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Nutrition is an environmental factor able to activate physiological interactions between fetus and mother. Maternal protein restriction is able to alter sperm parameters associated with epididymal functions. Since correct development and functioning of the epididymides are fundamental for mammalian reproductive success, this study investigated the effects of maternal protein restriction on epididymal morphology and morphometry in rat offspring as well as on the expression of Src, Cldn-1, AR, ER, aromatase p450, and 5α-reductase in different stages of postnatal epididymal development. For this purpose, pregnant females were allocated to normal-protein (NP—17% protein) and low-protein (LP—6% protein) groups that received specific diets during gestation and lactation. After weaning, male offspring was provided only normal-protein diet until the ages of 21, 44, and 120 days, when they were euthanized and their epididymides collected. Maternal protein restriction decreased genital organs weight as well as crown-rump length and anogenital distance at all ages. Although the low-protein diet did not change the integrity of the epididymal epithelium, we observed decreases in tubular diameter, epithelial height and luminal diameter of the epididymal duct in 21-day-old LP animals. The maternal low-protein diet changed AR, ERα, ERβ, Src 416, and Src 527 expression in offspring epididymides in an age-dependent manner. Finally, maternal protein restriction increased Cldn-1 expression throughout the epididymides at all analyzed ages. Although some of these changes did not remain until adulthood, the insufficient supply of proteins in early life altered the structure and functioning of the epididymis in important periods of postnatal development.
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1 INTRODUCTION
One of the first concepts to emerge in the literature relating the conditions of the intrauterine environment to changes in progeny development was the “fetal origin of diseases” theory (Barker, 1995a). The “fetal origin” hypothesis proposes that changes in fetal nutrition and hormonal status result in adaptations during development capable of altering the structure, physiology and metabolism of the embryo, thus predisposing it to cardiovascular, metabolic and endocrine diseases in adult life (Barker, 1995b; 2007). Currently, the concept that intrauterine environmental conditions are able to influence the establishment of adulthood diseases is known as the Developmental Origins of Health and Disease (DOHaD) (Jazwiec and Sloboda, 2019).
It is well established that maternal nutrition has a significant impact on development and fetal health, since during gestation and lactation, the fetus depends exclusively on the mother to supply its nutritional requirements (McArdle et al., 2006; Jazwiec and Sloboda, 2019; Lindsay et al., 2019). Therefore, nutrition during pregnancy is an environmental factor able to activate physiological interactions between the fetus and mother that are often mediated through hormonal signaling and may cause epigenetic alterations in genes that regulate the target tissues of these hormones. These interactions may modify fetal growth and metabolic character, establishing the basis for several diseases when there is inconsistency between gestational and postnatal nutrient availability (Fleming et al., 2015).
Hormonal signaling changes during sensitive periods of development may alter the development of specific fetal tissues, lead to long-lasting changes in tissue sensitivity to hormones or even change hormone secretion (Godfrey and Barker, 2000; Console et al., 2001; Peixoto-Silva et al., 2011; Rinaldi et al., 2018). Rats subjected to maternal protein restriction during intrauterine development show changes in testosterone, estradiol and aldosterone concentration that result in significant impacts on organs and functions of the genital system (Zambrano et al., 2005; Colombelli et al., 2017; Santos et al., 2018; Cavariani et al., 2019).
The epididymis is an androgen-dependent organ anatomically divided into the initial segment, caput, corpus, and cauda. Each epididymal region is responsible for characteristic functions such as secretion, endocytosis, absorption and acidification, which lead to the establishment of a specific intraluminal environment suitable for the concentration and maturation of the spermatozoa produced by the testes (Cosentino and Cockett, 1986; Hermo and Robaire, 2002; Gatti et al., 2004; Robaire and Hinton, 2015).
The epididymis originates from the proximal part of the Wolffian duct, acquiring a coiled appearance by the influence of testosterone (Moore et al., 2016). The enzyme 5α-reductase mediates the conversion of testosterone to dihydrotestosterone (DHT), which is the most active regulator of epididymal cell function being five to ten times more potent than testosterone with a higher affinity to androgen receptor (AR) (Gloyna and Wilson, 1969; Cohen et al., 1981; Rhoden et al., 2002; Hackel et al., 2005; Traish et al., 2015). Both testosterone and DHT bind to the AR being responsible for activating different processes (Silverthorn, 2016).
Estrogen is also actively involved in the development and functions of the epididymis (Hess and Zhou, 2002; Cooke et al., 2017; Hess et al., 2021). In immature males, the main source of estrogen is the Sertoli cells, while in adults, germ cells show high expression of the enzyme aromatase cytochrome p450, which converts androgen into estrogen (Nitta et al., 1993; Hess et al., 1995; Janulis et al., 1998; Ghosh et al., 2009; Russell and Grossmann, 2019). Estrogens mediate their effects by binding to the nuclear receptors termed ERα and ERβ in the epididymis (Kuiper et al., 1996; Pelletier et al., 2000; Zaya et al., 2012).
A maternal low-protein diet during gestation and lactation is able to induce testicular, prostatic and sperm changes in adult animals (Zambrano et al., 2005; Toledo et al., 2011; Rodriguez-Gonzalez et al., 2012; Rodriguez-Gonzalez et al., 2014; Colombelli et al., 2017; Santos et al., 2018). Regarding sperm alterations, it has been observed that maternal protein restriction caused alterations mainly associated with epididymal functions such as sperm motility, viability and concentration (Toledo et al., 2011; Rodriguez-Gonzalez et al., 2014). However, although studies have shown effects of protein restriction associated with epididymal functions, the causes of these alterations have not yet been entirely clarified.
During gestation, an increase in protein turnover occurs to enable rapid embryo growth; therefore, adequate intake of protein at this stage is recommended (Jolly et al., 2004). Although some effects of protein restriction are mediated by hormonal effects, several others are direct consequences of changes in substrate availability.
Srcs are nonreceptor protein kinases that act in multiple cellular environments, playing key roles in the regulation of signal transduction through several cell surface receptors (Parsons and Parsons, 2004). In the epididymis, Srcs stand out as regulators of epididymal development in addition to playing important roles in spermatozoa changes that occur during epididymal transit and sperm maturation within the organ (Krapf et al., 2012; Xu et al., 2016).
The structure and integrity of the blood–epididymal barrier are essential for the maintenance of epididymal intraluminal environment specificity (Hoffer and Hinton, 1984; Dufresne and Cyr, 2007). In this context, the claudins (Cldns) are a family of transmembrane proteins that are essential components of the tight junctions that compose this barrier (Gregory and Cyr, 2006; Cyr et al., 2007). Although several claudins integrate tight junctions, studies have demonstrated the presence of Cldn-1 in all regions of the rat epididymis. In addition, Cldn-1 appears throughout all interfaces of adjacent epithelial cells and throughout all basal plasma membrane extensions, suggesting that Cldn-1 plays a role as an adhesion molecule (Gregory et al., 2001; Dufresne and Cyr, 2007; Kim and Breton, 2016). Cldn-1 knockout mice die of dehydration soon after birth due to lack of the epidermal barrier, thus demonstrating that Cldn-1 is indispensable for survival and cannot be replaced by any of the other tight junction proteins (Furuse et al., 2002).
Insufficient protein intake in a large proportion of the human population due to cultural or economic reasons is a global concern. For this reason, the model of protein restriction remains one of the most characterized early growth restriction models studied until now (Fleming et al., 2015; Semba, 2016; Herring et al., 2018). Maternal protein restriction is able to alter sperm parameters associated with epididymal function, such as sperm motility, viability and concentration. Since the correct development and functioning of the epididymis are fundamental for mammalian reproductive success, this study investigated the effects of maternal protein restriction on epididymal morphology and morphometry in rat offspring as well as on the expression of Src, Cldn-1, AR, ERα, ERβ, aromatase p450, and 5α-reductase in different stages of postnatal epididymal development.
Considering the direct effects of maternal protein restriction related to changes in substrate availability and hormonal signaling, we hypothesized that the sperm alterations associated with the correct functioning of epididymis previously observed in this experimental model are related to differential expression of membrane proteins and hormone receptors essential for the epididymal performance in specific periods of postnatal development.
2 MATERIALS AND METHODS
2.1 Animals and Experimental Design
Wistar rats 45 days in age (male n = 20; female n = 38) were obtained from the Central Biotherium, Institute of Biosciences/Campus of Botucatu, UNESP–São Paulo State University. The animals were housed in polyethylene cages (43 × 30 × 15 cm) lined with an autoclaved pine sawdust substrate under controlled conditions of temperature and light (12-h light/dark cycle). The animals were maintained with free access to water and commercial solid food for rodents.
For mating, two sexually receptive females and one breeder male rat at 95 days of age were kept in maternity boxes overnight. The next morning, pregnancy was confirmed by the presence of spermatozoa in vaginal smears; this day was designated gestational day (GD) 0. Pregnant females were housed individually in standard rat cages and divided into a low-protein (LP) group (n = 19) and a normal-protein (NP) group (n = 19). The LP mothers were fed a low-protein diet (6% protein), while the NP mothers were fed a normal-protein diet (17% protein), both provided from Pragsoluções Biociências (Jaú, SP, Brazil). The NP and LP diets were prepared following the recommendation by the American Institute of Nutrition (AIN 93-G) (Reeves et al., 1993). The diets are isocaloric and widely used for the study of maternal protein restriction (Rinaldi et al., 2013; Colombelli et al., 2017; Santos et al., 2018; Cavariani et al., 2019). Both groups received their respective diets ad libitum (Table 1).
TABLE 1 | Composition of diets offered to animals during gestation and lactation.
[image: Table 1]The normal-protein and low-protein diets were offered to the indicated groups during gestation and lactation, from GD 0 until the offspring were weaned at postnatal day 21. To ensure equal availability of nourishment, only eight pups per litter (preferably males) were maintained with each mother. After weaning, the LP and NP male offspring received the standard diet for rodents until the age of 21 (NP, n = 17; LP, n = 22), 44 (NP, n = 12; LP, n = 10) and 120 (NP, n = 13; LP, n = 12) days, when they were decapitated and their blood and epididymides collected (Figure 1). Each individual was chosen from different litters to ensure a representative sampling. The ages of the animals at euthanasia were chosen based on three different phases of the epididymis postnatal development: at 21 days of age, peak epididymal cell differentiation occurs; at 44 days of age, the final period of epididymal differentiation and the beginning of epididymal expansion occurs; and at 120 days of age, the epididymides are well differentiated, and the animals are considered sexually mature (Picut et al., 2018).
[image: Figure 1]FIGURE 1 | Experimental design. Pregnant rats received a low-protein diet (LP group) or a normal-protein diet (NP group) ad libitum from the GD 0 until PND 21 (during gestation and lactation). After weaning, male pups from both groups received a standard diet until PNDs 21, 44 and 120.
The experimental procedures were approved by the Ethics Committee on Animal Experimentation (EAEC) of the Institute of Biosciences of Botucatu (number 797-CEUA) in addition to being in accordance with the Ethical Principles on Animal Experimentation adopted by the Brazilian College of Animal Experimentation (COBEA).
2.2 Gestational Performance
Gestational performance is an important parameter in studies that use maternal malnutrition as an experimental model. This parameter is assessed on the day of offspring birth (PND 1) and presents relevant information regarding gestation and offspring development.
In PND 1, male pups from each litter were separated, weighed individually and had the anogenital distance (AGD) and crown-rump length (CRL) recorded using a digital caliper (Western®). Relative AGD was obtained by dividing the absolute AGD by the CRL. For each litter of NP and LP groups, the number of male and female pups were counted in addition to the total number of pups (data not shown).
2.3 Hormonal Assay
