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The PCSK9 contribution to cholesterol and immunotolerance homeostasis and response to glucose, and insulin in testis and hypophysis were studied using Pcsk9-deficient (−/−) and transgenic [Tg (PCSK9)] mice, and diabetic, obese ob/ob and db/db mice. The spermatids/spermatozoa acrosome, peritubular vessels, and epididymal adipocytes were PCSK9- and LDL-R-positive. The pro-PCSK9/PCSK9 ratio was high in interstitial tissue-fractions (ITf) and spermatozoa and low in seminiferous tubule-fractions (STf) in normal adult mice. This ratio decreased in ITf in ob/ob and db/db mice but increased in tubules in ob/ob mice. Deleting pcsk9 lowered cholesterol in serum but increased testicular cholesterol. Furthermore, HMGCoA-red, ACAT-2 and LDL-R turnover increased whereas SR-BI decreased in ITf; in tubules, ABCA1 decreased and 160 kDa LDL-R increased in Pcsk9−/− mice. Excess testicular cholesterol could result from increased cholesterol synthesis and uptake with reduction in SR-BI-mediated efflux in ITf and from the overload of apoptotic cells, lowered ABCA1-mediated efflux and stimulated LDL-R protein synthesis in tubules in Pcsk9−/− mice. Concomitantly with the cholesterol accumulation, tubules showed infiltrates of immune cells, elevated IL-17A and IL-17RA, and changes in the immunotolerance homeostasis. PCSK9 deficiency decreased glucose in tubules and spermatozoa while increasing insulin2 in ITf and tubules not serum. Moreover, IR-α, and IR-β augmented in tubules but decreased in the anterior pituitary; IR-α increased whereas IR-β decreased in ITf. The histology and cholesterol levels were normal in Tg (PCSK9) mouse testis. The excess cholesterol creates a milieu favorable to the action of high IL-17A and IL-17RA, the development of inflammatory conditions and self-tolerance breakdown in testis.
Keywords: testis, Sertoli cell, germ cell, cholesterol, insulin, glucose, type 2 diabetes, cytokines
INTRODUCTION
Alterations in cholesterol and lipid metabolism (Pasquali et al., 2007) combined with obesity have been associated with infertility in men (Campbell et al., 2015). The incidence of dyslipidemia is elevated in infertile men (Ramírez-Torres et al., 2000). Spermatozoa from subjects with idiopathic infertility exhibit high cholesterol to phospholipid ratios (Sugkraroek et al., 1991). Yet, no relation was found between the cholesterol in the circulation and the cholesterol in spermatozoa, semen or seminal plasma (Travis and Kopf, 2002) though cholesterol levels and fertility are negatively correlated in human spermatozoa (Keber et al., 2013). Here, the present study advances the concept that cholesterol homeostasis is regulated by local factors in the male gonad. The contribution of the proprotein convertase subtilisin/kexin type 9 (PCSK9) in the synthesis, uptake, and efflux of cholesterol and in the immunotolerance in the mouse testis is assessed.
PCSK9 is an enzyme of the proteinase K subfamily of subtilisin-related serine endopeptidases (Abifadel et al., 2003; Maxwell and Breslow, 2004) that contributes to the cholesterol homeostasis by reducing the number of low density lipoprotein (LDL) receptors (LDL-R) on the cellular membrane and the cell’s ability to take up LDL (Seidah et al., 2003). PCSK9 acts as a natural inhibitor of the LDL-R pathway by targeting the receptor to the lysosomal pathway for degradation (Maxwell and Breslow, 2004). Deleting pcsk9 increases the amount of LDL-R protein in the mouse liver and results in decreased plasma cholesterol levels (Rashid et al., 2005; Zaid et al., 2008). This study assesses the LDL-R response in the testis to the deletion and overexpression of pcsk9.
In recent years, the incidence of metabolic disorders and insulin-dependent type2 diabetes reached epidemic proportions in adolescents and young subjects of reproductive age (Scully, 2012). The present study evaluates the consequences of deleting and over expressing the pcsk9 gene on elements of the glucose metabolism that influence the signaling pathways activated by insulin receptors in the testis and hypophysis.
PCSK9 is expressed principally in liver, ileum, jejunum and, in lesser amounts, in kidney, cerebellum, thymus, testis, tail of epididymis (Seidah et al., 2003; Zaid et al., 2008) and pancreas (Da Dalt et al., 2018; Peyot et al., 2021). After the removal of the signal peptide, the resulting 75-kDa pro-protein or proPCSK9 is cleaved at the N-terminal releasing a 13 kDa pro-domain peptide that non-covalently binds to 62 kDa PCSK9, the mature form of the convertase (Seidah et al., 2003). The autocatalytic cleavage removes the inhibitory prodomain which allows PCSK9 to breakout from the endoplasmic reticulum (Benjannet et al., 2004). The released 13 kDa + 62 kDa heterodimer can be secreted in the blood circulation (Benjannet et al., 2004; McNutt et al., 2007). Another extracellular form of PCSK9 in addition to the heterodimer is the 62 kDa-PCSK9 and a 55 kDa-PCSK9 which results from a second proteolytic cleavage by the protease furin (Benjannet et al., 2006). Two forms are intracellular: 75 kDa-pro PCSK9 and 62 kDa-PCSK9. In tissues, PCSK9 was thought to be expressed by cells “that have the capacity to proliferate and differentiate” (Seidah et al., 2003). Cell proliferation and differentiation are prevailing in the testis. Northern blotting identified a smaller sized 2.2-kb PCSK9 mRNA in whole testis extracts compared to 2.8-kb in other tissues (Seidah et al., 2003) though the physiological significance of this reduced size is unknown. The nature/state of PCSK9 is different in the serum and tissues.
In testis, lipids and endogenous substrates supply two thirds of the energy produced aerobically (Free et al., 1969); the glucose provided by spermatocytes and spermatids contributes the remaining third (Tepperman, 1950) through the EMbden-Meyerh path of glycolysis, acetyl CoA formation, and the citric acid cycle (Hollinger and Davis, 1968). To identify the contribution of PCSK9 in the cholesterol and glucose-insulin metabolism in the testis, spermatozoa and anterior hypophysis, we took advantage of the pcsk9-deficient (−/−) mice and pcsk9 transgenic [Tg (PCSK9)] mice over expressing Pcsk9 (Zaid et al., 2008). In addition, to evaluate the PCSK9 response to diabetes-induced high glucose/insulin in the testis, the two type 2 diabetes leptin-deficient (ob/ob) (Zhang et al., 1994) and leptin receptor-deficient (db/db) (Tartaglia et al., 1995) mouse models were used. The testis is made up of two anatomically distinct cellular compartments exerting different functions: the interstitium in which cholesterol serves principally in steroids production and the seminiferous tubules that host developing germ cells. For this reason, all measurements were carried separately in interstitial tissue- and tubule-enriched fractions rather than in whole testis extracts.
Cellular cholesterol is synthesized from acetyl-CoA and/or taken up from the ambient milieu or circulation. The free movement of LDL and high-density lipoproteins (HDL) in the blood through pores in capillaries enables the accumulation of cholesteryl esters by lipoproteins and steroid production in the interstitial tissue of the testis (Azhar and Menon, 1982; Fofana et al., 1996). In this location, cholesterol is synthesized de novo in Leydig cells (Payne and O'Shaughnessy, 1996) and up taken from the blood through HDL (Fofana et al., 1996) and LDL. The two mechanisms are coordinated; they are regulated by the amount of cholesterol present in the endoplasmic reticulum in the cell. Thus, blocking the synthesis of cholesterol augments its uptake via HDL/SR-BI and LDL/LDL-R. HDL transports cholesterol and phospholipids from peripheral tissues (including testis) back to the liver through the reverse cholesterol transport (Liscum and Munn, 1999). In seminiferous tubules, Sertoli cells have the capacity to synthesize cholesterol from acetate in vitro (Wiebe and Tilbe, 1979) though in vivo, the amount synthetised is small. The cholesterol substrate requirements exceed the Sertoli cell synthesis capacities. HDLs reduce the speed of cholesterol synthesis in Sertoli cells (Maboundou et al., 1995). In prepubertal cultured Sertoli cells (Fofana et al., 1996) and pubertal rat tubules, the basement membrane was said to allow the selective transfer of cholesterol from HDL and block entry of LDL (Fofana et al., 2000). It is worth noting that the development of the basement membrane in seminiferous tubules and the maturation of Sertoli cells are not completed during the neonatal period and puberty. The commitment of Sertoli cells occurs in adulthood. In contrast to the neonatal and pubertal testis, in the adult rodent testis, capillaries are made up of an uninterrupted layer of flat endothelial cells joined together by tight junctions and surrounded by a continuing basal lamina (Mayerhofer et al., 1989). The cholesterol taken up by LDL-R has access to Sertoli cells.
The present study reveals strong differences in the state of PCSK9 in the interstitium and seminiferous tubules. The pro-PCSK9/PCSK9 ratio was high in interstitial tissue and spermatozoa and low in tubules in normal adult mice suggesting enhanced autocatalytic cleavage of 75 kDa pro-PCSK9 in tubules. This ratio decreased in the interstitium in ob/ob and db/db mice but increased in tubules in ob/ob mice suggesting the stimulation of the 75 kDa pro-PCSK9 cleavage in the interstitial tissue and its hindrance in tubules. Deleting pcsk9 lowered cholesterol in serum but increased testicular cholesterol. Concomitantly with the cholesterol excess, tubules showed an overload of apoptotic cells, infiltrates of immune cells, augmented IL-17A and IL-17RA, IR-α and IR-β subunits chains and changes in the immunotolerance homeostasis. Furthermore, the lack of PCSK9 decreased glucose concentrations in tubules and spermatozoa while increasing insulin2 levels in the interstitial tissue and tubules but not in plasma. In Tg (PCSK9) mice, the overexpression of the pcsk9 gene restored spermatogenesis and normal histology of the testis and testicular cholesterol levels indicating that the tubule dysfunction was a consequence of the lack of PCSK9.
MATERIALS AND METHODS
Chemicals
Diaminobenzidine tetrachloride from Sigma (St-Louis, MO, United States); phenylmethane-sulfonyl fluoride (PMSF), leupeptin, aprotinin, and Lumi-lightPlus chemiluminescence detection kit from Roche (Laval, QC, Canada); potassium bisperoxo (1,10-phenanthroline) oxovanadate (V) [bpV (phen)] from Calbiochem (San Diego, CA, United States) and horseradish peroxidase (HRP)-conjugated streptavidin from Molecular Probes (Eugene, OR, United States).
Antibodies
Goat polyclonal anti-PCSK9 from R&D (Minneapolis, MN, United States), rabbit polyclonal anti-PCSK9 from Abclonal Science Inc. (Woburn, MA, United States), mouse monoclonal anti-IR-β subunit from Millipore (Etobicoke, ON, Canada), rabbit polyclonal anti-IR-α subunit from Biorbyt (Cambridge, United Kingdom); rabbit polyclonal anti LDL-R, rabbit polyclonal anti-ABCA1, purified rabbit polyclonal anti-SR-BI, rabbit polyclonal anti-SR-BII, rabbit polyclonal anti-IL-17 and rabbit polyclonal anti-LDL-R from Novus Biologicals (Littleton, CO, United States); rabbit polyclonal anti-ACAT-1 and anti-ACAT-2 from Cayman Chemical (Ann Arbor, MI); chicken polyclonal anti-hormone-sensitive lipase (HSL) from ProSci Inc. (Poway, CA, United States); and rabbit polyclonal anti-IL-17RA from Abcam (Cambridge, MA, United States); HRP-conjugated anti-mouse IgG, HRP-conjugated anti-rabbit IgG, HRP-conjugated anti-goat IgG, biotinylated anti-rabbit IgG from Jackson ImmunoResearch Laboratories Inc. (West Grove, PA, United States); HRP-conjugated anti-chicken IgG (H + L) made in goat from Vector Laboratories Inc. (Burlingame, CA, United States).
