarres1 protein expression versus β-Tubulin housekeeper by Western blotting (WB, Rat: ns: p = 0.057, Mann-Whitney U-Test, n = 4 NP/LP dams with n = 2 pups each, E18.5; Mouse: ns: p = 0.20, Mann-Whitney U-Test, n = 4 C57B6 and eNOS−/− dams per group with n = 1 pup each, E18.5). Abbreviations: LP = low protein diet, NP = normal protein diet in the rat IUGR model with m = male fetus, f = female fetus; C57B6 = C57BL/6 wild type (WT) control strain, eNOS−/− = preeclampsia (PE)/intrauterine growth restriction (IUGR) model eNOS knockout mouse, ns = not significant. RARRES = retinoic acid receptor responders. 
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Figure 2. Rarres2 expression in rat and mouse placenta. (A–C) Rat placenta, (D–F) mouse placenta. (A,D) Immunohistochemical (IHC) stains of methyl Carnoy-fixed placental paraffin sections. Abbreviations: GC = giant cell, BZ = basal zone, ST = spongiotrophoblast, LZ = labyrinth zone, star = glycogen cells. The bar equals 100 µm. (B) Maternal protein restriction rat model: placental Rarres2 mRNA expression on E18.5 (ns: p = 0.89, Mann-Whitney U-Test, n = 4 NP/LP dams with 6 pups each). E) eNOS−/− mouse model: placental Rarres2 mRNA expression on E15 and E18.5 (E15: ns: p = 0.31, E19: ns: p = 0.66, Mann-Whitney U-test, WT: n = 5 dams, eNOS−/−: n = 6 dams with 2 pups each). C + F) Analysis of Rarres1 protein expression versus β-Tubulin housekeeper by Western blotting (WB, Rat: ns: p = 0.10, Mann-Whitney U-Test, n =4 NP/LP dams with n = 2 pups each, E18.5; Mouse: ns: p = 0.49, Mann-Whitney U-Test, n = 4 C57B6 and eNOS−/− dams per group with n = 1 pup each, E18.5). Abbreviations: LP = low protein diet, NP = normal protein diet in the rat IUGR model with m = male fetus, f = female fetus; C57B6 = C57BL/6 wild type (WT) control strain, eNOS−/− = PE/IUGR model eNOS knockout mouse, ns = not significant. 
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Figure 3. Placental IL-11 mRNA expression in eNOS−/− mice on E15. (** p = 0.004, Mann-Whitney U-test, WT: n = 5 dams, eNOS−/−: n = 6 dams with 2 pups each) Abbreviations: C57B6 = C57BL/6 wild type (WT) control strain, eNOS−/− = PE/IUGR model knockout mouse. 
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Table 1. Animal auxology. NP: normal protein diet; LP: low protein diet.
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	Rat †
	E18.5 NP
	E18.5 LP
	p Value
	
	
	



	fetal weight (fw)
	1.38 ± 0.09
	0.86 ± 0.05
	0.03 *
	
	
	



	placental weight (pw)
	0.34 ± 0.04
	0.30 ± 0.01
	0.11 *
	
	
	



	pw/fw ratio
	0.25 ± 0.02
	0.35 ± 0.02
	0.03 *
	
	
	



	Mouse ‡
	E15 C57BL/6
	E15 eNOS−/−
	p Value
	E18.5 C57BL/6
	E18.5 eNOS−/−
	p Value



	fetal weight (fw)
	0.34 ± 0.07
	0.28 ± 0.03
	0.08 *
	1.19 ± 0.15
	0.97 ± 0.08
	0.006 *



	placental weight (pw)
	0.10 ± 0.01
	0.08 ± 0.01
	<0.001 *
	0.09 ± 0.01
	0.07 ± 0.01
	<0.001 *



	pw/fw ratio
	0.31 ± 0.06
	0.29 ± 0.06
	0.58 *
	0.08 ± 0.02
	0.07 ± 0.01
	0.63 *







* Mann-Whitney U-Test. † For rats, each group consisted of n = 4 dams each with n = 6 NP/LP pups/damn, respectively. ‡ For mice, groups consisted of n = 6 eNOS−/− vs. n = 5 C57BL/6 dams at both time points with n = 2 pups/dam. Legend: bold values denote statistical significance.
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