Through narcosis induced in a CO2 chamber, the animals were anesthetized and then decapitated (for cervical vessel rupture), and the blood was collected. Blood serum was obtained by centrifugation at 14,000 rpm for 20 min at 4°C. Serum samples were assayed for estradiol levels using chemiluminescence with a specific kit provided by Beckman Coulter, Inc. (REF B84493, Brea, CA, United States). The lower and higher limits of detection for estradiol were 0.017 ng/dl and 6.9 ng/dl, respectively. All samples were assayed at the same time to prevent interassay variation.
2.4 Morphological and Morphometrical Analyses of the Epididymis
Following euthanasia, the right epididymides were individually collected, immediately fixed in 10% buffered formalin (0.1 M phosphate buffer, pH 7.3) for 24 h and then washed in running water for 24 h. Then, the epididymides were dehydrated in a graded series of ethanol solutions, diaphanized in N-butyl alcohol and embedded in Paraplast (Paraplast Plus, St. Louis, MO, United States). Epididymal sections 5 μm thick were made using a LEICA RM 2165 μm (Leica Biosystems, Nußloch, Germany). Four blocks were cut for the NP and LP groups at each age; the blocks from the animals at PND 21 were cut into serial sections, while the blocks from the animals at PNDs 44 and 120 were cut into semiserial sections.
For all ages (21, 44 and 120 days), four slides from each of the four animals of each group (LP and NP) were stained with hematoxylin and eosin (H&E). The slides were scanned with a 3DHistech Pannoramic MIDI, analyzed for epithelial and interstitial integrity and then photographed using the Pannoramic Viewer program.
Morphometric analyses were conducted by adapting the procedures described by Serre and Robaire (1998). For this technique, the same slides used for analysis of epididymal morphology were analyzed. Briefly, the epithelial height, luminal diameter and tubular epididymal diameter was measured in at least 10 transverse sections of epididymal tubules in each of the epididymal regions using the Pannoramic Viewer program.
2.5 Immunohistochemistry
For immunohistochemistry, sections of epididymides from LP and NP animals (n = 4 animals/group at each age) were deparaffinized (40 min in the oven at 60 °C), incubated in xylene and hydrated with decreasing concentrations of ethanol. Antigen retrieval was performed in Tris-EDTA buffer (pH 9.0) in a water bath for AR and ERα at PNDs 21 and 44 and in 0.01 M sodium citrate buffer (pH 6.0) in a pressure cooker for AR and ERα at PND 120 and for ERβ at all ages. After endogenous peroxidase was blocked (H2O2, 0.3% in methanol), the tissues were incubated with 3% BSA for 1 h. The sections of epididymis were incubated overnight at 4 °C with 1:100 dilutions of the following primary antibodies in 1% BSA: anti-AR (Millipore, Temecula, CA, United States), anti-ERα (Millipore, Temecula, CA, United States) and anti-ERβ (Millipore, Temecula, CA, United States). Early the next morning, the sections were washed with PBS buffer and then incubated with 1:200 dilutions of a peroxidase-conjugated anti-Rb secondary antibody (Sigma, St. Louis, MO, United States) for AR and ERα at PNDs 21 and 44 and a biotinylated anti-Rb secondary antibody (Sigma, St. Louis, MO, United States) for AR and ERα at PND 120 and for ERβ at all ages in 1% BSA for 2 h. The sections labeled with biotinylated antibodies were incubated for 45 min with an ABC complex (ABC Vectastain® kit, Burlingame, CA, United States) and subsequently washed with PBS. The immunoreactive components were reacted with diaminobenzidine (DAB; Sigma, St. Louis, MO, United States), and counterstaining was performed with hematoxylin. Finally, a 3D Histech Pannoramic MIDI was used to scan the slides, which were photographed and analyzed using the Pannoramic Viewer program. Negative controls were obtained from each reaction using 1% BSA and omitting the primary antibody in the overnight incubation step.
2.6 Western Blot Analysis
The left epididymides from NP and LP animals at the ages of 21, 44, and 120 days (n = 5) were divided into the initial segment plus caput (SI + CP) and the corpus plus cauda (CO + CD). The samples were homogenized with RIPA lysis buffer (Bio-Rad, Hercules, CA, United States) supplemented with a protease inhibitor cocktail (Sigma, St. Louis, MO, United States). Subsequently, the homogenate was centrifuged at 14,000 rpm for 20 min to remove the cell debris, and the supernatant was then collected. Total protein concentrations were measured using the Bradford colorimetric method (Bradford, 1976). Afterwards, 70 µg of protein was added to 1.5X Laemmli buffer, and the individual proteins were then separated by 4–15% polyacrylamide gel electrophoresis (SDS-PAGE) for 90 min at 120 V. Following electrophoresis, the proteins were electrotransferred to nitrocellulose membranes in a wet system at 350 mA. The membranes were blocked with TBS-T solution containing 3% milk (Molico®) for 1 h at room temperature. The membranes were incubated overnight at 4°C with the following primary antibodies diluted in TBS-T: anti-AR (1:1,000 dilution; Millipore, Temecula, CA, United States), anti-ERα (1:200 dilution; Millipore, Temecula, CA, United States), anti-ERβ (1:300 dilution; Millipore, Temecula, CA, United States), anti-Src 416 (1:500 dilution; Cell Signaling, Danvers, MA, United States), anti-Src 527 (1:1,000 dilution; Cell Signaling, Danvers, MA, United States), anti-Cldn-1 (1:1,000 dilution; Thermo Fisher Scientific, Rockford, IL, United States) and anti-β-actin (1:800 dilution; Santa Cruz, Santa Cruz, CA, United States). Early the next morning, the membranes were washed with TBS-T solution and then incubated with a 1:2000 dilution of an anti-Rb secondary antibody for AR, ERα, ERβ and Cldn-1 (Sigma, St. Louis, MO, United States), a 1:5,000 dilution of an anti-Rb secondary antibody for Src 416 and Src 527 (Sigma, St. Louis, MO, United States) and an anti-goat secondary antibody (1:6,000 dilution; Sigma, St. Louis, MO, United States) diluted in TBS-T for 2 h before being washed with TBS-T solution. Subsequently, the immunoreactive bands were developed using a chemiluminescence kit (Amersham ECL™ Western Blotting Detection Reagent Select) from GE Healthcare® and analyzed semiquantitatively by optical densitometry with ImageJ analysis software for Windows. The values obtained for each band of AR, ERα, ERβ, Src 416, Src 527, and Cldn-1 were normalized to the β-actin density, and the data are presented as the mean ± S.E.M. The immunoblotting data are presented as optical densitometry index (% band intensity).
2.7 Statistical Analysis
GraphPad Prism® software (version 5.00, Graph Pad, Inc., San Diego, CA) was used to perform the statistical analyses. At all analyzed ages, comparisons between the LP and NP groups were performed using the Mann-Whitney test for nonparametric data and Student’s t-test for parametric data. All data are presented as the mean ± S.E.M., and statistical significance was set at p < 0.05.
3 RESULTS
3.1 Maternal Low-Protein Diet Promotes Changes in Gestational Performance as Well as Genital Organ Weight in Male Offspring
Maternal protein restriction during gestation and lactation did not alter the number of male pups but significantly decreased the body weight of the pups at birth (0.91-fold decrease in the LP group compared with the NP group, these data were presented as Supplementary Materials in an article previously published by our research group (Cavariani et al., 2019) (Table 2).
TABLE 2 | Body weight, crown-rump length and absolute and relative anogenital distance of males at birth (PND 1). NP, n = 17 litters/group. LP, n = 19 l/group. Values expressed as means ± S.E.M. *p < 0.05. Student t-teste was used to asses significance of differences in parametric data (a) and Mann-whitney was used to asses significance of differences in non-parametric data (b).
[image: Table 2]With regard to the other parameters analyzed on the day of offspring birth, this experimental model caused a significant reduction in crown-rump length (CRL) (0.97-fold reduction in the LP group compared with the NP group) and absolute anogenital distance (AGD) (0.87-fold reduction in the LP group compared with the NP group), as well as in relative AGD (0.9-fold reduction in the LP group compared with the NP group) (Table 2).
At PNDs 21 and 44, AGD remained significantly reduced in LP animals compared with NP animals (PND 21: 0.59-fold reduction in the LP group compared with the NP group; PND 44: 0.74-fold reduction in the LP group compared with the NP group) (Figure 2).
[image: Figure 2]FIGURE 2 | Evolution of the anogenital distance. PND 1: NP, n = 17, LP, n = 19; PND 14: NP, n = 19, LP, n = 26; PND 21: NP, n = 17, LP, n = 22; PND 44: NP, n = 12, LP, n = 10. Evolution of AGD in animals whose mothers received normal-protein and low-protein diets during gestation and lactation. The values are expressed as the mean ± S.E.M. *p < 0.05. Student t-test was used to assess the significance of parametric data, and Mann-Whitney test was used to assess the significance in nonparametric data.
Although CRL remained significantly reduced in LP animals at PNDs 21 and 44 (PND 21: 0.67-fold reduction in the LP group compared with the NP group; PND 44: 0.8-fold reduction in the LP group compared with the NP group) (Supplementary Table 1), there was no significant difference in relative AGD between the groups at both ages (PND 21: 0.9-fold reduction in the LP group compared with the NP group; PND 44: 0.9-fold reduction in the LP group compared with the NP group) (Supplementary Table 1).
Regarding genital organ weight, the low-protein diet caused a significant decrease in the absolute weights of the testes and epididymides at all analyzed ages (testis weight: 0.41-fold decrease in the LP group compared with the NP group at PND 21; 0.55-fold decrease in the LP group compared with the NP group at PND 44; 0.79-fold decrease in the LP group compared with the NP group at PND 120. Epididymis weight: 0.52-fold decrease in the LP group compared with the NP group at PND 21; 0.51-fold decrease in the LP group compared with the NP group at PND 44; 0.84-fold decrease in the LP group compared with the NP group at PND 120) (Table 3).
TABLE 3 |  Body weight and absolute and relative genital organs weight at PND day 21, 44 and 120. PND 21: NP, n = 17, LP, n = 22; PND 44: NP, n = 12, LP, n = 10; PND 120: NP, n = 10, LP, n = 10. The values are expressed as the mean ± S.E.M. *p < 0.05. Student t-tests was used to analyze the significance of differences in parametric data (a), and Mann-Whitney tests was used to analyze the significance of differences in nonparametric data (b).
[image: Table 3]Ventral prostate and empty seminal vesicle absolute weights were significantly reduced in LP animals at PNDs 21 and 44 (ventral prostate weight: 0.38-fold decrease in the LP group compared with the NP group at PND 21; 0.43-fold decrease in the LP group compared with the NP group at PND 44. Empty seminal vesicle weight: 0.42-fold decrease in the LP group compared with the NP group at PND 21; 0.40-fold decrease in the LP group compared with the NP group at PND 44) (Table 3), but there was no significant difference at PND 120 (0.83-fold decrease in ventral prostate weight in the LP group compared with the NP group; 1.12-fold increase in empty seminal vesicle weight in the LP group compared with the NP group) (Table 3).
The relative weights of genital organs were significantly elevated in LP animals at PND 21 (1.24-fold increase in relative testis weight in the LP group compared with the NP group; 1.62-fold increase in relative epididymis weight in the LP group compared with the NP group; 1.06-fold increase in relative ventral prostate weight in the LP group compared with the NP group; 1.30-fold increase in relative empty seminal vesicle weight in the LP group compared with the NP group) (Table 3).
At PND 44, the relative testis weight was slightly elevated in LP animals (1.02-fold increase in the LP group compared with the NP group) (Table 3), while for the epididymis and ventral prostate, the relative weights were slightly reduced in LP animals (0.95-fold decrease in relative epididymis weight in the LP group compared with the NP group; 0.78-fold decrease in relative ventral prostate weight in the LP group compared with the NP group) (Table 3). The relative empty seminal vesicle weight was significantly reduced in LP animals (0.70-fold decrease in the LP group compared with the NP group) (Table 3).
Finally, at PND 120, the relative weights of the epididymis and ventral prostate showed practically no differences between NP and LP animals (Table 3). The relative testis weight was slightly reduced in LP animals (0.95-fold decrease in the LP group compared with the NP group) (Table 3), and the relative empty seminal vesicle weight was significantly elevated in animals whose mothers received a low-protein diet (1.40-fold increase in the LP group compared with the NP group) (Table 3).
3.2 Maternal Protein Restriction did Not Change the Integrity of the Epididymal Epithelium or the Organ Interstitium but Changed the Tubular Diameter, Epithelial Height and Luminal Diameter of the Epididymal Duct
Both the NP and LP groups at PNDs 44 and 120 presented initial segment regions with small tubular diameters and organized epithelia containing principal cells, basal cells, narrow cells, and few apical cells (Figures 3BI,V,CI,V. The epididymal caput also had a well-organized epithelium with the presence of principal cells, basal cells and clear cells. In this region, the tubular diameter was slightly greater than that in the initial segment region (Figures 3BII,VI,CII,VI). With age advancement, the epididymal corpus showed principal cells with slightly more cubic shapes than the principal cells of the initial segment and caput regions in addition to presenting clear cells and basal cells (Figures 3BIII,VII,CIII,VII). In the cauda region, the epithelial height did not differ greatly from the epithelial height of the caput region between the groups of animals at 21 and 44 days but was much reduced in the animals at 120 days. On PNDs 44 and 120, principal cells, basal cells and a greater number of clear cells were observed in the caudal region compared to the other epididymal regions (Figures 3BIV,VIII,CIV,VIII).