Animals
Normal Mouse
Studies on postnatal development were carried out on the same 7- to >60-day-old male mice or >60 days adult of BALB/cJ background that we used and described earlier (Pelletier et al., 2015; Pelletier et al., 2018; Pelletier et al., 2020a; Pelletier et al., 2020b). Three animals were used per age group. Mice were housed at room temperature (RT) with food and water ad libitum and exposed to a 12 h: 12 h light dark cycle.
PCSK9 Knockout (−/−) and Transgene
[Tg (PCSK9)] mice Ten-weeks old Pcsk9−/− male mice that did not or did receive a transgene expressing PCSK9 and wild type (WT) of the same strain as control were used. All procedures were approved by the Clinical Research Institute of Montreal animal care committee. Pcsk9−/− mice lacking the pcsk9 proximal promoter and exon 1 have been described as well as Tg (Pcsk9) mice over expressing Pcsk9 in hepatocytes under the ApoE promotor (Zaid et al., 2008).
Diabetic and Obese Mice
To identify the consequences of diabetes and obesity on PCSK9 protein expression we used the same spontaneously diabetic and obese ob/ob and db/db as the ones we used and described in our earlier studies (Pelletier et al., 2018; Pelletier et al., 2020a; Pelletier et al., 2020b). Ten male mice aged of 10 weeks with the leptin receptor (B6.BKS(D)-Leprdb/J homozygotes (db/db) Stock Number (00697) mutation, ten male mice aged of 10 weeks with the leptin (B6.Cg-Lepob/J homozygotes (ob/ob) Stock Number (00632) mutation both experimental group on the C57BL/6J genetic background and three WT mice were used. Mice were purchased from Jackson Lab (Bar Harbor, ME, United States). All procedures were approved by the Animal Care Committee of the Université de Montréal.
The total number of animals per experimental condition was five-to-nine. Western blots were run using three different animals per experimental condition. Different western blots of the same protein, but obtained with different animals, showed similar results. However due to the variability of the intensity of the immunoreactive bands on the films, the results from different blots were neither mixed nor normalized. Therefore, the results showed in the figures are the ones derived from a western blot run with samples from three animals per experimental condition even though the total number of animals per experimental condition is higher than three.
Isolation of Seminiferous Tubule-Enriched Fractions
The interstitium and the seminiferous tubules of the testis have different topography and functions. Therefore, all our assays were performed on interstitium- and seminiferous tubule-enriched fractions. In addition, to maximize detection of phosphorylated protein forms within the samples under study, tissue fraction were not pre-exposed to enzymes and processed as described earlier (Akpovi and Pelletier, 2009; Pelletier et al., 2015). Briefly, seminiferous tubules were mechanically teased apart from the interstitium from freshly decapsulated testes in cold phosphate buffered saline (PBS: 137 mM NaCl, 3 mM KCl, 8 mM Na2HPO4, 1.5 mM KH2PO4, pH 7.4) containing 2 mM PMSF, 1 mM EGTA, 2 μg/ml leupeptin, 2 μg/ml aprotinin, 4 mM Na3VO4, 80 mM NaF and 20 mM Na4P2O7 with 10 μM bpV (phen). The resulting seminiferous tubule-interstitium suspension was centrifuged 15 min at 400 rpm (GS-6R Beckman Centrifuge, JH-3.8 Rotor) at 4°C after having been allowed to decant. The interstitial tissue- (ITf) (supernatant) and seminiferous tubule-enriched (STf) (pellet) fractions were centrifuged 10 min at 1,000 rpm (GS-6R Beckman Centrifuge, JH-3.8 Rotor) at 4°C. Each fraction was characterized under the light microscope as described earlier (Pelletier et al., 2018; Akpovi and Pelletier, 2009).
Isolation of Epididymal Spermatozoa
The epididymal spermatozoa were obtained as described earlier (Akpovi et al., 2006). Briefly, epididymides were diced in cold PBS with proteases and phosphatase inhibitors, filtered through a 74 mm mesh, and centrifuged at 2,000 rpm for 15 min in a GS-6R Beckman centrifuge (JH-3.8 Rotor) at 4°C. Then, spermatozoa were recovered and resuspended 5 min in 10 mM Tris-HCl, pH 8, containing 1 mM EDTA to lyse epithelial and blood cells (Herrada and Wolgemuth, 1997), washed twice, and diluted 1:1 in cold PBS with proteases and phosphatase inhibitors. Cells were sonicated in a Fisher Sonic Dismembrator (model 300; Fisher, Farmington, NY) during three 30 s intervals.
Anterior Pituitary
After decapitation, the anterior lobe of the mouse pituitary gland was dissected free from the intermediate and posterior lobes. Anterior pituitaries were placed in PBS-protease and phosphatase inhibitors, sonicated and stored at −80°C until use as previously described (Vitale et al., 2017).
Protein Quantification
Proteins in samples were assayed using materials from BioRad (BioRad, Mississauga, ON, Canada).
Electrophoresis and Western Blot Analyses
Thirty µg total homogenate of sample were loaded on polyacrylamide gels, separated by 10% or 12% SDS-PAGE, transferred onto nitrocellulose membranes and subjected to western blotting as previously described (Vitale et al., 2009). In all western blot experiments, the membranes were first stained with Ponceau red to ensure equal loading. Briefly, membranes were blocked 1 h at 37°C with 5% skimmed milk in TRIS-buffered saline (TBS: 137 mM NaCl, 27 mM KCl, 25 mM Tris-HCl pH 7.4) then, incubated with the different antibodies. The antibody dilutions were prepared in 5% skimmed milk-TBS as follows: 1:500 for goat polyclonal anti-PCSK9 antibody, 1:500 for anti-ACAT-1, 1:250 for anti-ACAT-2, 1:500 for anti-HSL, 1:2,000 for anti-SR-BI, 1:1,000 for anti-SR-BII, 1:500 for anti-ABCA1, 1:250 for anti-IR-α, 1:800 for anti-IR-β, 1:2000 for IL-17, 1: 100 for anti-IL-17RA and 1:1500 for anti-LDL-R. Next, membranes were washed in TBS containing 0.05% Tween 20 and incubated 1 h with the corresponding secondary antibody conjugated to HRP at room temperature. The antigen-antibody complexes were detected by chemiluminescence. The intensity of the immunoreactive bands was quantified by laser scanning with the public Scion Image Software (Scioncorp, MD, United States).
Serum and Testicular Fraction Cholesterol Measurements
Free cholesterol (FC) and total cholesterol (TC) in interstitial tissue and seminiferous tubule-fractions (volume equivalent to 1 mg of total protein) and in serum (80–100 µl) were measured using the method we described in detail earlier (Akpovi et al., 2006). Briefly, tissue fraction homogenates and serum were extracted with hexane-isopropanol (3:2) and evaporated at 37°C with N-EVAP nitrogen evaporators (Organomation Associates, Inc. Berlin, MA, United States). An enzymatic kit (Wako Chemical USA, Richmond, VA, United States) was used to measure FC and TC. Esterified cholesterol (EC) was determined by subtracting FC from TC. FC and EC contents are expressed in mg of cholesterol/dl of serum or in mg of cholesterol/mg of total protein of enriched tissue fraction.
Serum Testosterone
Serum testosterone concentrations were measured by EIA with a Cayman Chemical (Cayman Chemical Company, Ann Arbor, MI, United States) enzyme immunoassay kit according to the manufacturer’s instructions. The method sensitivity was 6 pg/ml. All samples were assessed in duplicate in a single assay with coefficient of variation ranging from 0.85 to 7.27% between duplicates.
Serum and Tissue Glucose Measurements
Serum glucose concentrations were measured within 5 h following an overnight (18 h) fasting in mice fed a standard chow. Serum, ITf and STf glucose concentrations were measured with a colorimetric enzymatic (glucose-oxidize) assay (Mutarotase-GOD) (Autokit Glucose Wako, Wako, TX, United States) according to the manufacturer’s instructions. Tissue factions were prepared as described (Moraes et al., 2004) with modifications. Briefly, STf and ITf were sonicated in 6N perchloric acid while in an ice bath. The acid homogenates were centrifuged at 14,000 g and the supernatant used for glucose determination. 10 μl of serum or ITf or STf homogenates were mixed with 1.5 ml color reagent and incubated for 10 min. The absorbance of samples and standards was measured at 505 nm against the blank.
Serum and Tissue Insulin Measurements
Serum and tissue fraction insulin concentrations were measured with commercially available ELISAs as we described earlier (Pelletier et al., 2020a). Briefly, STf and ITf were homogenized with a tissue grinder in an acid ethanol solution (180 mM HCl in 70% ethanol; 0.01 ml/mg tissue) on ice (Vijay et al., 2008). Tissue lysates were sonicated (Fisher Sonic Dismembrator) 3 × 15 s and centrifuged 5 min at 10,000 g at 4°C. The supernatant was recovered for insulin determination. We measured total insulin (insulin T) which is insulin 1+ insulin2 levels using an ALPCO Diagnostics (Salem, NH, United States) ELISA kit. In addition, we used the Aviva Systems Biology Ins2 ELISA kit (San Diego, CA, United States) which measures only insulin2.
Morphological and Immunolabeling Studies
Testes were perfusion-fixed with Bouin’s fixative (Kabbaj et al., 2001; Kabbaj et al., 2003). For morphological studies tissue sections were stained with PAS. Immunolabeling Endogenous peroxidase activity was inhibited with 0.6% hydrogen peroxide (H2O2) in 70% ethanol (Pelletier et al., 1999). Unspecific binding was blocked with 0.5% skim milk in TBS containing 0.1% Tween-20 (TBST) for 1 h at 37°C. Next, tissue sections were incubated overnight at room temperature with either (1:50) rabbit polyclonal anti-PCSK9 or (1:1,000) the rabbit polyclonal anti LDL-R, then, 1 h with biotinylated anti-rabbit IgG (1:2,000 in TBST) next, for 1 h with HRP-conjugated streptavidin 1:200 as we described earlier (Pelletier et al., 1997; Pelletier et al., 2011) Tissue sections were washed in TBST after each incubation and exposed to TBS containing 0.01% H2O2, 0.05% diaminobenzidine tetrachloride (DAB) (pH 7.7) for 10 min at room temperature (Kabbaj et al., 2001). Controls included the use of the primary antibody alone and, c) the use of the second antibody alone. The sections were mounted in Permount and viewed with a Carl Zeiss Axiophot 2 microscope (Carl Zeiss Canada Ltd., Toronto, ON, Canada) and image capture was carried out with Northern Eclipse software (Empix Imaging Inc. Mississauga, ON, Canada).
Data and Statistical Analysis
Analyses were done with Stata software (Stata Corporation, College Station, TX, United States). Data were evaluated with the Student’s t-test or the one-way ANOVA followed by the Tukey honestly significant difference test (THSDT).
RESULTS
PCSK9
Western Blot Analyses
The PCSK9 antibody recognized a 75 kDa band corresponding to the uncleaved precursor pro-PCSK9, a 62 kDa band corresponding to the cleaved mature catalytic PCSK9 fragment and a weak 55 kDa immunoreactive band in the wild type (WT) mouse liver used as a positive control (Figure 1A). Neither proPCSK9 nor PCSK9 were detected in the Pcsk9−/− mouse tubule- (Figure 1A) and interstitial tissue-fractions and spermatozoa (not shown). The 75- and 62 kDa PCSK9 were detected in WT mouse seminiferous tubule-fractions where the 62 kDa PCSK9 was the intense band (Figure 1A STf). Unlike tubule-fractions, the 75 kDa PCSK9 band was more intense than 62 kDa band in WT mouse spermatozoa (Figure 1A SPZ). The intensity of the 62 kDa band was increased and the PCSK9-55 kDa form was apparent in the Tg (PCSK9) tubule-fractions (Figure 1A).
[image: Figure 1]FIGURE 1 | (A) PCSK9 protein expression of in mouse testis and epidydimal spermatozoa. Control: a 75 kDa pro-PCSK9 and 62 kDa PCSK9 immunoreactive bands accompanied by a 50 kDa band and another around 95 kDa are apparent in the WT mouse liver used as positive control. The Pcsk9−/− mouse seminiferous tubule-enriched fractions (STf) used as negative control bands show no 75 kDa pro-PCSK9 and no 62 kDa PCSK9 bands. The 75 kDa pro-PCSK9 and 62 kDa PCSK9 bands are detected in the seminiferous tubule-enriched fractions (STf) and epidydimal spermatozoa (SPZ); (B) Development: In ITf, the increases in pro-PCSK9 and PCSK9 are significant: ††p < 0.001 60 days (d) versus (vs.) 21 d and 28 days; 42 d vs. 21 d; 28 d vs. 21 d; **p < 0.005 60 d vs. 28 d; ††p < 0.001 60 d vs. 21 d; ††p < 0.001 28 d vs. 21 d and ††p < 0.001 42 d vs. 21 d. In STf, the increases in pro-PCSK9 and PCSK9 are significant: ††p < 0.001 60 days (d) vs. 21 d, ‡p < 0.03 60 d vs. 28 d; **p < 0.005 42 d vs. 21 d;*p < 0.05 28 d vs. 21 d; ††p < 0.001 60 d vs. 21 d, 28 d and 42 d; #p < 0.02 42 d vs. 21 d and *p < 0.05 28 d vs. 21 d. The values are the mean ± SEM; n = 3 per experimental group. (C–K) Immunolocalisation of PCSK9: (C) Pcsk9−/− mouse testis sections exposed to the PCSK9 antibody showed no reaction product. The stage of the seminiferous epithelium cycle appears at the top of figures. (D–H) vessels (v) are PCSK9-positive (open arrowheads). (G), and (I) Elongated spermatids (arrows) are labelled; (J) Adipocytes in the epididymal fat pad are PCSK-9 positive (open arrowheads). Vessels (v) are labelled in the (K) 1-day-old and (L) adult mouse epididymis. (L) Epididymal spermatozoa are PCSK9-positive (arrows). Original magnification, ×860 (C, E, G–L); X930 (D,F).
Postnatal Development
Interstitial Tissue Fractions
21-day-old mice contained traces of 75 kDa pro-PCSK9 and 62 kDa PCSK9, the levels of both significantly increased in the 28–42- and >60-day-old mice (Figure 1B). The pro-PCSK9 and PCSK9 level profiles were similar though 75 kDa pro-PCSK9 levels were ∼50% higher than 62 kDa PCSK9 levels from 28 to >60 days (Figure 1B).
Seminiferous Tubule-Fractions
Pro-PCSK9 and PCSK9 profiles were similar from 21 to 42 days; the level of both significantly increased from 28 days. Thereafter, pro-PCSK9 significantly increased and the PCSK9 levels became threefold higher compared to pro-PCSK9 in >60-day-old-mice (Figure 1B).
PCSK9 Immunolabeling
The Pcsk9−/− mouse testis exposed to the PCSK9 antibody showed no reaction product (Figure 1C). In WT mice, vessels (Figures 1D–H), the acrosome of the elongated spermatids (Figures 1G,I) and the adipocytes in the epididymal fat pad were PCSK9-positive (Figure 1J). In the epididymis, vessels were labelled in 1- (Figure 1K) and >60-day-old adult mice (Figure 1L). The acrosome of epididymal spermatozoa was labelled (Figure 1L).
Histological Studies
Spermatogenesis was normal in WT (Figure 2A) and Tg (PCSK9) (Figure 2B) mice. A plug of cellular debris occluded the lumen in several tubules in Pcsk9−/− mice (Figure 2C). Sertoli cells showed extensive vacuolisations (Figures 2C–F). Apoptotic figures were plentiful amongst spermatogonia and spermatocytes (Figures 2C,D). The most damaged tubules contained scarce spermatogonia and elongated spermatids with infiltrated immuno-competent cells (Figure 2F). Spermatozoa were plentiful in WT (Figure 2G) and Tg (PCSK9) (Figure 2H) mouse epididymides but few in the Pcsk9−/− mouse head and tail of the epididymis (Figure 2I). A plug of cellular debris including spermatogonia, spermatocytes round and elongated spermatids, and infiltrated leucocytes occupied the lumen in the tubules in the Pcsk9−/− mouse epididymis (Figure 2I).
[image: Figure 2]FIGURE 2 | (A–I) Histological studies in (A, G) WT, (B, H) Tg (PCSK9) and (C–F, I) Pcsk9−/− mouse (A–F) testis and (G–I) epididymis. WT and Tg (PCSK9) mice show normal spermatogenesis. The stage of the seminiferous epithelium cycle appears at the top of figures. (C–F) In Pcsk9−/− mice, the lumen contains cellular debris with elongated spermatids (arrows). Apoptotic figures (asterisks) are plentiful amongst spermatogonia (g) and early spermatocytes. (P: pachytene spermatocytes). Sertoli cells (S) show extensive vacuolisations (Va). The amount of elongated spermatids (arrows), spermatogonia and spermatocytes remaining in seminiferous tubules is reduced. Some tubules contain infiltrated immuno-competent cells (closed arrowhead). (G–H) Spermatozoa (arrows) are plentiful in WT and Tg (PCSK9) mouse epididymides. (I) The Pcsk9−/− mouse epididymis contain few spermatids (std), pachytene spermatocytes (P) spermatogonia (g) and spermatozoa and immuno-competent cells (closed arrowhead) and debris.
Cholesterol
Serum
Free cholesterol (FC) and esterified cholesterol (EC) levels dropped ∼50% in Pcsk9−/− mice compared to the WT counterparts (Figure 3A). FC and EC levels doubled in Tg (PCSK9) mice compared to the WT mice (Figure 3A) suggesting over expressing the gene had an opposite effect compared to its deletion.
[image: Figure 3]FIGURE 3 | (A) Cholesterol (B) Serum testosterone (C) Cholesterol enzymes (D) Cholesterol transporters and (E) IL-17A and IL-17RA (A) Serum free cholesterol (FC) levels are significantly (‡p < 0.03) lowered in Pcsk9−/− compared to the WT counterparts. The increase in Tg (PCSK9) mice is significant (††p < 0.001) compared to the WT counterparts and Pcsk9−/− mice. The drop in esterified cholesterol (EC) in Pcsk9−/− is significant (†p < 0.01) compared to WT and its increase in Tg (PCSK9) mice is significant (††p < 0.001) in comparison to the WT and Pcsk9−/− mice. In ITf, FC increases in Pcsk9−/− (*p < 0.05 vs. WT mice) but recovers in Tg (PCSK9) mice (#p < 0.02 vs. Pcsk9−/−). EC values significantly increase in Pcsk9−/− mice (*p < 0.05 vs. WT) but decrease in Tg (PCSK9) mice (‡p < 0.03 vs. Pcsk9−/−). In STf, the increase in FC in Pcsk9−/− mice (††p < 0.001 vs. WT mice) and the decrease in Tg (PCSK9) mice are significant (††p < 0.001 vs. Pcsk9−/− mice). EC levels significantly augmented in Pcsk9−/− mice (#p < 0.02 vs. WT mice) but decreased in Tg (PCSK9) mice (*p < 0.05 vs. Pcsk9−/− mice). (B) The differences in testosterone levels are not significant in the WT, Pcsk9−/− and Tg (PCSK9) mice. (C) Cholesterol enzymes: In ITf, HMGCoA-red levels increases in Pcsk9−/− (*p < 0.05 vs. WT counterparts). ACAT2 levels increase in Pcsk9−/− (*p < 0.05 vs. WT mice) but drop in Tg (PCSK9) mice (†p < 0.01 vs. Pcsk9−/− mice). In STf, ACAT1 levels significantly rise in Pcsk9−/− mice (*p < 0.05 vs. WT mice) but drop in Tg (PCSK9) mice (*p < 0.05 vs. Pcsk9−/− mice). The increase in ACAT2 in Pcsk9−/− mice is significant (*p < 0.05 vs. WT counterparts). (D) Cholesterol Transporters: In ITf, SR-BI in Pcsk9−/− mice significantly decreases (*p < 0.05 vs. WT mice) but recovers in Tg (PCSK9) mice (‡p < 0.03 vs. Pcsk9−/− mice). In STf, the diminution of ABCA1 in Pcsk9−/− mice is significant (‡p < 0.03 vs. WT mice) and its rise in Tg (PCSK9) mice is significant (*p < 0.05 vs. Pcsk9−/− mice). (E) IL-17A and IL-17RA: In ITf, the increase in 33- and 30 kDa (†††p < 0.0001) and 18–15 kDa IL-17A (††p < 0.001) in Tg (PCSK9) mice is significant compared to Pcsk9−/− and WT mice. The rise in IL-17RA Tg (PCSK9) mice is significant (††p < 0.001) compared to the WT. In STf, 33- (†p < 0.01) and 18–15 kDa IL-17A (#p < 0.02) significantly increase in Pcsk9−/− mice compared to the WT counterparts. In Tg (PCSK9) mice, the fall in 33- (**p < 0.005) and 18–15 kDa IL-17A (##p < 0.002) is significant compared to Pcsk9−/− mice. The rise in IL-17RA in Pcsk9−/− is significant (*p < 0.05 vs. WT mice). IL-17RA increase in Tg (PCSK9) mice is significant (†††p <0.0001 vs. Pcsk9−/− and WT mice). The values are the mean ± SEM; n = 3 per experimental group.
Interstitial Tissue and Seminiferous Tubule-Enriched Fractions
Unlike serum cholesterol, FC and EC concentrations significantly escalated in the interstitial tissue- and tubule-fractions (Figure 3A) in Pcsk9−/− compared to WT mice. FC and EC levels were comparable in the Tg (PCSK9) and WT mice (Figure 3A).
Testosterone
Serum testosterone in Pcsk9−/−, Tg (PCSK9) and WT mice showed no significant difference (Figure 3B).
Enzymes: HMGCoA-Red, ACAT-1,—ACAT-2 and Hormone-Sensitive Lipase
Interstitial Tissue-Enriched Fractions
HMGCoA-reductase levels significantly augmented in Pcsk9−/− mice not in Tg (PCSK9) mice compared to the WT counterparts (Figure 3C, ITf). ACAT2 protein levels significantly increased in Pcsk9−/− mice compared to WT, whereas Tg (PCSK9) and WT mice had comparable ACAT2 levels (Figure 3C, ITf). In contrast, ACAT1 and HSL levels changed little in Pcsk9−/− and Tg (PCSK9) compared to WT mice (Figure 3C, ITf).
Seminiferous Tubule-Enriched Fractions
HMGCoA-reductase and HSL protein contents were not significantly different in Tg (PCSK9), Pcsk9−/− and WT mice (Figure 3C, STf). However, ACAT1 and ACAT2 protein contents significantly increased in Pcsk9−/− mice compared to the WT counterparts (Figure 3C, STf). Tg (PCSK9) and WT mice had comparable ACAT1 and ACAT2 levels (Figure 3C, STf).