[image: Figure 3]FIGURE 3 | Morphology of the epididymis. (A) Staining of the epididymides of NP and LP animals at PND 21 showing the initial segment (I and V), caput (III and VI), corpus (III and VII) and cauda (IV and VIII). H&E, Bar = 50 µm. (B) Staining of the epididymides of NP and LP animals at PND 44 showing the initial segment (I and V), caput (III and VI), corpus (III and VII) and cauda (IV and VIII) . H&E, Bar = 50 µm. (C) Staining of the epididymides of NP and LP animals at PND 120 showing the initial segment (I and V), caput (III and VI), corpus (III and VII) and cauda (IV and VIII). H&E, Bar = 100 µm.
LP animals at PND 21 presented reductions in tubular diameter, epithelial height and luminal diameter in all epididymal regions. However, the decrease in tubular diameter in the cauda and the decreases in epithelial height in the initial segment and cauda were not significant at this age (Table 4).
TABLE 4 | – Morphometry of the epididymis. Tubular diameter, epithelium height and luminal diameter at PND 21, 44 and 120. NP, n = 4; LP, n = 4. Values expressed as means ± S.E.M. *p < 0.05. Student t-teste was used for parametric data (a), and Mann-whitney test was used for non-parametric data (b).
[image: Table 4]At PND 44, the tubular diameter and luminal diameter were decreased nonsignificantly in all epididymal regions of animals whose mothers received a low-protein diet during gestation and lactation. Conversely, the LP animals presented a slight increase in epithelial height in the initial segment, caput and corpus, while in the cauda region, a significant decrease in epithelial height was observed (Table 4).
In 120-day-old animals, maternal protein restriction had slightly decreased the tubular diameter in the caput and corpus regions and slightly increased this parameter in the initial segment and cauda regions. Conversely, epithelial height was increased nonsignificantly in the caput and corpus regions but decreased nonsignificantly in the initial segment and cauda region. Finally, at this age, the luminal diameter was decreased nonsignificantly in all epididymal regions of LP animals, except for the cauda region, in which a slight increase in luminal diameter was observed (Table 4).
3.3 Maternal Protein Restriction did Not Alter Estradiol Serum Levels in Male Offspring
In 21-day-old animals, only a slight increase in circulating estradiol was observed in rats whose mothers received a low-protein diet (1.90-fold increase in the LP group compared with the NP group). At PND 120, LP animals showed a slight decrease in this steroid hormone (0.87-fold reduction in the LP group compared with the NP group) (data not shown).
It was not possible to measure serum estradiol levels in 44-day-old animals because the values of this steroid hormone were below the lower limit of detection of the chemiluminescence technique (0.017 ng/dl). This occurred for both LP and NP animals, impeding comparison between the groups.
3.4 Impact of the Maternal Low-Protein Diet on AR, ERα and ERβ Immunolocalization
Immunolocalization of AR, ERα and ERβ was observed in the nuclei of epididymal epithelial cells and in epididymal interstitial cells at all analyzed ages. Furthermore, in the 44- and 120-day-old animals, these receptors were also labeled in peritubular smooth muscle cells.
3.4.1 AR Immunolocalization
In both groups at PND 21, the AR-labeling pattern appeared more intense and uniform in epididymal epithelial cells, whereas in mesenchymal cells, it was less intense and more heterogeneous; these findings are consistent with those of previous studies investigating the immunolocalization of AR in the epididymides of young rats (You and Sar, 1998; Zaya et al., 2012). However, the AR-labeling intensity was slightly increased in the epididymal caput and cauda in LP animals of this age compared to NP animals of this age (Figure 4A LP VI and VIII; NP II and IV).
[image: Figure 4]FIGURE 4 | Expression and immunolocalization of AR, ERα and ERβ in the epididymides of 21-day-old animals. (A) Immunoreactivity for AR in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. (B) Immunoreactivity for ERα in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. (C) Immunoreactivity for ERβ in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. Bar = 50 µm. (D) Extracts obtained from individual animals were used for densitometric analysis of the levels of the proteins in the initial segment plus caput (I) and the corpus plus cauda (II) regions following normalization to the levels of the housekeeping protein β-actin. The representative blots show the protein levels of AR, ERα, ERβ and β-actin (III, right panel). The data are presented as the mean ± S.E.M. *p < 0.05, Mann-Whitney test.
In the 44-day-old NP animals, AR immunolocalization was observed in the nuclei of epididymal epithelial cells, with slightly more intense staining in the caput and cauda regions than in the other regions of the epididymis, corroborating the findings of Yamashita (2004), Perobelli et al. (2013) and Leite et al. (2014) (Figures 5AI,IV). Although we observed significant reductions in AR expression in the epididymal IS + CP and CO + CD regions of LP animals at PND 44 (Figures 5CI,II), there were no differences in the labeling pattern for this receptor between the NP and LP groups at this age (Figure 5A).
[image: Figure 5]FIGURE 5 | Expression and immunolocalization of AR, ERα and ERβ in the epididymides of 44-day-old animals. (A) Immunoreactivity for AR in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. (B) Immunoreactivity for ERα in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. (C) Immunoreactivity for ERβ in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. Bar = 50 µm. (D) Extracts obtained from individual animals were used for densitometric analysis of the levels of the proteins in the initial segment plus caput (I) and corpus plus cauda (II) regions following normalization to the levels of the housekeeping protein β-actin. The representative blots show the protein levels of AR, ERα, ERβ and β-actin (III, right panel). The data are presented as the mean ± S.E.M. *p < 0.05, Mann-Whitney test.
In the epididymal epithelia of 120-day-old NP and LP animals, the nuclear staining of AR was more intense and homogeneous in the principal cells than in the other cells throughout the organ (Figures 6AI–VIII). Clear cells of the cauda region showed quite heterogeneous staining ranging from very discrete nuclear labeling to absent labeling in these cells (Paris et al., 1994; Zhu et al., 2000; Kaushik et al., 2010; Zaya et al., 2012) (Figures 6AIV,VIII).
[image: Figure 6]FIGURE 6 | Expression and immunolocalization of AR, ERα and ERβ in the epididymides of 120-day-old animals. (A) Immunoreactivity for AR in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. (B) Immunoreactivity for ERα in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. (C) Immunoreactivity for ERβ in epithelial cells and in mesenchymal cells in the initial segment (I and V), caput (II and VI), corpus (III and VII) and cauda (IV and VIII) regions of NP and LP animals. Bar = 100 µm. (D) Extracts obtained from individual animals were used for densitometric analysis of the levels of the proteins in the initial segment plus caput (I) and corpus plus cauda (II) regions following normalization to the levels of the housekeeping protein β-actin. The representative blots show the protein levels of AR, ERα, ERβ and β-actin (III, right panel). The data are presented as the mean ± S.E.M. *p < 0.05, Mann-Whitney test.
3.4.2 ERα Immunolocalization
At PNDs 21 and 44, NP animals showed mesenchymal cells with ERα labeling that was heterogeneous, moderate and only nuclear, while in the epithelial cells, the staining for this receptor appeared in a homogeneous way in the nucleus and cytoplasm throughout the epididymis. In differentiated clear cells, ERα labeling was only nuclear (Zaya et al., 2012) (Figures 4BI–IV; Figures 5BI–IV). The ERα immunolocalization pattern observed in 21- and 44-day-old LP rats did not differ from that observed for NP rats at these ages. However, the intensity of cytoplasmic labeling in the cauda region was more intense in LP animals than in NP animals of both ages, staining even the clear cell cytoplasm of this region (Figure 4BVIII; Figure 5BVIII).
No differences were observed in the ERα immunolocalization pattern between NP and LP animals at PND 120. In both groups, nuclear and cytoplasmic ERα labeling was observed in epididymal epithelial cells, mainly in principal cells, in all regions of the organ (Hess et al., 1997; Kolasa et al., 2003). Nuclear labeling for this receptor was also observed in interstitial and peritubular smooth muscle cells throughout all regions of the epididymis (Hess et al., 1997; Hess et al., 2011; Zaya et al., 2012) (Figures 6BI–VIII).
3.4.3 ERβ Immunolocalization
The same pattern of ERβ immunolocalization was observed for NP and LP animals at PND 21. The intensity of nuclear and cytoplasmic ERβ labeling in epididymal epithelial cells varied considerably, and some of these cells showed a complete absence of immunoreactivity. A decreasing gradient was observed in the nuclear ERβ staining intensity from the initial segment and caput to the corpus and cauda of the organ. Immunostaining was also observed in the mesenchymal cells surrounding epididymal ducts (Sar and Welsch, 2000; Zaya et al., 2012) (Figures 4CI–VIII).
There was no difference in the pattern of ERβ labeling in LP animals compared to NP animals at PND 44. In both groups, epithelial cells, mainly principal cells, showed homogeneous nuclear immunostaining and discrete cytoplasmic labeling throughout the epididymis, with elevated nuclear staining intensity in the cauda region. In addition, heterogeneous nuclear labeling was observed in mesenchymal and peritubular smooth muscle cells in all regions of the organ (Figures 5CI–VIII).
The 120-day-old NP and LP animals showed the same pattern of ERβ immunostaining. Nuclear and cytoplasmic labeling of this hormone receptor was observed in epithelial cells throughout the epididymis. Principal cells presented homogeneous nuclear staining, while the other epididymal epithelial cells, peritubular smooth muscle cells and interstitial cells showed heterogeneous labeling (Choi et al., 2001; Kolasa et al., 2003; Yamashita, 2004; Zaya et al., 2012) (Figures 6I–VIII). Nuclear labeling of epithelial cells in the caput region was weak in LP animals compared to NP animals (Figures 6CIV,VIII).
3.5 Maternal Low-Protein Diet Changes AR, ERα and ERβ Expression in the Epididymides of Offspring in an Age-dependent Manner
A low-protein diet during gestation and lactation significantly decreased AR expression in the IS + CP (0.50-fold decrease in the LP group compared with the NP group) and CO + CD (0.72-fold decrease in the LP group compared with the NP group) at PND 44 (Figures 5DI,II). In 21-day-old animals, maternal protein restriction slightly increased AR expression in the IS + CP (1.20-fold increase in the LP group compared with the NP group) and CO + CD (1.17-fold increase in the LP group compared with the NP group) (Figures 4DI,II). In addition, at PND 120, this experimental model resulted in a nonsignificant reduction in the AR levels in the CO + CD region of the epididymis (0.76-fold decrease in the LP group compared with the NP group) (Figures 6DII).
The low-protein diet significantly increased ERα expression in the CO + CD region at PNDs 21 and 44 (PND 21: 2.10-fold decrease in the LP group compared with the NP group; PND 44: 2.01-fold decrease in the LP group compared with the NP group) (Figure 4DII; Figure 5DII). ERα expression was only slightly reduced in the IS + CP region of LP animals at PND 21 (0.85-fold decrease in the LP group compared with the NP group) and in the IS + CP and CO + CD regions of LP animals at PND 120 (IS + CP: 0.82-fold decrease in the LP group compared with the NP group; CO + CD: 0.99-fold decrease in the LP group compared with the NP group) (Figure 4D Figures 6DI,II).
There was no difference in ERβ expression between NP and LP animals at PNDs 21 and 44. Only in 120 day-old animals was a significant decrease in ERβ expression observed in the IS + CP region (0.50-fold decrease in the LP group compared with the NP group) (Figures 6DI).
3.6 Aromatase p450, but Not 5α-Reductase, Expression Is Altered by Maternal Protein Restriction
A recently published study by our research group showed that maternal protein restriction during gestation and lactation significantly decreased serum testosterone levels in 44-day-old animals (Cavariani et al., 2019). However, the epididymal expression of 5α-reductase was unchanged at all of the analyzed ages (Figure 7). Notably, we observed a significant increase in aromatase p450 expression in the CO + CD region of the epididymis in PND 21 animals (2.64-fold increase in the LP group compared with the NP group) (Figures 7AII).
[image: Figure 7]FIGURE 7 | Immunoblots of 5α-reductase and aromatase p450. (A) Levels of 5α-reductase and aromatase p450 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 21. The representative blots show the protein levels of 5α-reductase, aromatase p450, and β-actin (70 µg of protein) in 21-day-old animals (III). (B) Levels of 5α-reductase and aromatase p450 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 44. The representative blots show the protein levels of 5α-reductase, aromatase p450 and β-actin (70 µg of protein) in 44-day-old animals (III). (C) Levels of 5α-reductase and aromatase p450 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 120. The representative blots show the protein levels of 5α-reductase, aromatase p450 and β-actin (70 µg of protein) in 120-day-old animals (III). The data are presented as the mean ± S.E.M. *p < 0.05, Mann-Whitney test.