Cholesterol Transporters: SR-BI, SR-BII and ABCA1
Interstitial Tissue-Enriched Fractions
SR-BI levels were halved in Pcsk9−/− mice compared to the WT counterparts (Figure 3D, ITf). SR-BI levels were not significantly different in Tg (PCSK9) and WT mice (Figure 3D, ITf). SR-BII and ABCA1 levels in Pcsk9−/− mice were not significantly different in Tg (PCSK9), Pcsk9−/− and WT mice (Figure 3D, ITf).
Seminiferous Tubule-Enriched Fractions
SR-BI and SR-BII levels changed little in Pcsk9−/− mice compared to the WT counterparts (Figure 3D, STf). SR-BI and SR-BII levels were not different in Tg (PCSK9) and WT mice (Figure 3D, STf). By contrast, ABCA1 levels dropped 50% in Pcsk9−/− compared to the WT whereas ABCA1 levels were similar in Tg (PCSK9) and WT mice (Figure 3D, STf).
IL-17A and IL-17RA
Interstitial Tissue-Enriched Fractions
Neither IL-17A levels nor IL-17A receptor (RA) levels changed significantly in Pcsk9−/− mice compared to the WT counterparts (Figure 3E, ITf). But in Tg (PCSK9) mice, IL-17RA levels significantly upsurged compared to WT mice despite no changes in IL-17A levels (Figure 3E, ITf).
Seminiferous Tubule-Enriched Fractions
Unlike the interstitial tissue-fractions, the 33- and 18–15 IL-17A and IL-17RA levels significantly escalated in Pcsk9−/− compared to the WT mice (Figure 3E, STf). In Tg (PCSK9) mice, 18–15 IL-17A significantly fell whereas IL-17RA levels increased six fold compared to WT mice (Figure 3E, STf).
LDL-R
Western Blot Analyses
The LDL-R antibody detected ∼160-, 95-, 75- and 65 kDa immunoreactive bands in the WT mouse liver used as a positive control (Figure 4A, Liver). The 160- and 95 kDa LDL-R were detected in WT mouse interstitial tissue- and tubule-fractions (Figure 4A, ITf and STf).
[image: Figure 4]FIGURE 4 | LDL-R (A) LDL-R variations in ITf, STf and SPZ in Pcsk9−/−, Tg (PCSK9) and WT mice: In ITf, 160- (*p <0.05) and 95 kDa (†p < 0.01) LDL-R levels significantly increased in Pcsk9−/− mice compared to WT; in Tg (PCSK9) mice, the increase in 160- (#p < 0.02) and 95 kDa (##p < 0.002) LDL-R levels is significant compared to WT. In STf, 160 kDa levels significantly increase in Pcsk9−/− mice (∗p < 0.05 vs. WT). In Tg (PCSK9) mice, 160 kDa LDL-R significantly drops (**p < 0.005 vs. Pcsk9−/− and *p < 0.05 vs. WT) and the upsurge in 95 kDa levels is significant (†p < 0.01) compared to Pcsk9−/− and WT. In SPZ, the increase in 120 kDa levels (‡p < 0.03) and the decrease in 95- (†p < 0.01), 75- and 65- (†††p < 0.0001) are significant compared to WT. In Tg (PCSK9) mice, 120 kDa LDL-R significantly decreases (†††p < 0.0001 vs. Pcsk9−/− and WT); the difference in 95 kDa is significant (*p < 0.05 vs. Pcsk9−/−); 75 kDa levels significantly differ from Pcsk9−/− (†††p < 0.0001) and WT (†p < 0.01) and 65 kDa levels differ significantly compared to Pcsk9−/− (†††p < 0.0001) and WT (‡p < 0.03). The values are the mean ± SEM; n = 3 per experimental group. (B–L) Immunolocalisation of LDL-R: (B) Sections exposed to the second antibody without the first showed no reaction product. The acrosome of elongated spermatids is LDL-R-positive (arrows) in WT (C) and (E) Tg (PCSK9) mice (arrows). (C,D) vessels (v) are LDL-R-positive (open arrowheads). (F) Adipocytes in the epididymal pad are labelled (open arrowheads) in WT mice. (G–I) Elongated spermatids (arrows) remaining in tubules and vacuoles (open arrowheads) in Sertoli cells are labelled in Pcsk9−/− mice. (J–L) Spermatozoa (arrows) and vessels are labelled in the (J) WT, (K) Tg (PCSK9) and (L) Pcsk9−/− mouse epididymides. K and L show LDL-R-positive vessels (v). Original magnification: ×860 (B–I); ×930 (J,K).
Interstitial Tissue-Fractions
The 160- and 95 kDa LDL-R levels significantly increased in Pcsk9−/− and Tg (PCSK9) mice compared to WT mice (Figure 4A, ITf).
Seminiferous Tubule-Fractions
Only the 160 kDa LDL-R levels significantly increased in Pcsk9−/− mice compared to the WT mice (Figure 4A, STf). Instead in Tg (PCSK9) mice, 160 kDa levels significantly dropped whereas 95 kDa increased compared to the WT mice (Figure 4A, STf).
Epididymal Spermatozoa
120 kDa LDL-R levels significantly increased whereas the level of lower molecular weight bands decreased in Pcsk9−/− mice compared to the WT counterparts. In Tg (PCSK9) mice, 120 kDa significantly dropped compared to the WT mice but the levels of the lower molecular weight bands virtually recovered WT values (Figure 4A, SPZ).
LDL-R Immunolabeling
The WT mice testis sections exposed to the LDL-R antibody without second antibody and/or exposed to the second antibody without the LDL-R antibody showed no reaction product (Figure 4B). The acrosome of elongated spermatids was LDL-R-positive in WT (Figure 4C) and Tg (PCSK9) mice (Figure 4E). In addition, vessels were labelled (Figures 4C,D). LDL-R labelled adipocytes in the epididymal fat pad (Figure 4F). In Pcsk9−/− mice, the acrosome of the scarce elongated spermatids remaining was LDL-R-positive (Figures 4G–I). Sertoli cells exhibited vacuolisations. The vacuoles were lined with LDL-R-positive, the remnants of phagocytosed LDL-R-positive spermatids. Rare spermatogonia remained in tubules (Figures 4G–I). Epididymal spermatozoa and vessels were LDL-R-positive in the WT (Figure 4J), Tg (PCSK9) (Figure 4K) and Pcsk9−/− mice epididymides (Figure 4L).
Glucose
Serum
Blood glucose concentrations in Pcsk9−/−, Tg (PCSK9) and WT counterparts mice did not significantly differ (Figure 5A, Serum).
[image: Figure 5]FIGURE 5 | (A) Glucose and (B) Insulin in Pcsk9−/− and Tg (PCSK9) mice; (C) PCSK9 and (D) LDL-R in db/db and ob/ob mice. (A) Glucose: Serum: glucose concentrations are not significantly different in Pcsk9−/− and Tg (PCSK9) mice compared to WT. In ITf, glucose concentrations are not different in Pcsk9−/−, Tg (PCSK9) and WT mice. In STf, glucose levels drop significantly in Pcsk9−/− mice (*p < 0.05 vs. WT) but recover in Tg (PCSK9) mice (*p < 0.05 vs. Pcsk9−/− mice). Glucose concentrations significantly decrease in Pcsk9−/− mouse spermatozoa (†p < 0.01 vs. WT mice) but recover in Tg (PCSK9) mice (*p < 0.05 vs. Pcsk9−/−). (B) Insulin: Serum insulinT and insulin2 levels mice are significantly higher in Tg (PCSK9) compared to Pcsk9−/− mice and WT (*p < 0.05). ITf: InsulinT significantly increase in Tg (PCSK9) mice (*p < 0.05 vs. WT mice). The upsurge in insulin2 is significant in Pcsk9−/− and Tg (PCSK9) mice (*p < 0.05 vs. WT). STf: insulinT in Pcsk9−/− significantly increases (*p < 0.05 vs. WT mice); the WT InsulinT values recover in Tg (PCSK9) mice (#p < 0.02). Insulin2 in Pcsk9−/− mice significantly increase (‡p < 0.03 vs. WT mice) but recovers WT levels in Tg (PCSK9) mice (#p < 0.02 vs. Pcsk9−/− mice). The values are the mean ± SEM; n = 3 animals per experimental group. (C) PCSK9 in db/db and ob/ob mice. Representative immunoblots with corresponding histograms of pro-PCSK9 and PCSK9 protein levels in ITf and STf. ITf: pro-PCSK9 levels are significantly lowered in db/db (###p < 0.0002) and ob/ob (**p < 0.005) mice compared to WT. PCSK9 levels in ob/ob mice significantly increase (***p < 0.0005 vs. WT mice). STf: pro-PCSK9 and PCSK9 significantly increase in ob/ob (‡p < 0.03 and ††p < 0.001, respectively, vs. WT). The values are the mean ± SEM; n = 3 animals per experimental group. (D) Representative immunoblots with corresponding histograms of LDL-R protein content in ITf, STf and SPZ in db/db and ob/ob mice. ITf: The decrease of 160 kDa LDL-R in db/db mice is significant (#p < 0.0002) compared to WT and the decrease of 95 kDa in db/db mice is significant (##p < 0 > 002) compared to the WT. STf: 160 kDa LDL-R significantly decreases in db/db (###p < 0.0002) and ob/ob (†††p < 0.0001) mice compared to WT. 95 kDa fragment significantly decrease in db/db (###p < 0.0002) and ob/ob (†††p < 0.0001) mice compared to WT. 75kDa fragment levels significantly decrease in db/db (‡p < 0.03) and ob/ob (†p < 0.01) compared to WT. SPZ: 120 kDa LDL-R levels significantly increase in db/db (†††p < 0.0001) and ob/ob (###p < 0.0002) compared to WT. 95 kDa fragment levels significantly drop in db/db (***p < 0.0005) and ob/ob (##p < 0.002) compared to WT. 65 kDa fragment levels are significantly higher in db/db (**p <0.005 vs. WT). Values are mean ± SEM; n = 3 per group.
Interstitial Tissue-Fractions
Glucose concentrations were not significantly different in the Pcsk9−/−, Tg (PCSK9), and WT counterparts mice (Figure 5A, ITf).
Seminiferous Tubule-Enriched Fractions
By contrast, glucose concentrations significantly fell in the Pcsk9−/− mice compared to the WT counterparts (Figure 5A). Tg (PCSK9) and WT mice had similar glucose concentrations (Figure 5A, STf).
Epididymal Spermatozoa
Glucose concentrations were significantly lowered in Pcsk9−/− and Tg (PCSK9) compared to the WT mice (Figure 5A, SPZ). Although still lower than WT, glucose levels in Tg (PCSK9) were higher than in Pcsk9−/− (Figure 5A, SPZ).
Insulin
Serum
Total insulin (insulinT) and insulin2 levels were not significantly different in Pcsk9−/− mice and WT counterparts (Figure 5B Serum). Tg (PCSK9) mice had significantly elevated insulinT and insulin2 concentrations compared to the WT mice (Figure 5B, Serum).
Interstitial Tissue-Enriched Fractions
InsulinT concentrations showed a tendency to increase though differences were not significant whereas insulin2 significantly augmented in Pcsk9−/− mice in comparison to the WT (Figure 5B, ITf). In Tg (PCSK9) mice, insulinT and insulin2 significantly increased compared to the WT mice (Figure 5B, ITf).
Seminiferous Tubule-Enriched Fractions
IinsulinT concentrations were significantly higher in Pcsk9−/− than the WT counterparts (Figure 5B, STf). WT insulinT and insulin2 concentrations were recovered in Tg (PCSK9) mice (Figure 5B, STf).