3.7 Maternal Protein Restriction Changed Both Src 416 and Src 527 Expression in an Age-dependent Manner
The low-protein diet increased Src 416 expression in the IS + CP (2.35-fold increase in the LP group compared with the NP group) and CO + CD (2.38-fold increase in the LP group compared with the NP group) regions of 21-day-old animals. In addition, at this same age, the Src 416 increase appeared to be accompanied by a decrease in Src 527 expression in the IS + CP region (0.33-fold decrease in the LP group compared with the NP group) in LP animals (Figures 8AI,II).
[image: Figure 8]FIGURE 8 | Immunoblots of Src 416 and Src 527. (A) Levels of Src 416 and Src 527 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 21. The representative blots show the protein levels of Src 416, Src 527 and β-actin (70 µg of protein) in 21-day-old animals (III). (B) Levels of Src 416 and Src 527 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 44. The representative blots show the protein levels of Src 416, Src 527 and β-actin (70 µg of protein) in 44-day-old animals (III). (C) Levels of Src 416 and Src 527 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 120. The representative blots show the protein levels of Src 416, Src 527 and β-actin (70 µg of protein) in 120-day-old animals (III). The data are presented as the mean ± S.E.M. *p < 0.05, Mann-Whitney test.
At PND 44, LP animals presented a significant decrease in Src 416 expression in the IS + CP region (0.44-fold decrease in the LP group compared with the NP group), while Src 527 expression was increased nonsignificantly in this region (2.26-fold increase in the LP group compared with the NP group) (Figure 8BII).
In adulthood (PND 120), we also observed a significant decrease in Src 416 expression accompanied by a nonsignificant increase in Src 527 expression in animals whose mothers received a low-protein diet during gestation and lactation (0.56-fold decrease in Src 416 levels in the LP group compared with the NP group; 2.06-fold increase in Src 527 levels in the LP group compared with the NP group). However, for PND 120, these results were observed in the CO + CD epididymal region of LP rats (Figures 8CII).
3.8. The Low-Protein Diet Increased Cldn-1 Expression Throughout the Epididymis
Maternal protein restriction during gestation and lactation increased Cldn-1 expression in the IS + CP and CO + CD epididymal regions at all ages analyzed. However, these results were only significant for Cldn-1 in the CO + CP region (2.17-fold increase in the LP group compared with the NP group) on PND 44. At this age, Cldn-1 expression was only slightly increased in the IS + CP region (1.3-fold decrease in the LP group compared with the NP group) (Figures 9BI,II).
[image: Figure 9]FIGURE 9 | Cldn-1 immunoblot. (A) Levels of Cldn-1 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 21. The representative blots show the protein levels of Cldn-1 and β-actin (70 µg of protein) in 21-day-old animals (III). (B) Levels of Cldn-1 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 44. The representative blots show the protein levels of Cldn-1 and β-actin (70 µg of protein) in 44-day-old animals (III). (C) Levels of Cldn-1 in the IS + CP (I) and CO + CD (II) epididymal regions of NP and LP animals on PND 120. The representative blots show the protein levels of Cldn-1 and β-actin (70 µg of protein) in 120-day-old animals (III). The data are presented as the mean ± S.E.M. *p < 0.05, Mann-Whitney test.
Importantly, although the difference was not significant, Cldn-1 expression was increased in the IS + CP (1.22-fold increase in the LP group compared with the NP group) and CO + CD (1.88-fold increase in the LP group compared with the NP group) regions at PND 21 (Figures 9AI,II). This same pattern of Cldn-1 expression was observed in 120-day-old animals, both in the IS + CP (1.39-fold increase in the LP group compared with the NP group) and CO + CD (1.06-fold increase in the LP group compared with the NP group) regions (Figures 9CI,II).
4 DISCUSSION
Low birth weight is an important sign of malnutrition during pregnancy and a crucial indicator of slow fetal growth (Jahan-Mihan et al., 2015). Adverse intrauterine nutritional conditions are able to program a series of adaptations in the developing fetus constituting an “economic” phenotype in order to increase the chances of immediate survival of the fetus and to grant advantages in a postnatal environment of nutritional scarcity (Hales and Barker, 1992). Therefore, the fetus interacts with the maternal environment dynamically in an attempt to predict the environment in which it is likely to be born, adapting for future competitive advantage (Gluckman and Hanson, 2006).
Maternal protein restriction is able to promote growth restriction at birth followed by the subsequent catch-up growth (Ozanne and Hales, 2004; Ozanne and Nicholas Hales, 2005). However, several studies with pregnant rats fed a low-protein diet reported pups with reduced body weight at birth which was maintained up to one year of ag (Zeman, 1967; Zambrano et al., 2005; Hoppe et al., 2007; Fetoui et al., 2009; Qasem et al., 2016; Yuasa et al., 2016). Consistent with these results, we observed lower body weight of the male offspring at birth after maternal protein restriction and at all analyzed ages. Our results showed that the components and quality of the maternal diet during critical periods of development may alter the development of offspring in the uterus and modify their phenotypes in adulthood.
Some studies have shown that maternal protein restriction does not alter offspring weight at birth, whereas others have demonstrated that insufficient protein intake during gestation and lactation significantly reduces the birth weights of both male and female pups (Burdge et al., 2003; Fernandez-Twinn et al., 2003; Torres et al., 2010; Whitaker et al., 2012; Rebelato et al., 2013; Claycombe et al., 2015; Gonzalez et al., 2016; Yuasa et al., 2016). The lower birth weight observed in the offspring whose mothers were fed a low-protein diet could be related to adaptation to a protein-deficient intrauterine environment, preparing the pups’ bodies to survive in a postnatal environment where the protein supply would also be low. Furthermore, during pregnancy, increased protein intake is recommended to attend the additional demand for nitrogen required by both mother and fetus (Jolly et al., 2004). With reduced protein intake, the pregnant rats of the LP group could not provide their developing offspring enough protein to reach a size similar to that of the offspring of rats fed a normal-protein diet. The CRLs of LP pups were also significantly lower than the CRLs of NP pups, consistent with their lower birth weights and with the results of other studies using this experimental model (Zeman, 1967; Colombelli et al., 2017).
AGD is a marker of sexual differentiation that reflects the action of androgenic hormones during the formation of the genital system in the uterus, being on average twice as large in males as in females (Graham and Gandelman, 1986; Welsh et al., 2008; Kita et al., 2016). Anogenital distance is usually regulated by testosterone produced by fetal testicles and is also affected by maternal androgens via the placenta (Graham and Gandelman, 1986). However, AGD reduction in LP pups could be correlated to the size of the pup independently of its intrauterine environment, since lighter and smaller animals tend to have significantly shorter AGDs than larger animals (Graham and Gandelman, 1986; Kerin et al., 2003; Dusek et al., 2010).
The difference in AGD and in CRL between NP and LP animals was maintained until PND 44, showing that maternal protein restriction during gestation and lactation delays the development of male offspring. However, when we observed the value of the AGD normalized by the CRL value, this difference no longer appear, indicating that at PNDs 21 and 44, the increase in AGD was proportional to the increase in CRL in LP animals, causing the ratio of these values to approach that of the values found for NP animals.
There is a maximum potential growth of anogenital distance programmed in utero (Scott et al., 2007; Kita et al., 2016). In male rats, AGD lengthens until PND 38, remaining constant from that period, and responds to hormonal stimuli during pubertal development, being negatively modulated by high doses of antiandrogens and testosterone (Kita et al., 2016). Thus, the maintenance of AGD reduction found in LP animals could be a consequence of protein restriction-induced programming during intrauterine life in addition to being a response to the slight increase in serum testosterone levels observed in 21-day-old animals. The decrease in AGD was maintained until PND 44, even with the significant reductions in testosterone levels observed in LP animals at this age [data related to testosterone levels are included in a recently published study from our research group Cavariani et al. (2019)].
Few epidemiological and experimental studies have addressed the effects of maternal protein restriction on offspring reproductive aspects, especially male reproductive aspects. Regarding the weight of genital system organs, the literature is controversial; studies have yielded results ranging from reductions in this parameter to no alterations in this parameter in animals whose mothers received a low-protein diet during gestation and lactation (Zambrano et al., 2005; Toledo et al., 2011; Rodriguez-Gonzalez et al., 2012; Rodriguez-Gonzalez et al., 2014).
The testes are the organs where gamete production occurs, while the epididymides are responsible for the storage, protection, concentration and maturation of these gametes. Therefore, the survival of mammals depends on these organs being fully functional (Cosentino and Cockett, 1986; Hermo and Robaire, 2002; Gatti et al., 2004). As previously mentioned, some effects of protein restriction are direct consequences of the alteration in the availability of substrate, and during pregnancy, increased protein intake is recommended to supply the requirements of rapid embryo growth (Godfrey and Barker, 2000; Jolly et al., 2004). In this context, the increased relative weight of these organs in 21-day-old LP animals could be an attempt to preserve their full functionality despite the poor nutritional environment to which the animals were exposed during their development and early postnatal life. However, even though the epididymal weight in relation to body weight was higher in LP animals at this age, the epididymal morphometry showed that the diameter of the epididymal duct, the diameter of the epididymal lumen, and the height of the epithelium were significantly smaller in LP animals compared to NP animals.
According to the “thrifty phenotype hypothesis”, adverse intrauterine nutritional conditions are able to program adaptations in the developing fetus to increase its chances of immediate survival and to confer advantages for its long-term survival in a postnatal environment of nutritional scarcity (Hales and Barker, 1992). The phenotype of an organism will tend to be normal if there is similarity between the pre- and postnatal environments. However, if the postnatal environment is incompatible with the predicted environment, fetal programming will make the organism susceptible to metabolic diseases (Armitage et al., 2005; Martin-Gronert and Ozanne, 2010; Qasem et al., 2012). Indeed, several studies have shown that a maternal low-protein diet during gestation and lactation can lead to permanent metabolic changes in offspring, even if the offspring have access to normal-protein diets after weaning (Zambrano et al., 2005; Zambrano et al., 2006; Colombelli et al., 2017; Santos et al., 2018; Cavariani et al., 2019). In the current study, animals from both groups were fed a normal-protein diet after weaning (PND 21). The increase in protein intake by the animals of the LP group seems to have been enough to increase the weight of these animals in relation to the weight of their organs and to increase epididymal diameter and epithelial height, since the increases in the relative weights of the testes, epididymides, and seminal glands and the decreases in epididymal morphometry observed for LP animals at PND 21 no longer appeared in these animals at PNDs 44 and 120. However, we cannot affirm that this restoration was enough to prevent changes in the functions of these organs.
At 44 days, the absolute and relative weights of the empty seminal glands were lower in LP animals than in NP animals. As these organs are very sensitive to testosterone, these decreases could be directly related to the lower concentrations of this hormone observed in these animals (Cavariani et al., 2019). Rats at PND 120 are sexually mature, and their seminal glands are full of a fluid that contributes to the coagulation of ejaculated semen (Mann, 1974). The increase in empty seminal gland weight in 120-day-old LP animals could have been due to a higher concentration of this fluid in animals of this group, independent of their seminal gland size.
AR is a member of the steroid receptor superfamily that plays a key role in the action of androgenic hormones (Chang et al., 1995). Increases in testosterone levels appear to be accompanied by increased expression of AR (Bentvelsen et al., 1995; Wang et al., 2016) while decreases in testosterone levels are followed by reductions in the expression of this hormone receptor (Zhu et al., 2000; Liu and Wang, 2005). Thus, the nonsignificant increases in the expression of AR in the epididymal IS + CP and CO + CD regions observed in 21-day-old LP animals could have been a consequence of a nonsignificant increase in serum testosterone levels in these animals (Cavariani et al., 2019). Similarly, the reductions in AR expression in both the IS + CP and the CO + CD regions of the LP animal epididymides at PND 44 could have been related to the decreases in the levels of this androgenic hormone observed in these animals (Cavariani et al., 2019).