PCSK9 in db/db and ob/ob Mice
Interstitial Tissue-Enriched Fractions
The 75 kDa pro-PCSK9 levels dropped six fold whereas the 62 kDa PCSK9 concentration changed little in db/db compared to the WT counterparts (Figure 5C, ITf). As well, in ob/ob mice, 75 kDa pro-PCSK9 significantly dropped but 62 kDa PCSK9 upsurged eightfold in comparison to the WT (Figure 5C, ITf).
Seminiferous Tubule-Enriched Fractions
Neither 75 kDa pro-PCSK9 nor 62 kDa PCSK9 levels in db/db mice significantly differ from the WT counterparts (Figure 5C, STf). Conversely, in ob/ob mice, pro-PCSK9 levels significantly increased but PCSK9 significantly dropped compared to the WT (Figure 5C, STf).
LDL-R in ob/ob and db/db Mice
Interstitial Tissue-Enriched Fractions
Only the 95 kDa LDL-R levels significantly dropped in db/db mice compared to the WT counterparts. In ob/ob mice, 160 kDa LDL-R levels decreased while the levels of the remaining LDL-R bands did not change (Figure 5D, ITf).
Seminiferous Tubule-Enriched Fractions
The 160 kDa LDL-R levels and the levels of other breakdown bands significantly decreased in db/db and ob/ob mice compared to the WT counterparts (Figure 5D, STf).
Epididymal Spermatozoa
120- and 65 Da LDL-R levels significantly increased whereas 95 kDa levels significantly fell in db/db mice compared to the WT counterparts (Figure 5D). As well, 120 kDa significantly augmented and 95 kDa levels significantly decreased in ob/ob mice compared to the WT but the level of the 75- and 65 kDa remained unchanged (Figure 5D, STF).
Insulin Receptor α-subunit in Pcsk9−/− and Tg (PCSK9) Mice
Interstitial Tissue-Enriched Fractions
The antibody detected a ∼135 kDa full length IR-α band and several degradation products of 90-, 75- and 50 kDa (Figure 6A, ITf). The level of 135 kDa and of some breakdown products significantly increased in Pcsk9−/− compared to the WT counterparts (Figure 6A, ITf). In Tg (PCSK9) mice, 135 kDa and most breakdown products significantly augmented compared to the WTs (Figure 6A, ITf).
[image: Figure 6]FIGURE 6 | (A,C) Insulin receptor (IR)-α and (B,D) Insulin receptor (IR)-β subunits in (A,B) ITf, STf and SPZ and (C,D) anterior pituitary (AP). Representative immunoblots with corresponding histograms of IR subunits α and β protein levels are shown. The values are the mean ± SEM; n = 3 per experimental group. (A) IR-α subunit: ITf: In Pcsk9−/− mice, the increases in 135- (#p < 0.02), 75- (*p < 0.05) and 50 kDa (*p < 0.05) IR-α levels are significant compared to WT. In Tg (PCSK9) mice, the 135- (‡p < 0.03), 90- (††p < 0.001) and 75 kDa (*p < 0.05) IR-α levels are significantly different from WT. In addition, in Tg (PCSK9), 90- (**p < 0.005) and 75 kDa (*p < 0.05) levels are significantly different from Pcsk9−/− mice. STf: the increase in 135- (*p < 0.05), 90- (†p < 0.01), 75- (*p < 0.05) and 50 kDa (†p < 0.01) IR-α in Pcsk9−/− mice is significant compared to WT. In Tg (PCSK9) mice, the increase in 135- (†p < 0.01), 90- (†p < 0.01), 75- (*p < 0.05) and 50 kDa (***p < 0.0005) is significant compared to WT mice. 50 kDa fragment levels are also significantly higher in Tg (PCSK9) (‡p < 0.03 vs. Pcsk9−/− mice). SPZ: No differences in IR-α levels are observed amongst the experimental groups. (B) IR-β subunit: ITf: The differences in 110–98- (*p < 0.05), 75- (#p < 0.02), 66- (*p < 0.05) and 50 kDa (††p < 0.001) IR-β levels between Pcsk9−/− and WT mice are significant. In Tg (PCSK9) mice, 66- (#p < 0.02) is significantly lower compared to WT; 75- (*p < 0.05), and 66- (††p < 0.001) and 50 kDa (***p < 0.0005) levels differ significantly from Pcsk9−/− mice. STf: the 110–98- (#p < 0.02) and 75 kDa (*p < 0.05) IR-β levels significantly increase in Pcsk9−/− mice compared to WT. In Tg (PCSK9) mice, 110–98- (***p < 0.0005) and 75 kDa (‡‡p < 0.003) significantly differ from WT and 110–98- (**p < 0.005) and 75 kDa (*p < 0.05) significantly differ from Pcsk9−/− mice. SPZ: In Pcsk9−/−, 66 kDa (†p < 0.01) and 50 kDa (***p < 0.0005) IR-β levels are significantly lowered compared to WT mice. In Tg (PCSK9) mice, 70-, 66- and 50 kDa (***p < 0.0005) IR-β levels are significantly elevated compared to Pcsk9−/− and WT mice. (C,D) Representative immunoblots with corresponding histograms of the IR-α and β subunit protein levels in the anterior pituitary are shown. The values are the mean ± SEM; n = 3 per experimental group. IR-α: 90- and 50 kDa IR- α significantly drop in Pcsk9−/− mice (*p < 0.05 vs. WT mice). In Tg (PCSK9) mice, 135- (*p < 0.05), 90- (*p < 0.05), 60–65- (##p < 0.002), 50- (*p < 0.05) and 36 kDa (†p < 0.01) differ significantly from WT. In addition, 135- (‡p < 0.03) 90- (†p < 0.01), 60–65- (***p < 0.0005) and 36 kDa (***p < 0.0005) IR-α levels in Tg (PCSK9) mice differ significantly from Pcsk9−/− mice. (D) IR-β: 110–98- (‡p < 0.03) and 50 kDa (*p < 0.05) IR-β in Pcsk9−/− mice significantly decrease compared to WT. In Tg (PCSK9) mice, 110–98- (#p < 0.02) and 50 kDa (***p < 0.0005) IR-β levels significantly increased compared to Pcsk9−/− mice; 50 kDa (***p < 0.0005) IR-β differs significantly from WT.
Seminiferous Tubule-Enriched Fractions
The 135 kDa IR-α and most breakdown bands significantly increased in Pcsk9−/− and Tg (PCSK9) mice compared to the WT counterparts (Figure 6A, STf).
Epididymal Spermatozoa
The 135 kDa IR-α was not detected in spermatozoa. (Figure 6A, SPZ). The other bands were not significantly different in Pcsk9−/−, Tg (PCSK9) and WT.
Insulin Receptor β-subunit in Pcsk9−/− and Tg (PCSK9) Mice
Interstitial Tissue-Enriched Fractions
The antibody detected the 110-98 kDa full length IR-β and 75-, 66- and 50 kDa IR-β degradation products (Figure 6B, ITf). The 110-98 kDa band levels significantly decreased in Pcsk9−/− mice compared to the WT counterparts (Figure 6B, ITf). Full length IR-β levels did not recovered in Tg (PCSK9) mice (Figure 6B, ITf).
Seminiferous Tubule-Enriched Fractions
Both, 110–98- and 75 kDa IR-β levels significantly upsurged in Pcsk9−/− and Tg (PCSK9) mice compared to the WT counterparts (Figure 6B, STf).
Epididymal Spermatozoa
Mouse epididymal spermatozoa exhibited 50 kDa IR-β and traces of 66- and 75 kDa (Figure 6B, SPZ). The 66- and 50 kDa levels significantly fell in Pcsk9−/− mice compared to the WT counterparts (Figure 6B, SPZ). Conversely, all IR-β band levels significantly upsurged in Tg (PCSK9) mice compared to Pcsk9−/− and WT mice (Figure 6B, SPZ).
Anterior Pituitary
The 135 kDa full-length IR-α levels were not affected but other low molecular weight band levels significantly decreased in the Pcsk9−/− mice compared to the WT counterparts (Figure 6C, AP). Conversely, in Tg (PCSK9) mice, 135 kDa levels significantly increased in comparison to the WT counterparts (Figure 6C, AP).
The 110–98- and 50 kDa IR-β levels were halved in Pcsk9−/− mice compared to the WT counterparts (Figure 6D, AP). By contrast, in Tg (PCSK9) mice, these levels significantly increased compared to Pcsk9−/− and WT mice (Figure 6D, AP).
Table 1 summarizes the changes in cholesterol, enzymes, transporters, IL-17A, IL-17RA, LDL-R, glucose, Insulin Total, Insulin 2, IR-α, IR-β, testosterone in serum, interstitial tissue- and seminiferous tubule-fractions, epididymal spermatozoa and anterior pituitary in Pcsk9 -/-, db/db, and ob/ob mice.
DISCUSSION
PCSK9 in Testis and Spermatozoa
Our finding of 75 and 62 kDa PCSK9 in the adult mouse liver agrees with reported similarly sized intracellular PCSK9 bands in the liver (Zaid et al., 2008) and differentiated human adipocytes (Bordicchia et al., 2019). The mature 62 kDa PCSK9 is intra and extracellular whereas 75 kDa pro-PCSK9 which remains in the endoplasmic reticulum, is intracellular (Seidah et al., 2003). 62 kDa PCSK9 regulates the degradation of LDL-R in the extra- and intracellular pathways (Poirier et al., 2009). 75 kDa pro-PCSK9 may also function as a chaperone for LDL-R targeting to degradation prior to its transport to the cell membrane (Schulz and Schlüter, 2017).
TABLE 1 | An overview of the changes in cholesterol, enzymes, transporters, IL-17A, IL-17RA, LDL-R, glucose, Insulin Total, Insulin 2, IR-α, IR-β, testosterone in serum, interstitial tissue (ITf), seminiferous tubule-fractions (STf), epididymal spermatozoa (SPZ) and anterior pituitary (AP) in Pcsk9 −/− mice and in db/db and ob/ob mice compared to the WT counterparts.
[image: Table 1]The drop in the pro-PCSK9/PCSK9 ratio in the adult mouse seminiferous tubules suggests enhanced autocatalytic 75 kDa pro-PCSK9 cleavage into 62 kDa PCSK9. The proliferation and differentiation of germ cells are incessant in tubules where the active mature PCSK9 is the predominant form. The autocatalytic cleavage of the inhibitory prodomain of PCSK9 is required for the escape of the proteolytically inactive pro-PCSK9 protein from the endoplasmic reticulum (Seidah et al., 2003; Benjannet et al., 2004) and its passage through the Golgi apparatus (Seidah et al., 2008). These two organelles are extensive in pachytene spermatocytes (Hermo et al., 2010b) and round spermatids (Hermo et al., 2010a). The number of spermatocytes and spermatids augments concurrently with PCSK9 levels between 42 and 60 days in tubules. This could facilitate the autocatalytic cleavage of the inhibitory prodomain of PCSK9 in these germ cells. However, the acrosome of spermatids which differentiate but have ceased to divide was PCSK9-positive in contrast to spermatogonia and spermatocytes that divide but were not labelled. Furthermore, 62 kDa PCSK9 levels increased with the amount of elongated spermatids in tubules suggesting 62 kDa PCSK9 is mainly associated with these cells. The prevalence of 62 kDa PCSK9 in elongated spermatids and the predominance of 75 kDa pro-PCSK9 in spermatozoa entail a change in the activity of the convertase during the transit of gametes in the epididymis. The localization of PCSK9 in the spermatozoon’s acrosome raises the issue of the convertase significance in the sperm-oocyte interaction and fertilisation process. Our immunolocalisation of LDL-R in the acrosome is in line with the report of LDL-R in intracellular membranes associated with enzyme markers of the Golgi apparatus and plasma membranes (Kraemer et al., 1996). The (N- and O-glycosylated) 160 kDa form of LDL-R predominated in tubules whereas non O-glycosylated 120 kDa-LDL-R and fragments prevailed in spermatozoa. The Pcsk9−/− mouse tubules and epididymides showed plentiful apoptotic cells. Spermatogenesis was normal in Tg (PCSK9) mice suggesting that PCSK9 is necessary for germ cell development.