In the 120-day-old LP animals, the nonsignificant decrease in serum testosterone levels (Cavariani et al., 2019) appeared to be accompanied by a nonsignificant decrease in AR expression in the CO + CD region, consistent with the results obtained for the LP animals at PND 44. However, in the epididymal IS + CP regions of these animals, the AR expression was slightly increased, suggesting possible nonandrogenic regulation of this receptor. Although several studies have demonstrated a positive effect of testosterone on AR expression, the mechanisms by which this regulation occurs are still not completely understood (Bentvelsen et al., 1995; Zhu et al., 2000; Ezer, 2002; Heinlein and Chang, 2002; Takayama, 2017). Furthermore, in addition to testosterone, AR can be transactivated by Src kinase through Tyr 543 phosphorylation, thereby triggering an extensive set of AR-dependent genes (Guo et al., 2006; Chattopadhyay et al., 2017). Moreover, prostate samples of men with castration-resistant prostate cancer present increased Src pathway activity in tumors with low AR activity, suggesting that Src activity probably has a strong negative correlation with AR activity (Mendiratta et al., 2009). The slight increase in AR expression observed in the IS + CP region in LP animals at PND 120 could therefore have been a response to the slight decreases in both Src 416 and Src 527 expression found in this epididymal region.
Several studies have shown the existence of crosstalk between Src and AR (Guo et al., 2006; Chattopadhyay et al., 2017; Szafran et al., 2017). Src is able to mediate AR phosphorylation, resulting in nuclear translocation and AR-responsive transcription (Guo et al., 2006; Chattopadhyay et al., 2017). Recently, an inverse AR and Src regulatory network has been supported in which AR may act on Src through microRNA (miR) expression modulation, thus regulating Src expression in a posttranscriptional way (Gu et al., 2014; Liu et al., 2015; Siu et al., 2016). AR transcribes and regulates miR-1 and miR-203, which in turn decrease Src expression; therefore, AR negatively regulates Src through miRs (Liu et al., 2015; Siu et al., 2016).
Due to the slight increase in AR expression in LP animals at PND 21, we expected to find decreased Src expression. However, this decrease was noticed only for Src 527, while Src 416 was significantly increased. Src activity is regulated by tyrosine phosphorylation at two different sites with opposite effects. Phosphorylation of Y416 in the activation loop of the kinase domain promotes enzyme activation, whereas phosphorylation of Y527 in the carboxy-terminal tail renders the enzyme less active (Xu et al., 1997). The increase in Src 416 expression in LP animals at PND 21 could have been an attempt to preserve epididymal development and functionality in the face of the poor nutritional conditions to which these animals were exposed during their early postnatal life. This increase in Src 416 expression could also have been related to the increased relative epididymis weight observed in these animals.
After weaning, both NP and LP animals were fed normal-protein diets. The increase in protein supply appeared to have been enough to meet the epididymal growth needs at PND 44 as well as the epididymal maintenance needs in adulthood, as we observed decreased Src 416 expression in the IS + CP region in 44-day-old LP animals and in the CO + CD region in 120-day-old LP animals. In addition, the decreased Src 416 appeared to be accompanied by a nonsignificant increase in Src 527 expression and by a decrease in AR expression in those same regions. Importantly, Src is incorporated into sperm during sperm maturation in the epididymides, being essential for sperm motility and for sperm function in fertilization (Krapf et al., 2012). Therefore, the decrease in Src 416 expression in the CO + CD regions of LP animals at PND 120 could have been related to sperm alterations previously observed by other authors using this experimental model (Toledo et al., 2011; Rodriguez-Gonzalez et al., 2014), which could compromise the fertility of adult animals whose mothers were subjected to protein restriction during gestation and lactation.
Although testosterone is the main regulating hormone of epididymal functions, estrogen is also produced and acts in males, regulating the functions of the epididymides, particularly those related to the reabsorption activity that occurs in these organs (Hess and Zhou, 2002; Cooke et al., 2017). In immature males, the main sources of estrogen are Sertoli cells, while in adults, germ cells show elevated expression of the enzyme aromatase, being the major sources of this steroid in the male genital system (Nitta et al., 1993; Hess et al., 1995; Janulis et al., 1998). Estrogen acts through ERα and ERβ nuclear receptors, both of which are present in the epididymides (Kuiper et al., 1996; Pelletier et al., 2000; Zaya et al., 2012).
Administration of estradiol to adult male rats results in increased ER expression in the genital systems of these animals (Cardone et al., 1998; Kaushik et al., 2010; Falvo et al., 2016). Similarly, antiestrogenic substances can reduce ER expression, demonstrating the ability of estrogens to regulate the expression levels of their own receptors (Zhang et al., 2013). In addition, androgenic regulation also has an impact on the expression of ERα and aromatase p450, with this type of receptor and this enzyme, respectively, being positively modulated by testosterone in organs of the male genital system (Shayu and Rao, 2006; Kaushik et al., 2012; Falvo et al., 2016). A recently published study by our research group showed that maternal protein restriction during gestation and lactation significantly decreased serum testosterone levels in 44-day-old animals (Cavariani et al., 2019).
Thus, the discrete increase in estradiol levels accompanied by the slight increase in serum testosterone levels in 21-day-old LP animals (Cavariani et al., 2019) could have been responsible not only for the increased expression of the aromatase p450 throughout the epididymides but also for the increase in ERα expression observed in the CO + CD epididymal regions of these animals.
Serum estradiol levels in the 44-day-old animals were below the detection level of the chemiluminescence technique and therefore could not be quantified. Although the lack of estradiol concentration at PND 44 impaired the effects of maternal protein restriction on these animals, the low levels were expected. In male rats, the period between PNDs 42 and 55 corresponds to the peripubertal period, and estradiol is very low, while testosterone reaches its peak (Dohler and Wuttke, 1975; Bell, 2018). However, a recent study published by our research group showed that, at this age, testosterone levels are significantly lower in animals whose mothers have received a low-protein diet than in animals whose mothers have received a normal-protein diet (Cavariani et al., 2019). The increase in ERα expression in the CO + CD region in LP animals at PND 44 could represent a compensatory mechanism given the reduced serum concentrations of testosterone. In adulthood, a protease removes DNA from the binding portion of ERα in the epididymides, showing that the action and influence of estrogen on these organs changes with age and that its action is greater during epididymal development than during adulthood (Hendry and Danzo, 1986; Schon et al., 2009). This mechanism may explain the fact that ERα expression was increased in the CO + CD regions of LP animals at PNDs 21 and 44 but did not remain altered at PND 120.
Regarding ERβ expression, no differences were observed between NP and LP animal epididymides at PNDs 21 and 44. Estrogens have the ability to differentially regulate the expression of the two ER types (Zhang et al., 2013). Thus, the decrease in ERβ expression observed in the IS + CP epididymal region in LP animals at PND 120 could have been a direct result of the slight decreases in serum estradiol levels observed in these animals without alteration of ERα expression.
Cldn-1 is a transmembrane protein that integrates the blood–epididymal barrier, whose structure and integrity are crucial for maintenance of the specific epididymal intraluminal environment (Hoffer and Hinton, 1984; Gregory and Cyr, 2006; Cyr et al., 2007; Dufresne and Cyr, 2007). It was observed that a low-protein diet increased Cldn-1 expression in the epididymides of the animals at all analyzed ages, although this increase was significant only in the CO + CD epididymal region at PND 44. Data regarding the expression patterns of AQPs 1 and 9 in a study using this same experimental model demonstrated that despite the fact that a decrease in AQP9 expression in the IS + CP region and increases in AQP1 and AQP9 expression in the CO + CD region were significant only for LP animals at PND 44, these changes were also observed in LP animals at 21 and 120 days of age. The decrease in AQP9 expression in the IS + CP region could have resulted in reduced water absorption; consequently, a greater amount of water could have been present in the epididymal lumen of this region and could have reached the epididymal CO + CD region, which could have led to the appearance of edema in the epididymides (Cavariani et al., 2019). Therefore, the increase in Cldn-1 expression observed in the epididymides of LP animals could have been an attempt to preserve the structure and conformation of the organ until AQP9 drained the excess water that was not absorbed by the IS + CP region, which would then be removed from the epididymal intertubular space by AQP1, preventing edema appearance and keeping the intraluminal environment balanced.
Collectively, the offspring of mothers who had limited protein intake during gestation and lactation showed reduced size and low birth weight remaining until adulthood. In addition, low genital organ weights were observed in rats at all ages, thus revealing the importance of maternal diet quality and showing that changes in the diet components can permanently affect the phenotype of an adult organism. Maternal protein restriction damaged the structure and functioning of the developing epididymis, since the expression of proteins associated with regulation, development and maintenance of the organ was altered in an age-dependent manner. Although some changes did not remain until adulthood, insufficient supply of proteins in early life impaired the structure and functioning of the epididymis in important periods of postnatal development, which may have contributed to the appearance of spermatic changes related to sperm motility, viability and concentration that could compromise the fertility of adult animals.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.
ETHICS STATEMENT
The animal study was reviewed and approved by Ethics Committee on Animal Experimentation (EAEC) of the Institute of Biosciences of Botucatu (number 797-CEUA).
AUTHOR CONTRIBUTIONS
MC, TDM, and RD contributed actively to the elaboration of the study main idea, participated to the animal care, collected, analysis and interpretation of the data. MC wrote the manuscript. LG, PF, and WS contributes to the acquisition of material, with the experimental design and analysis and interpretation of the data. All authors contributed to manuscript revision, read, and approved the submitted version.
FUNDING
This research was funded by FAPESP (São Paulo Research Foundation), grants number 2015/18767-1 and 2016/04085-9 and by CAPES (Coordination for the Improvement of Higher Education Personnel), grant number 0708/2018.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors would like to acknowledge to Gelson Rodriguez from Department of Anatomy, Institute of Biosciences/UNESP, Botucatu-SP, for the technical support.
SUPPLEMENTARY MATERIAL
The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fcell.2022.816637/full#supplementary-material
REFERENCES
 Armitage, J. A., Taylor, P. D., and Poston, L. (2005). Experimental Models of Developmental Programming: Consequences of Exposure to an Energy Rich Diet during Development. J. Physiol. 565 (Pt 1), 3–8. doi:10.1113/jphysiol.2004.079756
 Barker, D. J. P. (1995b). Fetal Origins of Coronary Heart Disease. Bmj 311 (6998), 171–174. doi:10.1136/bmj.311.6998.171
 Barker, D. J. P. (1995a). The Fetal and Infant Origins of Disease. Eur. J. Clin. Invest. 25 (7), 457–463. doi:10.1111/j.1365-2362.1995.tb01730.x
 Barker, D. J. P. (2007). The Origins of the Developmental Origins Theory. J. Intern. Med. 261 (5), 412–417. doi:10.1111/j.1365-2796.2007.01809.x
 Bell, M. R. (2018). Comparing Postnatal Development of Gonadal Hormones and Associated Social Behaviors in Rats, Mice, and Humans. Endocrinology 159 (7), 2596–2613. doi:10.1210/en.2018-00220
 Bentvelsen, F. M., Brinkmann, A. O., van der Schoot, P., van der Linden, J. E. T. M., van der Kwast, T. H., Boersma, W. J. A., et al. (1995). Developmental Pattern and Regulation by Androgens of Androgen Receptor Expression in the Urogenital Tract of the Rat. Mol. Cell Endocrinol. 113 (2), 245–253. doi:10.1016/0303-7207(95)03593-v
 Bradford, M. M. (1976). A Rapid and Sensitive Method for the Quantitation of Microgram Quantities of Protein Utilizing the Principle of Protein-Dye Binding. Anal. Biochem. 72, 248–254. doi:10.1016/0003-2697(76)90527-3