PCSK9 and Cholesterol Metabolism
Our finding that male Pcsk9−/− mice exhibited lowered serum cholesterol levels confirms an earlier report of hypocholesterolemia in Pcsk9 deficient mice (Rashid et al., 2005). The cholesterol increase in Pcsk9−/− mouse testis evidences an extra-hepatic effect of PCSK9 on cholesterol homeostasis and uptake in Pcsk9−/− mice.
Interstitial Tissue
The accumulation of cholesterol concurred with an increase in HMGCoA-red and LDL-R levels and a drop in SR-BI in Pcsk9−/− mice indicating imbalances in cholesterol synthesis and transport. Our immunohistochemical studies localised LDL-R and PCSK9 to the wall of blood vessels. Adding LDL-R molecules at the cell membrane could enhance endocytosis of LDL-cholesterol and increase intracellular cholesterol. Normal cholesterol levels recovered in the interstitium in Tg (PCSK9) though the 160 kDa LDL-R levels remained elevated suggesting that local factors other than PCSK9 are involved in the expression of LDL-R in testicular vessels. Like LDL-R and PCSK9, HSL, ACAT1, and SR-BII also localise to wall of the vessels (Kabbaj et al., 2001; Akpovi et al., 2006, and unpublished results). However, the HSL, ACAT1, and SR-BII protein expression was not affected by the lack of Pcsk9.
Our finding that Leydig cells were neither PCSK9- nor LDL-R-immunoreactive agrees with the report of low levels of LDL-R expression in rat Leydig cells (Reaven et al., 2000). Cellular cholesterol is synthesized from acetyl-CoA or up taken from the surroundings. The endogenous cholesterol is used for testosterone synthesis whereas HDL and/or LDL are not the source of cholesterol in Leydig cells (Reaven et al., 2000). In addition, 25-OH-cholesterol contributed by macrophages serves as a substrate for testosterone production in Leydig cells (Nes et al., 2001). The unchanged testosterone levels suggest that the lowering of cholesterol in serum activates several mechanisms for the mobilisation of the cholesterol used in testosterone synthesis in Pcsk9−/− mice. Our finding of increased HMGCoA-red levels in Pcsk9−/− mouse interstitium agrees with the report that endogenous cholesterol is the source of cholesterol for testosterone production (Reaven et al., 2000). The levels of ABCA1, the transporter for the active free cholesterol efflux in Leydig cells, were not affected. Our results indicate a coordination of the synthesis, the uptake and the esterification to regulate cholesterol levels in Leydig cells.
Seminiferous Tubules
A part of cholesterol is imported from blood through HDL (Fofana et al., 2000) by multiligand transporters (Akpovi et al., 2006; Pelletier et al., 2009), another part arises from by-products resulting from the phagocytosis of lipid-rich apoptotic germ cells’ membranes remnants and lipid-containing residual bodies (Pelletier and Friend, 1983; Pelletier and Vitale, 1994; Pelletier, 2011). The overload of apoptotic figures in these mice could contribute to the accumulation of cholesterol in tubules in Pcsk9−/− mice. In addition, the higher LDL-R levels in the wall of the vessels could add more cholesterol by its transfer from vessels to cells in tubules. The innumerable vacuoles in Sertoli cells reflect the increased cholesterol levels and lipid droplets dissolved during the dehydration process in alcohols and xylene series.
Sertoli cells and germ cells express SR-BI and SR-BII (Akpovi et al., 2006). The unchanged SR-BI and SR-BII levels suggest that the cholesterol accumulation was not due to passive cholesterol influx in the Pcsk9−/− mouse tubules. Sertoli cells participate in the efflux of cholesterol. Sertoli cells express ABCA1 and Abca1-deficient mice exhibit lipid accumulation in Sertoli cells (Selva et al., 2004). The 50% reduction in ABCA-1 in the Pcsk9−/− mouse tubules may contribute to the cholesterol accumulation and suggests that the efflux and reverse cholesterol transport are mediated by ABCA1 in tubules. By contrast, SR-BI is protagonist in the interstitium (Akpovi et al., 2006; Pelletier et al., 2009).
LDL-R and PCSK9
Our finding of 160 kDa LDL-R and 95-, 75 and 65 kDa proteins in testis agrees with the report of these bands in adipocytes isolated from the rat epidydimal fat pad (Kraemer et al., 1996). A 120 kDa LDL-R immunoreactive band corresponding to the non O-glycosylated form was described in whole testis extracts (Eacker et al., 2008). The smaller sized LDL-R immunoreactive bands are like proteolytic fragments based on the observation that only acetyl-leucine-leucine-methionine (ALLM), an inhibitor of cysteine proteases, prevented the isoproterenol-stimulated proteolysis of LDL-R (Kraemer et al., 1996). The lack of PCSK9 would be expected to lower cholesterol in blood by augmenting the number of LDL-Rs in liver as this was reported in Pcsk9-deficient mice (Rashid et al., 2005; Zaid et al., 2008). In agreement with this notion, we found cholesterol concentrations decreased in serum whereas they increased in the Pcsk9−/− mouse testis. The increase in 160- and 95 kDa levels suggests a stimulated LDL-R turnover in the interstitial tissue whereas in tubules, the increased 160 kDa suggests enhanced expression. LDL-R expression is regulated in part by the cholesterol content in testis.
The 120 kDa LDL-R in epididymal spermatozoa represents the immature non O-glycosylated LDL-R. The accumulation of the 120 kDa LDL-R form could reduce LDL uptake in spermatozoa in Pcsk9−/− mice. A 120 kDa membrane-bound C-terminal fragment (CTF) of LDL-R was reported to result from the cleavage of human LDL-R within its extracellular ligand-binding repeats (Banerjee et al., 2019). The 120 kDa CTF LDL-R fragment shows reduced binding capacity and cellular uptake of LDL compared to the full length receptor (Banerjee et al., 2019). The reestablishment of wild type LDL-R values in Tg (PCSK9) mice is evidence that the spermatozoon LDL-R responded to PCSK9 re-expression.
The changes in serum and testicular cholesterol in Pcsk9−/− and db/db and ob/ob mice are opposite. Serum testosterone and testicular cholesterol levels dropped in db/db and ob/ob mice (Pelletier et al., 2018). The 75 kDa pro-PCSK9 was less than 62 kDa PCSK9 and total PCSK9 decreased in interstitial tissue in db/db mice. The decreased pro-PCSK9/PCSK9 ratio and total PCSK9 may lessen LDL-R degradation though the drop in cholesterol levels does not seem to be due to the PCSK9/LDL-R pathway in the db/db mouse interstitium. However in the ob/ob mice, the reduction in the pro-PCSK9/PCSK9 ratio was due to a drop in pro-PCSK9 and the eightfold rise in 62 kDa-PCSK9 which led to a reduction in 160 kDa LDL-R. The drop in cholesterol levels may be due to a reduced LDL-R-mediated uptake in ob/ob mice.
The db mutation lowers total cholesterol in tubules (Pelletier et al., 2018). However, the pro-PCSK9/PCSK9 profile was unaffected though LDL-R decreased in db/db mice. By contrast, the ob/ob mutation does not change cholesterol content (Pelletier et al., 2018). However, the higher pro-PCSK9/PCSK9 ratio accompanying unchanged total PCSK9 levels suggest a lessened cleavage of the protein and still, LDL-R levels were reduced in ob/ob mice. Thus, despite differences in the ratio of FC/EC (Pelletier et al., 2018) and pro-PCSK9/PCSK9 (this paper), LDR-R degradation increased in both mutant mice. The effects of leptin on PCSK9 and lipids in the leptin-deficient ob/ob mice plasma are sex-dependent. In serum, leptin suppresses PCSK9 but has no effect on triglycerides or cholesterol in male mice, whereas in female mice, leptin suppresses triglycerides and cholesterol but has no effect on PCSK9 (Levenson et al., 2016).
PCSK9, Glucose, and Insulin
That the expression of PCSK9 and LDL-R responds to insulin is widely accepted though the conclusions advanced are at variance. Insulin increases LDL-R activity in human hepatoma cells (Wade et al., 1988) whereas it increases the PCSK9 and LDL-R degradation in hepatoma cells and primary hepatocytes (Miao et al., 2015). Insulin increases the degradation of LDL-R in cultured rat adipocytes (Kraemer et al., 1994) whereas it increases LDL-R in fibroblasts (Chait et al., 1979) and mononuclear leukocytes (Krone et al., 1988).
Humans and Guinea pig genomes are said to possess a single copy of insulin-coding gene (Chan et al., 1984). In mouse and rat, the insulin genes are part of a two gene system (Wentworth et al., 1986). In the mouse pancreas, ins1 and ins2, the orthologs to the insulin gene, are transcribed and encode proinsulin peptides (Shiao et al., 2008). Our finding of unchanged glucose and insulinT (total) and insulin2 concentrations in Pcsk9−/− mouse serum agrees with the report that PCSK9 does not alter insulin secretion in mice (Langhi et al., 2009; Peyot et al., 2021).
The mouse interstitial tissue contains both insulinT and insulin2 whereas tubules contain chiefly insulin 2 (Pelletier et al., 2020a). The drop in glucose in presence of elevated insulin2 concentrations evidences a normal response to insulin in tubules in contrast to the interstitial tissue-fractions in which the elevated insulin2 levels were not accompanied by a decrease in glucose in Pcsk9−/− mice. This confirms our earlier report that insulin is glucose-regulated in tubules not in the interstitium (Pelletier et al., 2020b). Moreover, the re-expression of PCSK9 restored glucose and insulin levels in tubules not in the interstitial tissue.
The expression of PCSK9 could be cyclical to respond to the variations in glucose concentrations dictated by the cyclic loss of glucose- and PCSK9-containing spermatids at spermiation in tubules. Serum PCSK9 exhibits a diurnal rhythm synchronous with cholesterol synthesis (Persson et al., 2010). In rodent liver, PCSK9 expression decreases upon fasting and increases after a carbohydrate meal and insulin increases hepatic PCSK9 expression (Costet et al., 2006) whereas glucagon represses PCSK9 (Persson et al., 2009).
The increase in IL-17A and IL-17RA only in tubules suggests that the increase in insulin2 was not due to IL-17A in the interstitium in Pcsk9−/− mice. The serum of diabetic patients and controls show similar IL-17A levels (Roohi et al., 2014). The observation of enhanced glucose tolerance and insulin sensitivity in Il-17A-deficient mice lead to the notion that IL-17A contributes to the systemic glucose homeostasis by reducing glucose transporter 4 (GLUT4) (Zúñiga et al., 2010). However, GLUT4 is not present in testis (Kokk et al., 2004).
Insulin Receptor α and β Subunits
The increase in full length 135 kDa IR-α and IR-α subunit fragments indicates an exacerbated turnover and suggests a gain of active receptor sites for insulin binding in response to the increased levels of the hormone in the Pcsk9−/− mouse interstitial tissue and tubules. Conversely, in the anterior pituitary, the decreased IR-α levels could hinder downstream effectors and deregulate the release of hormones. The significance of insulin receptors is evidenced by the report that deleting the encoding gene deregulates the anterior pituitary hormone secretion (Werther et al., 1987).