 Burdge, G. C., Delange, E., Dubois, L., Dunn, R. L., Hanson, M. A., Jackson, A. A., et al. (2003). Effect of Reduced Maternal Protein Intake in Pregnancy in the Rat on the Fatty Acid Composition of Brain, Liver, Plasma, Heart and Lung Phospholipids of the Offspring after Weaning. Br. J. Nutr. 90 (2), 345–352. doi:10.1079/bjn2003909
 Cardone, A., Angelini, F., and Varriale, B. (1998). Autoregulation of Estrogen and Androgen Receptor mRNAs and Downregulation of Androgen Receptor mRNA by Estrogen in Primary Cultures of Lizard Testis Cells. Gen. Comp. Endocrinol. 110 (3), 227–236. doi:10.1006/gcen.1998.7063
 Cavariani, M. M., de Mello Santos, T., Pereira, D. N., de Almeida Chuffa, L. G., Felipe Pinheiro, P. F., Scarano, W. R., et al. (2019). Maternal Protein Restriction Differentially Alters the Expression of AQP1, AQP9 and VEGFr-2 in the Epididymis of Rat Offspring. Ijms 20 (3), 469. doi:10.3390/ijms20030469
 Chang, C., Saltzman, A., Yeh, S., Young, W., Keller, E., Lee, H.-J., et al. (1995). Androgen Receptor: an Overview. Crit. Rev. Eukar Gene Expr. 5 (2), 97–125. doi:10.1615/critreveukargeneexpr.v5.i2.10
 Chattopadhyay, I., Wang, J., Qin, M., Gao, L., Holtz, R., Vessella, R. L., et al. (2017). Src Promotes Castration-Recurrent Prostate Cancer through Androgen Receptor-dependent Canonical and Non-canonical Transcriptional Signatures. Oncotarget 8 (6), 10324–10347. doi:10.18632/oncotarget.14401
 Choi, I., Ko, C., Park-Sarge, O. K., Nie, R., Hess, R. A., Graves, C., et al. (2001). Human Estrogen Receptor Beta-specific Monoclonal Antibodies: Characterization and Use in Studies of Estrogen Receptor Beta Protein Expression in Reproductive Tissues. Mol. Cel Endocrinol 181 (1-2), 139–150. doi:10.1016/s0303-7207(01)00492-0
 Claycombe, K. J., Vomhof-DeKrey, E. E., Roemmich, J. N., Rhen, T., and Ghribi, O. (2015). Maternal Low-Protein Diet Causes Body Weight Loss in Male, Neonate Sprague-Dawley Rats Involving UCP-1-Mediated Thermogenesis. J. Nutr. Biochem. 26 (7), 729–735. doi:10.1016/j.jnutbio.2015.01.008
 Cohen, J., Ooms, M. P., and Vreeburg, J. T. M. (1981). Reduction of Fertilizing Capacity of Epididymal Spermatozoa by 5α-Steroid Reductase Inhibitors. Experientia 37 (9), 1031–1032. doi:10.1007/BF01971821
 Colombelli, K. T., Santos, S. A. A., Camargo, A. C. L., Constantino, F. B., Barquilha, C. N., Rinaldi, J. C., et al. (2017). Impairment of Microvascular Angiogenesis Is Associated with Delay in Prostatic Development in Rat Offspring of Maternal Protein Malnutrition. Gen. Comp. Endocrinol. 246, 258–269. doi:10.1016/j.ygcen.2016.12.016
 Cónsole, G. M., Jurado, S. B., Oyhenart, E., Ferese, C., Pucciarelli, H., and Gómez Dumm, C. L. A. (2001). Morphometric and Ultrastructural Analysis of Different Pituitary Cell Populations in Undernourished Monkeys. Braz. J. Med. Biol. Res. 34 (1), 65–74. doi:10.1590/s0100-879x2001000100008
 Cooke, P. S., Nanjappa, M. K., Ko, C., Prins, G. S., and Hess, R. A. (2017). Estrogens in Male Physiology. Physiol. Rev. 97 (3), 995–1043. doi:10.1152/physrev.00018.2016
 Cosentino, M. J., and Cockett, A. T. (1986). Structure and Function of the Epididymis. Urol. Res. 14 (5), 229–240. doi:10.1007/BF00256565
 Cyr, D. G., Gregory, M., Dubé, É., Dufresne, J., Chan, P. T. K., and Hermo, L. (2007). Orchestration of Occludins, Claudins, Catenins and Cadherins as Players Involved in Maintenance of the Blood-Epididymal Barrier in Animals and Humans. Asian J. Androl. 9 (4), 463–475. doi:10.1111/j.1745-7262.2007.00308.x
 Döhler, K. D., and Wuttke, W. (1975). Changes with Age in Levels of Serum Gonadotropins, Prolactin, and Gonadal Steroids in Prepubertal Male and Female Rats. Endocrinology 97 (4), 898–907. doi:10.1210/endo-97-4-898
 Dufresne, J., and Cyr, D. G. (2007). Activation of an SP Binding Site Is Crucial for the Expression of Claudin 1 in Rat Epididymal Principal Cells1. Biol. Reprod. 76 (5), 825–832. doi:10.1095/biolreprod.106.057430
 Dušek, A., Bartoš, L., and Sedláček, F. (2010). Developmental Instability of Ano-Genital Distance index: Implications for Assessment of Prenatal Masculinization. Dev. Psychobiol. 52 (6), 568–573. doi:10.1002/dev.20463
 Ezer, N., and Robaire, B. (2002). “Androgenic Regulation of the Structure and Functions of the Epididymis,” in The Epididymis: From Molecules to Clinical Practice ed . Editor B. H. Robaire (New York: Kluwer Academic/Plenum Publishers), 297–316. doi:10.1007/978-1-4615-0679-9_17
 Falvo, S., Di Fiore, M. M., Burrone, L., Baccari, G. C., Longobardi, S., and Santillo, A. (2016). Androgen and Oestrogen Modulation by D-Aspartate in Rat Epididymis. Reprod. Fertil. Dev. 28 (12), 1865–1872. doi:10.1071/RD15092
 Fernandez-Twinn, D. S., Ozanne, S. E., Ekizoglou, S., Doherty, C., James, L., Gusterson, B., et al. (2003). The Maternal Endocrine Environment in the Low-Protein Model of Intra-uterine Growth Restriction. Br. J. Nutr. 90 (4), 815–822. doi:10.1079/bjn2003967
 Fetoui, H., Garoui, M., and Zeghal, N. (2009). Protein Restriction in Pregnant- and Lactating Rats-Induced Oxidative Stress and Hypohomocysteinaemia in Their Offspring. J. Anim. Physiol. Anim. Nutr. (Berl) 93 (2), 263–270. doi:10.1111/j.1439-0396.2008.00812.x
 Fleming, T. P., Watkins, A. J., Sun, C., Velazquez, M. A., Smyth, N. R., and Eckert, J. J. (2015). Do little Embryos Make Big Decisions? How Maternal Dietary Protein Restriction Can Permanently Change an Embryo's Potential, Affecting Adult Health. Reprod. Fertil. Dev. 27 (4), 684–692. doi:10.1071/RD14455
 Furuse, M., Hata, M., Furuse, K., Yoshida, Y., Haratake, A., Sugitani, Y., et al. (2002). Claudin-based Tight Junctions Are Crucial for the Mammalian Epidermal Barrier. J. Cel Biol 156 (6), 1099–1111. doi:10.1083/jcb.200110122
 Gatti, J.-L., Castella, S., Dacheux, F., Ecroyd, H., Métayer, S., Thimon, V., et al. (2004). Post-testicular Sperm Environment and Fertility. Anim. Reprod. Sci. 82-83, 321–339. doi:10.1016/j.anireprosci.2004.05.011
 Ghosh, D., Griswold, J., Erman, M., and Pangborn, W. (2009). Structural Basis for Androgen Specificity and Oestrogen Synthesis in Human Aromatase. Nature 457 (7226), 219–223. doi:10.1038/nature07614
 Gloyna, R. E., and Wilson, J. D. (1969). A Comparative Study of the Conversion of Testosterone to 17β-Hydroxy-5α-Androstan-3-One (Dihydrotestosterone) by Prostate and Epididymis. J. Clin. Endocrinol. Metab. 29 (7), 970–977. doi:10.1210/jcem-29-7-970
 Gluckman, P. D., and Hanson, M. A. (2006). The Consequences of Being Born Small - an Adaptive Perspective. Horm. Res. Paediatr. 65, 5–14. doi:10.1159/000091500
 Godfrey, K. M., and Barker, D. J. (2000). Fetal Nutrition and Adult Disease. Am. J. Clin. Nutr. 71 (5 Suppl. l), 1344S–52S. doi:10.1093/ajcn/71.5.1344s
 Gonzalez, P. N., Gasperowicz, M., Barbeito-Andrés, J., Klenin, N., Cross, J. C., and Hallgrímsson, B. (2016). Chronic Protein Restriction in Mice Impacts Placental Function and Maternal Body Weight before Fetal Growth. PLoS One 11 (3), e0152227. doi:10.1371/journal.pone.0152227
 Graham, S., and Gandelman, R. (1986). The Expression of Ano-Genital Distance Data in the Mouse. Physiol. Behav. 36 (1), 103–104. doi:10.1016/0031-9384(86)90081-8
 Gregory, M., and Cyr, D. G. (2006). Identification of Multiple Claudins in the Rat Epididymis. Mol. Reprod. Dev. 73 (5), 580–588. doi:10.1002/mrd.20467
 Gregory, M., Dufresne, J., Hermo, L., and Cyr, D. G. (2001). Claudin-1 Is Not Restricted to Tight Junctions in the Rat Epididymis**This Work Was Supported by the Toxic Substances Research Initiative (To D.C. And L.H.) and the Medical Research Council of Canada (To L.H.). Endocrinology 142 (2), 854–863. doi:10.1210/endo.142.2.7975
 Gu, S., Honisch, S., Kounenidakis, M., Alkahtani, S., Alarifi, S., Alevizopoulos, K., et al. (2014). Membrane Androgen Receptor Down-Regulates C-Src-Activity and Beta-Catenin Transcription and Triggers GSK-3beta-Phosphorylation in colon Tumor Cells. Cell Physiol Biochem 34 (4), 1402–1412. doi:10.1159/000366346
 Guo, Z., Dai, B., Jiang, T., Xu, K., Xie, Y., Kim, O., et al. (2006). Regulation of Androgen Receptor Activity by Tyrosine Phosphorylation. Cancer Cell 10 (4), 309–319. doi:10.1016/j.ccr.2006.08.021
 Hackel, C., Oliveira, L. E. C., Ferraz, L. F. C., Tonini, M. M. O., Silva, D. N., Toralles, M. B., et al. (2005). New Mutations, Hotspots, and Founder Effects in Brazilian Patients with Steroid 5α-Reductase Deficiency Type 2. J. Mol. Med. 83 (7), 569–576. doi:10.1007/s00109-005-0651-7
 Hales, C. N., and Barker, D. J. P. (1992). Type 2 (Non-insulin-dependent) Diabetes Mellitus: the Thrifty Phenotype Hypothesis. Diabetologia 35 (7), 595–601. doi:10.1007/bf00400248
 Heinlein, C. A., and Chang, C. (2002). Androgen Receptor (AR) Coregulators: an Overview. Endocr. Rev. 23 (2), 175–200. doi:10.1210/edrv.23.2.0460
 Hendry, W. J., and Danzo, B. J. (1986). Further Characterization of a Steroid Receptor-Active Protease from the Mature Rabbit Epididymis. J. Steroid Biochem. 25 (3), 433–443. doi:10.1016/0022-4731(86)90258-x
 Hermo, L., and Robaire, B. (2002). “Epididymal Cell Types and Their Functions,” in The Epididymis: From Molecules to Clinical Pratice. ed Editors B. T. Robaire, and B. Hinton (New York: Kluwer Academic/ Plenum Publisher), 81–102. doi:10.1007/978-1-4615-0679-9_5
 Herring, C. M., Bazer, F. W., Johnson, G. A., and Wu, G. (2018). Impacts of Maternal Dietary Protein Intake on Fetal Survival, Growth, and Development. Exp. Biol. Med. (Maywood) 243 (6), 525–533. doi:10.1177/1535370218758275
 Hess, R. A., Gist, D. H., Bunick, D., Lubahn, D. B., Farrell, A., Bahr, J., et al. (1997). Estrogen Receptor (Alpha and Beta) Expression in the Excurrent Ducts of the Adult Male Rat Reproductive Tract. J. Androl. 18 (6), 602–611.
 Hess, R. A., Bunick, D., and Bahr, J. M. (1995). Sperm, a Source of Estrogen. Environ. Health Perspect. 103 (Suppl. 7), 59–62. doi:10.1289/ehp.95103s759
 Hess, R. A., Fernandes, S. A. F., Gomes, G. R. O., Oliveira, C. A., Lazari, M. F. M., and Porto, C. S. (2011). Estrogen and its Receptors in Efferent Ductules and Epididymis. J. Androl. 32 (6), 600–613. doi:10.2164/jandrol.110.012872
 Hess, R. A., Sharpe, R. M., and Hinton, B. T. (2021). Estrogens and Development of the Rete Testis, Efferent Ductules, Epididymis and Vas Deferens. Differentiation 118, 41–71. doi:10.1016/j.diff.2020.11.004
 Hess, R. A., and Zhou, R. (2002). “The Role of Estrogens in the Endocrine and Paracrine Regulation of the Efferent Ductules, Epididymis and Vas Deferens,” in The Epididymis: From Molecules to Clinical Practice ed . Editor B. H. Robaire (New York: Kluwer Academic/Plenum Publishers), 317–337. doi:10.1007/978-1-4615-0679-9_18
 Hoffer, A. P., and Hinton, B. T. (1984). Morphological Evidence for a Blood-Epididymis Barrier and the Effects of Gossypol on its Integrity. Biol. Reprod. 30 (4), 991–1004. doi:10.1095/biolreprod30.4.991
 Hoppe, C. C., Evans, R. G., Moritz, K. M., Cullen-McEwen, L. A., Fitzgerald, S. M., Dowling, J., et al. (2007). Combined Prenatal and Postnatal Protein Restriction Influences Adult Kidney Structure, Function, and Arterial Pressure. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 292 (1), R462–R469. doi:10.1152/ajpregu.00079.2006
 Jahan-Mihan, A., Rodriguez, J., Christie, C., Sadeghi, M., and Zerbe, T. (2015). The Role of Maternal Dietary Proteins in Development of Metabolic Syndrome in Offspring. Nutrients 7 (11), 9185–9217. doi:10.3390/nu7115460
 Janulis, L., Bahr, J. M., Hess, R. A., Janssen, S., Osawa, Y., and Bunick, D. (1998). Rat Testicular Germ Cells and Epididymal Sperm Contain Active P450 Aromatase. J. Androl. 19 (1), 65–71.
 Jazwiec, P. A., and Sloboda, D. M. (2019). Nutritional Adversity, Sex and Reproduction: 30 Years of DOHaD and what Have We Learned?J. Endocrinol. 242 (1), T51–T68. doi:10.1530/JOE-19-0048
 Jolly, M., Bertie, J., Gray, R., Bannister, P., Venkatesan, S., Johnston, D., et al. (2004). Increased Leucine Turnover in Women during the Third Trimester of Uncomplicated Pregnancy. Metabolism 53 (5), 545–549. doi:10.1016/j.metabol.2003.12.001
 Kaushik, M. C., Misro, M. M., Sehgal, N., and Nandan, D. (2010). Effect of Chronic Oestrogen Administration on Androgen Receptor Expression in Reproductive Organs and Pituitary of Adult Male Rat. Andrologia 42 (3), 193–205. doi:10.1111/j.1439-0272.2009.00979.x
 Kaushik, M. C., Misro, M. M., Sehgal, N., and Nandan, D. (2012). Testosterone Administration to Adult Rats Differentially Modulates Androgen and Oestrogen Receptor-α Expression in Reproductive Organs and Pituitary. Andrologia 44 (Suppl. 1), 312–322. doi:10.1111/j.1439-0272.2011.01183.x
 Kerin, T. K., Vogler, G. P., Blizard, D. A., Stout, J. T., McClearn, G. E., and Vandenbergh, D. J. (2003). Anogenital Distance Measured at Weaning Is Correlated with Measures of Blood Chemistry and Behaviors in 450-Day-Old Female Mice. Physiol. Behav. 78 (4-5), 697–702. doi:10.1016/s0031-9384(03)00054-4
 Kim, B., and Breton, S. (2016). The MAPK/ERK-Signaling Pathway Regulates the Expression and Distribution of Tight Junction Proteins in the Mouse Proximal Epididymis1. Biol. Reprod. 94 (1), 22. doi:10.1095/biolreprod.115.134965
 Kita, D. H., Meyer, K. B., Venturelli, A. C., Adams, R., Machado, D. L. B., Morais, R. N., et al. (2016). Manipulation of Pre and Postnatal Androgen Environments and Anogenital Distance in Rats. Toxicology 368-369, 152–161. doi:10.1016/j.tox.2016.08.021
 Kolasa, A., Wiszniewska, B., Marchlewicz, M., and Wenda-Rózewicka, L. (2003). Localisation of Oestrogen Receptors (ERalpha and ERbeta) in the Human and Rat Epididymides. Folia Morphol. (Warsz) 62 (4), 467–469.
 Krapf, D., Chun Ruan, Y., Wertheimer, E. V., Battistone, M. A., Pawlak, J. B., Sanjay, A., et al. (2012). cSrc Is Necessary for Epididymal Development and Is Incorporated into Sperm during Epididymal Transit. Developmental Biol. 369 (1), 43–53. doi:10.1016/j.ydbio.2012.06.017
 Kuiper, G. G., Enmark, E., Pelto-Huikko, M., Nilsson, S., and Gustafsson, J. A. (1996). Cloning of a Novel Receptor Expressed in Rat Prostate and Ovary. Proc. Natl. Acad. Sci. U.S.A. 93 (12), 5925–5930. doi:10.1073/pnas.93.12.5925
 Leite, G. A. A., Rosa, J. d. L., Sanabria, M., Cavariani, M. M., Franci, J. A. A., Pinheiro, P. F. F., et al. (2014). Delayed Reproductive Development in Pubertal Male Rats Exposed to the Hypolipemiant Agent Rosuvastatin since Prepuberty. Reprod. Toxicol. 44, 93–103. doi:10.1016/j.reprotox.2014.01.004
 Lindsay, K. L., Buss, C., Wadhwa, P. D., and Entringer, S. (2019). The Interplay between Nutrition and Stress in Pregnancy: Implications for Fetal Programming of Brain Development. Biol. Psychiatry 85 (2), 135–149. doi:10.1016/j.biopsych.2018.06.021
 Liu, S. H., and Wang, Z. S. (2005). [Study on the Expression of Androgen Receptor in Testis, Epididymis and Prostate of Adult Rats with Diabetes]. Zhonghua Nan Ke Xue 11 (12), 891–894.
 Liu, Y.-N., Yin, J., Barrett, B., Sheppard-Tillman, H., Li, D., Casey, O. M., et al. (2015). Loss of Androgen-Regulated MicroRNA 1 Activates SRC and Promotes Prostate Cancer Bone Metastasis. Mol. Cel Biol 35 (11), 1940–1951. doi:10.1128/MCB.00008-15
 Mann, T. (1974). Secretory Function of the Prostate, Seminal Vesicle and Other Male Accessory Organs of Reproduction. Reproduction 37 (1), 179–188. doi:10.1530/jrf.0.0370179
 Martin-Gronert, M. S., and Ozanne, S. E. (2010). Mechanisms Linking Suboptimal Early Nutrition and Increased Risk of Type 2 Diabetes and Obesity. J. Nutr. 140 (3), 662–666. doi:10.3945/jn.109.111237
 McArdle, H., Andersen, H., Jones, H., and Gambling, L. (2006). Fetal Programming: Causes and Consequences as Revealed by Studies of Dietary Manipulation in Rats - A Review. Placenta 27, 56–60. doi:10.1016/j.placenta.2006.01.014
 Mendiratta, P., Mostaghel, E., Guinney, J., Tewari, A. K., Porrello, A., Barry, W. T., et al. (2009). Genomic Strategy for Targeting Therapy in Castration-Resistant Prostate Cancer. Jco 27 (12), 2022–2029. doi:10.1200/JCO.2008.17.2882
 Moore, K. L., Persaud, T. V. N., and Torchia, M. G. (2016). Embriologia Básica. Rio de Janeiro: Elsevier. 
 Nitta, H., Bunick, D., Hess, R. A., Janulis, L., Newton, S. C., Millette, C. F., et al. (1993). Germ Cells of the Mouse Testis Express P450 Aromatase. Endocrinology 132 (3), 1396–1401. doi:10.1210/endo.132.3.8440194
 Ozanne, S. E., and Hales, C. N. (2004). Catch-up Growth and Obesity in Male Mice. Nature 427 (6973), 411–412. doi:10.1038/427411b
 Ozanne, S. E., and Nicholas Hales, C. (2005). Poor Fetal Growth Followed by Rapid Postnatal Catch-Up Growth Leads to Premature Death. Mech. Ageing Development 126 (8), 852–854. doi:10.1016/j.mad.2005.03.005
 Paris, F., Weinbauer, G. F., Blüm, V., and Nieschlag, E. (1994). The Effect of Androgens and Antiandrogens on the Immunohistochemical Localization of the Androgen Receptor in Accessory Reproductive Organs of Male Rats. J. Steroid Biochem. Mol. Biol. 48 (1), 129–137. doi:10.1016/0960-0760(94)90259-3
 Parsons, S. J., and Parsons, J. T. (2004). Src Family Kinases, Key Regulators of Signal Transduction. Oncogene 23 (48), 7906–7909. doi:10.1038/sj.onc.1208160
 Peixoto-Silva, N., Frantz, E. D. C., Mandarim-de-Lacerda, C. A., and Pinheiro-Mulder, A. (2011). Maternal Protein Restriction in Mice Causes Adverse Metabolic and Hypothalamic Effects in the F1 and F2 Generations. Br. J. Nutr. 106 (9), 1364–1373. doi:10.1017/S0007114511001735
 Pelletier, G., Labrie, C., and Labrie, F. (2000). Localization of Oestrogen Receptor Alpha, Oestrogen Receptor Beta and Androgen Receptors in the Rat Reproductive Organs. J. Endocrinol. 165 (2), 359–370. doi:10.1677/joe.0.1650359
 Perobelli, J. E., Patrão, M. T. C. C., Fernandez, C. D. B., Sanabria, M., Klinefelter, G. R., Avellar, M. C. W., et al. (2013). Androgen Deprivation from Pre-puberty to Peripuberty Interferes in Proteins Expression in Pubertal and Adult Rat Epididymis. Reprod. Toxicol. 38, 65–71. doi:10.1016/j.reprotox.2013.03.004
 Picut, C. A., Ziejewski, M. K., and Stanislaus, D. (2018). Comparative Aspects of Pre- and Postnatal Development of the Male Reproductive System. Birth Defects Res. 110 (3), 190–227. doi:10.1002/bdr2.1133
 Qasem, R. J., Li, J., Tang, H. M., Pontiggia, L., and D'mello, A. P. (2016). Maternal Protein Restriction during Pregnancy and Lactation Alters central Leptin Signalling, Increases Food Intake, and Decreases Bone Mass in 1 Year Old Rat Offspring. Clin. Exp. Pharmacol. Physiol. 43 (4), 494–502. doi:10.1111/1440-1681.12545
 Qasem, R. J., Yablonski, E., Li, J., Tang, H. M., Pontiggia, L., and D'mello, A. P. (2012). Elucidation of Thrifty Features in Adult Rats Exposed to Protein Restriction during Gestation and Lactation. Physiol. Behav. 105 (5), 1182–1193. doi:10.1016/j.physbeh.2011.12.010
 Rebelato, H. J., Esquisatto, M. A. M., Moraes, C., Amaral, M. E. C., and Catisti, R. (2013). Gestational Protein Restriction Induces Alterations in Placental Morphology and Mitochondrial Function in Rats during Late Pregnancy. J. Mol. Hist. 44 (6), 629–637. doi:10.1007/s10735-013-9522-7
 Reeves, P. G., Nielsen, F. H., and Fahey, G. C. (1993). AIN-93 Purified Diets for Laboratory Rodents: Final Report of the American Institute of Nutrition Ad Hoc Writing Committee on the Reformulation of the AIN-76A Rodent Diet. J. Nutr. 123 (11), 1939–1951. doi:10.1093/jn/123.11.1939
 Rhoden, E. L., Gobbi, D., Menti, E., Rhoden, C., and Telöken, C. (2002). Effects of the Chronic Use of Finasteride on Testicular Weight and Spermatogenesis in Wistar Rats. BJU Int. 89 (9), 961–963. doi:10.1046/j.1464-410x.2002.02785.x
 Rinaldi, J. C., Justulin, L. A., Lacorte, L. M., Sarobo, C., Boer, P. A., Scarano, W. R., et al. (2013). Implications of Intrauterine Protein Malnutrition on Prostate Growth, Maturation and Aging. Life Sci. 92 (13), 763–774. doi:10.1016/j.lfs.2013.02.007
 Rinaldi, J. C., Santos, S. A. A., Colombelli, K. T., Birch, L., Prins, G. S., Justulin, L. A., et al. (2018). Maternal Protein Malnutrition: Effects on Prostate Development and Adult Disease. J. Dev. Orig Health Dis. 9 (4), 361–372. doi:10.1017/S2040174418000168
 Robaire, B., and Hinton, B. T. (2015). “The Epididymis,” in Knobil and Neill's Physiology of Reproduction ed . Editor T. M. Z. Plant. Fourth Edition ed (New York: Academic Press), 691–771. doi:10.1016/b978-0-12-397175-3.00017-x
 Rodríguez-González, G. L., Reyes-Castro, L. A., Vega, C. C., Boeck, L., Ibáñez, C., Nathanielsz, P. W., et al. (2014). Accelerated Aging of Reproductive Capacity in Male Rat Offspring of Protein-Restricted Mothers Is Associated with Increased Testicular and Sperm Oxidative Stress. Age (Dordr) 36 (6), 9721. doi:10.1007/s11357-014-9721-5
 Rodríguez-González, G. L., Vigueras-Villaseñor, R. M., Millán, S., Moran, N., Trejo, R., Nathanielsz, P. W., et al. (2012). Maternal Protein Restriction in Pregnancy And/or Lactation Affects Seminiferous Tubule Organization in Male Rat Offspring. J. Dev. Orig Health Dis. 3 (5), 321–326. doi:10.1017/S2040174412000360
 Russell, N., and Grossmann, M. (2019). Mechanisms in Endocrinology: Estradiol as a Male Hormone. Eur. J. Endocrinol. 181, R23–R43. doi:10.1530/EJE-18-1000
 Santos, S. A. A., Camargo, A. C., Constantino, F. B., Colombelli, K. T., Mani, F., Rinaldi, J. C., et al. (2018). Maternal Low-Protein Diet Impairs Prostate Growth in Young Rat Offspring and Induces Prostate Carcinogenesis with Aging. J. Gerontol. A. Biol. Sci. Med. Sci. 74, 751–759. doi:10.1093/gerona/gly118
 Sar, M., and Welsch, F. (2000). Oestrogen Receptor Alpha and Beta in Rat Prostate and Epididymis. Andrologia 32 (4-5), 295–301. doi:10.1046/j.1439-0272.2000.00396.x
 Schön, J., Neumann, S., Wildt, D., Pukazhenthi, B., and Jewgenow, K. (2009). Localization of Oestrogen Receptors in the Epididymis during Sexual Maturation of the Domestic Cat. Reprod. Domest. Anim. 44 (Suppl. 2), 294–301. doi:10.1111/j.1439-0531.2009.01391.x
 Scott, H. M., Hutchison, G. R., Mahood, I. K., Hallmark, N., Welsh, M., De Gendt, K., et al. (2007). Role of Androgens in Fetal Testis Development and Dysgenesis. Endocrinology 148 (5), 2027–2036. doi:10.1210/en.2006-1622
 Semba, R. D. (2016). The Rise and Fall of Protein Malnutrition in Global Health. Ann. Nutr. Metab. 69 (2), 79–88. doi:10.1159/000449175
 Serre, V., and Robaire, B. (1998). Segment-Specific Morphological Changes in Aging Brown Norway Rat Epididymis. Biol. Reprod. 58 (2), 497–513.
 Shayu, D., and Rao, A. J. (2006). Expression of Functional Aromatase in the Epididymis: Role of Androgens and LH in Modulation of Expression and Activity. Mol. Cell Endocrinol. 249 (1-2), 40–50. doi:10.1016/j.mce.2006.01.016
 Silverthorn, D. E. (2016). in Human Physiology: An Integrated Approach. 7th ed (San Francisco, CA: Pearson Education), 800–833. 
 Siu, M. K., Chen, W.-Y., Tsai, H.-Y., Yeh, H.-L., Yin, J. J., Liu, S.-Y., et al. (2016). Androgen Receptor Regulates SRC Expression through microRNA-203. Oncotarget 7 (18), 25726–25741. doi:10.18632/oncotarget.8366
 Szafran, A. T., Stephan, C., Bolt, M., Mancini, M. G., Marcelli, M., and Mancini, M. A. (2017). High-Content Screening Identifies Src Family Kinases as Potential Regulators of AR-V7 Expression and Androgen-independent Cell Growth. Prostate 77 (1), 82–93. doi:10.1002/pros.23251
 Takayama, K.-i. (2017). The Biological and Clinical Advances of Androgen Receptor Function in Age-Related Diseases and Cancer [Review]. Endocr. J. 64 (10), 933–946. doi:10.1507/endocrj.EJ17-0328
 Toledo, F. C., Perobelli, J. E., Pedrosa, F. P., Anselmo-Franci, J. A., and Kempinas, W. D. (2011). In Utero protein Restriction Causes Growth Delay and Alters Sperm Parameters in Adult Male Rats. Reprod. Biol. Endocrinol. 9, 94. doi:10.1186/1477-7827-9-94
 Torres, N., Bautista, C. J., Tovar, A. R., Ordáz, G., Rodríguez-Cruz, M., Ortiz, V., et al. (2010). Protein Restriction during Pregnancy Affects Maternal Liver Lipid Metabolism and Fetal Brain Lipid Composition in the Rat. Am. J. Physiology-Endocrinology Metab. 298 (2), E270–E277. doi:10.1152/ajpendo.00437.2009
 Traish, A. M., Melcangi, R. C., Bortolato, M., Garcia-Segura, L. M., and Zitzmann, M. (2015). Adverse Effects of 5α-Reductase Inhibitors: What Do We Know, Don't Know, and Need to Know?Rev. Endocr. Metab. Disord. 16 (3), 177–198. doi:10.1007/s11154-015-9319-y
 Wang, N., Xu, Y., Zhou, X.-Q., Wu, Y.-H., Li, S.-L., Qiao, X., et al. (2016). Protective Effects of Testosterone Propionate on Reproductive Toxicity Caused by Endosulfan in Male Mice. Environ. Toxicol. 31 (2), 142–153. doi:10.1002/tox.22029
 Welsh, M., Saunders, P. T. K., Fisken, M., Scott, H. M., Hutchison, G. R., Smith, L. B., et al. (2008). Identification in Rats of a Programming Window for Reproductive Tract Masculinization, Disruption of Which Leads to Hypospadias and Cryptorchidism. J. Clin. Invest. 118 (4), 1479–1490. doi:10.1172/JCI34241
 Whitaker, K. W., Totoki, K., and Reyes, T. M. (2012). Metabolic Adaptations to Early Life Protein Restriction Differ by Offspring Sex and post-weaning Diet in the Mouse. Nutr. Metab. Cardiovasc. Dis. 22 (12), 1067–1074. doi:10.1016/j.numecd.2011.02.007
 Xu, B., Washington, A. M., and Hinton, B. T. (2016). Initial Segment Differentiation Begins during a Critical Window and Is Dependent upon Lumicrine Factors and SRC Proto-Oncogene (SRC) in the Mouse. Biol. Reprod. 95 (1), 15. doi:10.1095/biolreprod.116.138388
 Xu, W., Harrison, S. C., and Eck, M. J. (1997). Three-dimensional Structure of the Tyrosine Kinase C-Src. Nature 385 (6617), 595–602. doi:10.1038/385595a0
 Yamashita, S. (2004). Localization of Estrogen and Androgen Receptors in Male Reproductive Tissues of Mice and Rats. Anat. Rec. 279A (2), 768–778. doi:10.1002/ar.a.20061
 You, L., and Sar, M. (1998). Androgen Receptor Expression in the Testes and Epididymides of Prenatal and Postnatal Sprague-Dawley Rats. Endo 9 (3), 253–262. doi:10.1385/ENDO:9:3:253
 Yuasa, K., Kondo, T., Nagai, H., Mino, M., Takeshita, A., and Okada, T. (2016). Maternal Protein Restriction that Does Not Have an Influence on the Birthweight of the Offspring Induces Morphological Changes in Kidneys Reminiscent of Phenotypes Exhibited by Intrauterine Growth Retardation Rats. Congenit. Anom. 56 (2), 79–85. doi:10.1111/cga.12143
 Zambrano, E., Bautista, C. J., Deás, M., Martínez-Samayoa, P. M., González-Zamorano, M., Ledesma, H., et al. (2006). A Low Maternal Protein Diet during Pregnancy and Lactation Has Sex- and Window of Exposure-specific Effects on Offspring Growth and Food Intake, Glucose Metabolism and Serum Leptin in the Rat. J. Physiol. 571 (Pt 1), 221–230. doi:10.1113/jphysiol.2005.100313
 Zambrano, E., Rodríguez-González, G. L., Guzmán, C., García-Becerra, R., Boeck, L., Díaz, L., et al. (2005). A Maternal Low Protein Diet during Pregnancy and Lactation in the Rat Impairs Male Reproductive Development. J. Physiology-London 563 (1), 275–284. doi:10.1113/jphysiol.2004.078543
 Zaya, R., Hennick, C., and Pearl, C. A. (2012). In Vitro expression of Androgen and Estrogen Receptors in Prepubertal and Adult Rat Epididymis. Gen. Comp. Endocrinol. 178 (3), 573–586. doi:10.1016/j.ygcen.2012.07.004
 Zeman, F. J. (1967). Effect on the Young Rat of Maternal Protein Restriction. J. Nutr. 93 (2), 167–173. doi:10.1093/jn/93.2.167
 Zhang, Y., Piao, Y., Li, Y., Song, M., Tang, P., and Li, C. (2013). 4-Nitrophenol Induces Leydig Cells Hyperplasia, Which May Contribute to the Differential Modulation of the Androgen Receptor and Estrogen Receptor-α and -β Expression in Male Rat Testes. Toxicol. Lett. 223 (2), 228–235. doi:10.1016/j.toxlet.2013.09.011
 Zhu, L.-J., Hardy, M. P., Inigo, I. V., Huhtaniemi, I., Bardin, C. W., and Moo-Young, A. J. (2000). Effects of Androgen on Androgen Receptor Expression in Rat Testicular and Epididymal Cells: A Quantitative Immunohistochemical Study1. Biol. Reprod. 63 (2), 368–376. doi:10.1095/biolreprod63.2.368
Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.
Copyright © 2022 Cavariani, de Mello Santos, Chuffa, Pinheiro, Scarano and Domeniconi. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
OPS/images/fcell-10-816637-t004.jpg
Parameters (um)