The drop in the full-length IR-β protein content and the increase in some subunits fragments indicate an increased degradation possibly due to an enhanced internalisation of the receptor in the presence of high insulin2 in the Pcsk9−/− mouse interstitial tissue. By contrast, in tubules, the increase in insulin2 with elevated full-length IR-β and fragment suggests an increased turnover of the receptor. Spermatozoa secrete insulin (Aquila et al., 2005) and express IR-β (Carpino et al., 2010). Gametes responded to PCSK9 since the lack of PCSK9 decreased IR-β levels which recovered in the Tg (PCSK9) mouse spermatozoa.
PCSK9, IL-17A and Lipid Metabolism
Coordination of the proatherogenic and proinflammatory cytokine IL-17A and IL-17RA protein contents with the synthesis/degradation of lipids differed in the interstitium and tubules in Pcsk9−/− mice. In the interstitial tissue, cholesterol increased concurrently with HMGCoA-red whereas in tubules, the accumulation of cholesterol was concurrent with an increase in IL-17A and IL-17RA levels while the HMGCoA-red protein content remained unchanged. What is known is that changes in ambient cholesterol content activate IL-17A gene transcription (Wang et al., 2015). IL-17A mediates its effect through high cholesterol since lowering cholesterol inhibits cytokine signaling in psoriasis (Varshney et al., 2015). Moreover, PCSK9 helps regulate IL-17A expression since knocking out PCSK9 blocks the increase in IL-17A in Ldlr−/− Apobec1−/− double knockout mice in serum (Kim et al., 2019). This contrast with the report of no correlation of PCSK9 levels with inflammation markers in human plasma and no response to bacterial endotoxin infusion (Persson et al., 2010). Normal tubule morphology and IL-17A protein contents recovered in Tg (PCSK9) mice suggesting that the deregulation of tubule physiology and high IL-17A were due to the lack of PCSK9 expression.
PCSK9, IL-17A and Autoimmunity in Testis
The peritubular myoid cells forming the wall of the mouse seminiferous tubules are regulated by mast cell and macrophage products to which they respond by producing factors capable of causing inflammatory changes (Mayerhofer, 2013). The lack of PCSK9 from peritubular capillaries could play a role in the activation of IL-17A-producing cells in testis. The overload of apoptotic germ cells, immune cell infiltrates, sporadic spermatogenic arrest in tubules and depleted spermatozoa accompanying the increase in IL-17A and IL-17RA are pathological features similar to the ones in spontaneous autoimmune orchitis (AIO) reported in humans (Morgan, 1976), dog (Fritz et al., 1976), mink (Tung et al., 1981; Pelletier et al., 2009) and rodents (Furbeth et al., 1989). The abnormal presence of immune cells in tubules and epididymis is evidence that these cells were recruited and suggests the IL-17A activation of macrophages and cytotoxic lymphocytes in Pcsk9−/− mouse testis. The overload of apoptotic germ cells indicates Sertoli cells phagocytic clearance abilities were exceeded. Defects in the regulatory clearance favor the breakdown of self-tolerance during AIO (Pelletier et al., 2009). Self-tolerance, homeostasis, and control of the lymphocyte population are dependent on apoptosis and apoptotic cell uptake in a tissue (Maniati et al., 2008). Increased apoptosis signaling is a response to PCSK9 deficiency. IL-17A induces overexpression of the monocyte chemoattractant protein-1 (MCP-1/CCL2) (Park et al., 2005) in the testicular fluid and cultured testicular macrophages during experimental autoimmune orchitis (EAO) in rats (Guazzone et al., 2003). IL-17A induces early immune responses against infections, participates in autoimmunity and is responsible for destructive inflammatory conditions. IL-17A is produced mainly by T helper cells (Th cells) (Cua and Tato, 2010) and by non-T cells (Rouvier et al., 1993; Kolls and Lindén, 2004). IL17+ cells were identified within CD4+ and CD8+ T cell populations isolated from the rat testis interstitium following EAO (Jacobo et al., 2011). The cholesterol accumulation can create a milieu favoring the switch from non-pathogenic to pathogenic phenotype in IL-17-producing Th17 cells in Pcsk9−/− mouse testis. Th17 cells can induce autoimmunity when activated (Kleinewietfeld and Hafler, 2013). The switch from one phenotype to the other is determined by the lipid metabolism (Wang et al., 2015) and cytokines (Bettelli et al., 2006). Both were altered in Pcsk9−/− mouse testis.
CONCLUSION
The lack of PCSK9 expression produced opposite effects in the serum and testis. Deleting pcsk9 augmented cholesterol and insulin2 concentrations in testis but decreased glucose in tubules and spermatozoa. Furthermore, LDL-R augmented in testis and spermatozoa. The accumulation of cholesterol was concomitant with an overload of apoptotic cells, defects in the Sertoli cell’s regulatory clearance indicating the breakdown of self-tolerance, infiltration of immune cells which have the capacity to activate IL-17A-producing cells and increased IL-17A and IL-17RA protein contents associated with autoimmunity. The action of IL-17A requires high cholesterol content. The accumulation of cholesterol resulting from the PCSK9 deficiency creates a milieu favorable to a change in the phenotype of the IL-17-producing Th17 cells into pathogenic cells, the development of inflammatory conditions and self-tolerance breakdown in testis. The recovery of spermatogenesis and normal testicular histology in Tg (PCSK9) mice indicates the lack of PCSK9 influences testicular function and could reduce fertility in mice. IL-17A and insulin are implicated in the deregulation of spermatogenesis and capacity of Sertoli cell to recycle apoptotic cells. Our results show that lipid and glucose metabolism with immunotolerance contribute to the normal physiology of the testis.
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 Aquila, S., Gentile, M., Middea, E., Catalano, S., and Andò, S. (2005). Autocrine Regulation of Insulin Secretion in Human Ejaculated Spermatozoa. Endocrinology 146, 552–557. doi:10.1210/en.2004-1252
 Azhar, S., and Menon, K. M. J. (1982). Receptor Mediated Gonadotropin Action in Gonadal Tissues: Relationship between Blood Cholesterol Levels and Gonadotropin Stimulated Steroidogenesis in Isolated Rat Leydig and Luteal Cells. J. Steroid Biochem. 16, 175–184. doi:10.1016/0022-4731(82)90165-0
 Banerjee, S., Andrew, R. J., Duff, C. J., Fisher, K., Jackson, C. D., Lawrence, C. B., et al. (2019). Proteolysis of the Low Density Lipoprotein Receptor by Bone Morphogenetic Protein-1 Regulates Cellular Cholesterol Uptake. Sci. Rep. 9, 11416. doi:10.1038/s41598-019-47814-0
 Benjannet, S., Rhainds, D., Essalmani, R., Mayne, J., Wickham, L., Jin, W., et al. (2004). NARC-1/PCSK9 and its Natural Mutants. J. Biol. Chem. 279, 48865–48875. doi:10.1074/jbc.m409699200
 Benjannet, S., Rhainds, D., Hamelin, J., Nassoury, N., and Seidah, N. G. (2006). The Proprotein Convertase (PC) PCSK9 Is Inactivated by Furin And/or PC5/6A. J. Biol. Chem. 281, 30561–30572. doi:10.1074/jbc.m606495200
 Bettelli, E., Carrier, Y., Gao, W., Korn, T., Strom, T. B., Oukka, M., et al. (2006). Reciprocal Developmental Pathways for the Generation of Pathogenic Effector TH17 and Regulatory T Cells. Nature 441, 235–238. doi:10.1038/nature04753
 Bordicchia, M., Spannella, F., Ferretti, G., Bacchetti, T., Vignini, A., Di Pentima, C., et al. (2019). PCSK9 Is Expressed in Human Visceral Adipose Tissue and Regulated by Insulin and Cardiac Natriuretic Peptides. Ijms 20, 245. doi:10.3390/ijms20020245
 Campbell, J. M., Lane, M., Owens, J. A., and Bakos, H. W. (2015). Paternal Obesity Negatively Affects Male Fertility and Assisted Reproduction Outcomes: a Systematic Review and Meta-Analysis. Reprod. BioMedicine Online 31, 593–604. doi:10.1016/j.rbmo.2015.07.012
 Carpino, A., Rago, V., Guido, C., Casaburi, I., and Aquila, S. (2010). Insulin and IR-Beta in Pig Spermatozoa: a Role of the Hormone in the Acquisition of Fertilizing Ability. Int. J. Androl. 33, 554–562. doi:10.1111/j.1365-2605.2009.00971.x
 Chait, A., Bierman, E. L., and Albers, J. J. (1979). Low-density Lipoprotein Receptor Activity in Cultured Human Skin Fibroblasts. Mechanism of Insulin-Induced Stimulation. J. Clin. Invest. 64, 1309–1319. doi:10.1172/jci109587
 Chan, S. J., Episkopou, V., Zeitlin, S., Karathanasis, S. K., Mackrell, A., Steiner, D. F., et al. (1984). Guinea Pig Preproinsulin Gene: An Evolutionary Compromise?Proc. Natl. Acad. Sci. U.S.A. 81, 5046–5050. doi:10.1073/pnas.81.16.5046
 Costet, P., Cariou, B., Lambert, G., Lalanne, F., Lardeux, B., Jarnoux, A.-L., et al. (2006). Hepatic PCSK9 Expression Is Regulated by Nutritional Status via Insulin and Sterol Regulatory Element-Binding Protein 1c. J. Biol. Chem. 281, 6211–6218. doi:10.1074/jbc.m508582200
 Cua, D. J., and Tato, C. M. (2010). Innate IL-17-producing Cells: the Sentinels of the Immune System. Nat. Rev. Immunolimmunology 10, 479–489. doi:10.1038/nri2800
 Da Dalt, L., Ruscica, M., Bonacina, F., Balzarotti, G., Dhyani, A., Di Cairano, E., et al. (2018). PCSK9 Deficiency Reduces Insulin Secretion and Promotes Glucose Intolerance: the Role of the Low-Density Lipoprotein Receptor. Eur. Heart J. 0, 1–13. doi:10.1093/eurheartj/ehy357
 Eacker, S. M., Agrawal, N., Qian, K., Dichek, H. L., Gong, E.-Y., Lee, K., et al. (2008). Hormonal Regulation of Testicular Steroid and Cholesterol Homeostasis. Mol. Endocrinol. 22, 623–635. doi:10.1210/me.2006-0534
 Fofana, M., Maboundou, J.-C., Bocquet, J., and Goff, D. L. (1996). Transfer of Cholesterol between High Density Lipoproteins and Cultured Rat Sertoli Cells. Biochem. Cel Biol. 74, 681–686. doi:10.1139/o96-074