PND 21 (n = 4)

Tubular diameter
Epithelium height
Luminal diameter

PND 44in = 4)

Tubular diameter
Epithelium height
Luminal diameter

PND 120(n = 4)

Tubular diameter
Epithelium height
Luminal diameter

Initial Segment

NP P

4088159 30,61+ 0.45™
1222£005  9.73x019°
1768108  10.65+0.29%

Initial Segment

NP P
100.8 + 4.36 97.91 £ 0.78°
19.44 + 0.33 19.96 + 0.47%
61.54 + 4.63 68.51 + 0.99%

Initial Segment

NP w
1728+ 11.26 1739+ 7.68°
2954 £040  33.38+372°
107.5 + 5.52 99.77 + 6.55°

Caput
NP P
48.34+286  36.64 + 0.85™
1312078  10.93 + 032
2199+232 1372012
Caput
NP Lp
13131269  114.1 +7.63
1567 £0.67  15.86 + 0.68°
9911+ 1426  84.58 +7.41°
Caput
NP Lp
320.5+2368 3189 +831°
2207131 21,63 £0,01°
2766 +21.32 2733+ 977"

Corpus
NP 424
6060 £2.33  44.66 + 1.45™
1618063 1227 + 0.24™
2681156  18.36 + 1.54™
Corpus
NP LP
1881 £ 1456 147.0  12.50°
1791 +1.42 20.01 + 1.50°
1526+ 1742 108.1 = 16.98°
Corpus
NP LP
3261 £895 2084+ 11.37°
2302 £ 1.12 23.95 + 1.15°
2802+ 10.65 2522 + 10.54°

Cauda
NP P
5857 £4.86 4896 x 4.15°
1357100 1415+ 1.47°
3445410 2059 + 2.34%
Cauda
NP LP
1185249 1131382
2463059 2278+ 0.25%
6497 £146 6394 x 3.38°
Cauda
NP LP
2897 £6,12 3123 x19,11°
1913+123 1885+ 153"
230.8+10.86  274.4 x 21.86°





OPS/xhtml/nav.xhtml
Contents

		Cover

		Maternal Protein Restriction Alters the Expression of Proteins Related to the Structure and Functioning of the Rat Offspring Epididymis in an Age-Dependent Manner		1 Introduction

		2 Materials and Methods		2.1 Animals and Experimental Design

		2.2 Gestational Performance

		2.3 Hormonal Assay

		2.4 Morphological and Morphometrical Analyses of the Epididymis

		2.5 Immunohistochemistry

		2.6 Western Blot Analysis

		2.7 Statistical Analysis





		3 Results		3.1 Maternal Low-Protein Diet Promotes Changes in Gestational Performance as Well as Genital Organ Weight in Male Offspring

		3.2 Maternal Protein Restriction did Not Change the Integrity of the Epididymal Epithelium or the Organ Interstitium but Changed the Tubular Diameter, Epithelial Height and Luminal Diameter of the Epididymal Duct

		3.3 Maternal Protein Restriction did Not Alter Estradiol Serum Levels in Male Offspring

		3.4 Impact of the Maternal Low-Protein Diet on AR, ERα and ERβ Immunolocalization

		3.5 Maternal Low-Protein Diet Changes AR, ERα and ERβ Expression in the Epididymides of Offspring in an Age-dependent Manner

		3.6 Aromatase p450, but Not 5α-Reductase, Expression Is Altered by Maternal Protein Restriction

		3.7 Maternal Protein Restriction Changed Both Src 416 and Src 527 Expression in an Age-dependent Manner

		3.8. The Low-Protein Diet Increased Cldn-1 Expression Throughout the Epididymis





		4 Discussion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		Supplementary Material

		References









OPS/images/fcell-10-816637-t003.jpg
Parameters

Body weight (g)
Testes (mg)
Testes (mg/100 g)
Epididymis (mg)
Epicidymis (mg/100 g)
Ventral prostate (mg)
Ventral prostate (mg/100 g)
Seminal vesicle (empty) (mg)
Seminal vesicle (empty) (mg/100 ¢)

PND 21
NP (0 =17) P (=22
58.63 + 1.59 1929 + 0.74>
11040 £279 4530 +2.39>
189.50 £500  235.2 + 8.80™
17.29 £ 0.82 893 + 0.40"
28.65 + 0.82 46.50 + 1.62°
21.49 + 1.57 808 + 0.5
30.34 +3.42 41.67 + 2.44°
11.28 +0.38 470 + 0.29"
18.77 +0.88 24.46 = 1.30™

PND 44
NP (n=12) LP (n=10)
219.30 + 4.99 122,50 + 4.84>
944.10 + 36.77 516.10 + 27.03*
412.30 £ 21.29 420.20 + 12.65°
141.70 + 8.58 7252 + 4.27*
61.98 + 2.06 58.87 + 1.67%
103.70 + 11.36 44.40 £ 5.70*
46.85 + 4.45 36.32 + 4.42°
100.90 + 10.94 39.31 + 395>
45.43 + 4.34 31.80 + 2.69™

PND 120
NP (0= 10) LP(n=10)
492001396 899.90 + 7.38"
1802 + 68.05 1415 + 39.23™
375.80 + 14.87 356.30 + 12.94%
82640 +34.26  697.40 + 21.20™
17240 + 7.87 175.40 + 2.94*

928.50 + 79.31
189.10 + 12.97
1472 + 104.00
302.40 + 27.27

769.80 + 63.45”
190.70 + 13.48%
1647 + 104.80*
424.40 + 22.97™





OPS/images/fcell-10-816637-t002.jpg
Parameters

Number of male pups
Body weight (g)

Anogenttal distance (mm)
Crown-rump length (mm)

Relative anogenital distance (mm)

NP

529 +0.43
6.33 + 0.12
299 + 0.03
49.13 + 0.32
0.061 + 0.001

LP

5.47 +0.52°

5.79 £ 0.10™
2.59 £ 0.05™
47.46 £ 021
0.085  0.001>*





OPS/images/fcell-10-816637-t001.jpg
Components * Normoprotein diet (17%) Low-protein diet (6%)

Casein (84% of protein)** 202,00 7150
Comstarch 397.00 480,00
Dextrin 130.50 150,00
Sucrose 100.00 121.00
Soy of 7000 70.00
Fiber (microcelluiose) 50.00 50.00
Mineral Blend *** 35.00 35.00
Vitamin Blend *** 10.00 10.00
L-cystine 3.00 1.00

Choline chioride 250 250

“ Diet for the gestation phase in rodents - AIN-93G.
* Corrected values according to protein content in casein.
According to AIN-93G.










OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
, frontiers ‘ Frontiers in Cell and Developmental Biology





OPS/images/fcell-10-816637-g005.gif





OPS/images/fcell-10-816637-g006.gif





OPS/images/fcell-10-816637-g003.gif
A [loitial Segment

Inp21

TN

Junaze

w






OPS/images/fcell-10-816637-g004.gif





OPS/images/fcell-10-816637-g009.gif
" "
. e
5 T
i T 2o oo
H
= u oo L
T .
i I
T | i
o0
r r oen i
.
) s
I
H
o EEEE .,
o ==






OPS/images/fcell-10-816637-g007.gif
e % 5 >






OPS/images/fcell-10-816637-g008.gif
D21

PND 120

n m

o
o ' b — |
dms

[ 3 :‘
]
S
S —
i
ﬂ %
i
pn
EE






OPS/images/cover.jpg
? frontiers | Frontiers in Cell and Developmental Biology

Maternal Protein Restriction
Alters the Expression of Proteins
Related to the Structure and
Functioning of the Rat Offspring
Epididymis in an Age-Dependent
Manner





OPS/images/fcell-10-816637-g001.gif





OPS/images/fcell-10-816637-g002.gif
........