 Fofana, M., Travert, C., Carreau, S., and Le Goff, D. (2000). Evaluation of Cholesteryl Ester Transfer in the Seminiferous Tubule Cells of Immature Rats In Vivo and In Vitro. Reproduction 118, 79–83. doi:10.1530/jrf.0.1180079
 Free, M. J., Massie, E. D., and Vandemark, N. L. (1969). Glucose Metabolism by the Cryptorchid Rat Testis1. Biol. Reprod. 1, 354–366. doi:10.1095/biolreprod1.4.354
 Fritz, T. E., Lombard, L. S., Tyler, S. A., and Norris, W. P. (1976). Pathology and Familial Incidence of Orchitis and its Relation to Thyroiditis in a Closed Beagle colony. Exp. Mol. Pathol. 24, 142–158. doi:10.1016/0014-4800(76)90002-2
 Fürbeth, C., Hübner, G., and Thoenes, G. H. (1989). Spontaneous Immune Complex Orchitis in Brown Norway Rats. Virchows Archiv B Cel Pathol 57, 37–45. doi:10.1007/bf02899063
 Guazzone, V. A., Rival, C., Denduchis, B., and Lustig, L. (2003). Monocyte Chemoattractant Protein-1 (MCP-1/CCL2) in Experimental Autoimmune Orchitis. J. Reprod. Immunol. 60, 143–157. doi:10.1016/j.jri.2003.08.001
 Hermo, L., Pelletier, R. M., Cyr, D. G., and Smith, C. E. (2010b). Surfing the Wave, Cycle, Life History, and Genes/proteins Expressed by Testicular Germ Cells. Part 1: Background to Spermatogenesis, Spermatogonia, and Spermatocytes. Microsc. Res. Tech. 73, 241–278. doi:10.1002/jemt.20783
 Hermo, L., Pelletier, R. M., Cyr, D. G., and Smith, C. E. (2010a). Surfing the Wave, Cycle, Life History, and Genes/proteins Expressed by Testicular Germ Cells. Part 2: Changes in Spermatid Organelles Associated with Development of Spermatozoa. Microsc. Res. Tech. 73, 279–319. doi:10.1002/jemt.20787
 Herrada, G., and Wolgemuth, D. J. (1997). The Mouse Transcription Factor Stat4 Is Expressed in Haploid Male Germ Cells and Is Present in the Perinuclear Theca of Spermatozoa. J. Cel Sci. 110, 1543–1553. doi:10.1242/jcs.110.14.1543
 Hollinger, M. A., and Davis, J. R. (1968). Aerobic Metabolism of Uniformly Labelled [14C]glucose in Tissue Slices of Rat Testis. Reproduction 17, 343–355. doi:10.1530/jrf.0.0170343
 Jacobo, P., Pérez, C. V., Theas, M. S., Guazzone, V. A., and Lustig, L. (2011). CD4+ and CD8+ T Cells Producing Th1 and Th17 Cytokines Are Involved in the Pathogenesis of Autoimmune Orchitis. Reproduction 141, 249–258. doi:10.1530/rep-10-0362
 Kim, Y. U., Kee, P., Danila, D., and Teng, B. B.2019. A Critical Role of PCSK9 in Mediating IL-17-Producing T Cell Responses in Hyperlipidemia. Immune Netw. ,19, e41, doi:10.4110/in.2019.19.e41
 Kabbaj, O., Holm, C., Vitale, M. L., and Pelletier, R.-M. (2001). Expression, Activity, and Subcellular Localization of Testicular Hormone-Sensitive Lipase during Postnatal Development in the Guinea Pig1. Biol. Reprod. 65, 601–612. doi:10.1095/biolreprod65.2.601
 Kabbaj, O., Yoon, S. R., Holm, C., Rose, J., Vitale, M. L., and Pelletier, R.-M. (2003). Relationship of the Hormone-Sensitive Lipase-Mediated Modulation of Cholesterol Metabolism in Individual Compartments of the Testis to Serum Pituitary Hormone and Testosterone Concentrations in a Seasonal Breeder, the Mink (Mustela Vison)1. Biol. Reprod. 68, 722–734. doi:10.1095/biolreprod.102.008169
 Keber, R., Rozman, D., and Horvat, S. (2013). Sterols in Spermatogenesis and Sperm Maturation. J. Lipid Res. 54, 20–33. doi:10.1194/jlr.r032326
 Kleinewietfeld, M., and Hafler, D. A. (2013). The Plasticity of Human Treg and Th17 Cells and its Role in Autoimmunity. Semin. Immunol. 25, 305–312. doi:10.1016/j.smim.2013.10.009
 Kokk, K., Veräjänkorva, E., Wu, X.-K., Tapfer, H., Põldoja, E., and Pöllänen, P. (2004). Immunohistochemical Detection of Glucose Transporters classI Subfamily in the Mouse, Rat and Human Testis. Medicina: Kauskas, 156. 
 Kolls, J. K., and Lindén, A. (2004). Interleukin-17 Family Members and Inflammation. Immunity 21, 467–476. doi:10.1016/j.immuni.2004.08.018
 Kraemer, F. B., Natu, V., Singh-Bist, A., Patel, S., Komaromy, M. C., Medicherla, S., et al. (1996). Isoproterenol Decreases LDL Receptor Expression in Rat Adipose Cells: Activation of Cyclic AMP-dependent Proteolysis. J. Lipid Res. 37, 237–249. doi:10.1016/s0022-2275(20)37612-4
 Kraemer, F. B., Sather, S. A., Park, B., Sztalryd, C., Natu, V., May, K., et al. (1994). Low Density Lipoprotein Receptors in Rat Adipose Cells: Subcellular Localization and Regulation by Insulin. J. Lipid Res. 35, 1772. doi:10.1016/s0022-2275(20)39771-6
 Krone, W., Naegele, H., Behnke, B., and Greten, H. (1988). Opposite Effects of Insulin and Catecholamines on LDL-Receptor Activity in Human Mononuclear Leukocytes. Diabetes 37, 1386–1391. doi:10.2337/diab.37.10.1386
 Langhi, C., Le May, C., Gmyr, V., Vandewalle, B., Kerr-Conte, J., Krempf, M., et al. (2009). PCSK9 Is Expressed in Pancreatic δ-cells and Does Not Alter Insulin Secretion. Biochem. Biophysical Res. Commun. 390, 1288–1293. doi:10.1016/j.bbrc.2009.10.138
 Levenson, A. E., Haas, M. E., Miao, J., Brown, R. J., De Ferranti, S. D., Muniyappa, R., et al. (2016). Effect of Leptin Replacement on PCSK9 in Ob/ob Mice and Female Lipodystrophic Patients. Endocrinology 157, 1421–1429. doi:10.1210/en.2015-1624
 Liscum, L., and Munn, N. J. (1999). Intracellular Cholesterol Transport. Biochim. Biophys. Acta (Bba) - Mol. Cel Biol. Lipids 1438, 19–37. doi:10.1016/s1388-1981(99)00043-8
 Maboundou, J.-C., Fofana, M., Fresnel, J., Bocquet, J., and Goff, D. L. (1995). Effect of Lipoproteins on Cholesterol Synthesis in Rat Sertoli Cells. Biochem. Cel Biol. 73, 67–72. doi:10.1139/o95-008
 Maniati, E., Potter, P., Rogers, N., and Morley, B. (2008). Control of Apoptosis in Autoimmunity. J. Pathol. 214, 190–198. doi:10.1002/path.2270
 Maxwell, K. N., and Breslow, J. L. (2004). Adenoviral-mediated Expression of Pcsk9 in Mice Results in a Low-Density Lipoprotein Receptor Knockout Phenotype. Proc. Natl. Acad. Sci. U.S.A. 101, 7100–7105. doi:10.1073/pnas.0402133101
 Mayerhofer, A., Hikim, A. P. S., Bartke, A., and Russell, L. D. (1989). Changes in the Testicular Microvasculature during Photoperiod-Related Seasonal Transition from Reproductive Quiescence to Reproductive Activity in the Adult golden Hamster. Anat. Rec. 224, 495–507. doi:10.1002/ar.1092240407
 Mayerhofer, A. (2013). Human Testicular Peritubular Cells: More Than Meets the Eye. Reproduction 145, R107–R116. doi:10.1530/rep-12-0497
 Mcnutt, M. C., Lagace, T. A., and Horton, J. D. (2007). Catalytic Activity Is Not Required for Secreted PCSK9 to Reduce Low Density Lipoprotein Receptors in HepG2 Cells. J. Biol. Chem. 282, 20799–20803. doi:10.1074/jbc.c700095200
 Miao, J., Manthena, P. V., Haas, M. E., Ling, A. V., Shin, D.-J., Graham, M. J., et al. (2015). Role of Insulin in the Regulation of Proprotein Convertase Subtilisin/Kexin Type 9. Atvb 35, 1589–1596. doi:10.1161/atvbaha.115.305688
 Moraes, G., Choudhuri, J. V., Souza, R. H. S., and Neto, C. S. (2004). Metabolic Effects of Exercise in the golden Fish Salminus Maxillosus "dourado" (Valenciennes, 1849). Braz. J. Biol. 64, 655–660. doi:10.1590/s1519-69842004000400013
 Morgan, A. D. (1976). “Inflammation and Infestation of the Testis and Paratesticular Structures,” in Pathology of the Testis ed . Editor R. C. B. Pugh (Oxford: Blackwell). 
 Nes, W. D., Lukyanenko, Y. O., Jia, Z. H., Quideau, S., Howald, W. N., Pratum, T. K., et al. (2001). Identification of the Lipophilic Factor Produced by Macrophages that Stimulates Steroidogenesis. Endocrinology 141, 953–958. doi:10.1210/endo.141.3.7350
 Park, H., Li, Z., Yang, X. O., Chang, S. H., Nurieva, R., Wang, Y.-H., et al. (2005). A Distinct Lineage of CD4 T Cells Regulates Tissue Inflammation by Producing Interleukin 17. Nat. Immunol. 6, 1133–1141. doi:10.1038/ni1261
 Pasquali, R., Patton, L., and Gambineri, A. (2007). Obesity and Infertility. Curr. Opin. Endocrinol. Diabetes Obes. 14, 482–487. doi:10.1097/med.0b013e3282f1d6cb
 Payne, A. H., and O'shaughnessy, P. J. (1996). “Structure, Function and Regulation of Steroidogenic Enzymes in the Leydig Cell,” in The Leydig Cell ed . Editors A. H. Payne, M. P. Hardy, and L. D. Russell (Vienna: Cache River Press). 
 Pelletier, R.-M., Akpovi, C. D., Chen, L., Day, R., and Vitale, M. L. (2011). CX43 Expression, Phosphorylation, and Distribution in the normal and Autoimmune Orchitic Testis with a Look at gap Junctions Joining Germ Cell to Germ Cell. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 300, R121–R139. doi:10.1152/ajpregu.00500.2010
 Pelletier, R.-M., Akpovi, C. D., Chen, L., Kumar, N. M., and Vitale, M. L. (2015). Complementary Expression and Phosphorylation of Cx46 and Cx50 during Development and Following Gene Deletion in Mouse and in normal and Orchitic Mink Testes. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 309, R255–R276. doi:10.1152/ajpregu.00152.2015
 Pelletier, R.-M., Akpovi, C. D., Chen, L., and Vitale, M. L. (2018). Cholesterol Metabolism and Cx43, Cx46, and Cx50 gap junction Protein Expression and Localization in normal and Diabetic and Obese Ob/ob and Db/db Mouse Testes. Am. J. Physiology-Endocrinology Metab. 314, E21–E38. doi:10.1152/ajpendo.00215.2017
 Pelletier, R.-M., and Friend, D. S. (1983). The Sertoli Cell Junctional Complex: Structure and Permeability to Filipin in the Neonatal and Adult Guinea Pig. Am. J. Anat. 168, 213–228. doi:10.1002/aja.1001680208
 Pelletier, R.-M., Layeghkhavidaki, H., Kumar, N. M., and Vitale, M. L. (2020a). Cx30.2 Deletion Causes Imbalances in Testicular Cx43, Cx46, and Cx50 Andinsulin Receptors. Reciprocally, Diabetes/Obesity Alters Cx30.2 in Mouse Testis. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 318, R1078–R1090. doi:10.1152/ajpregu.00044.2020.0363-6119/20
 Pelletier, R.-M., Layeghkhavidaki, H., and Vitale, M. L. (2020b). Glucose, Insulin, Insulin Receptor Subunits α and β in normal and Spontaneously Diabetic and Obese Ob/ob and Db/db Infertile Mouse Testis and Hypophysis. Reprod. Biol. Endocrinol. 18, 25. doi:10.1186/s12958-020-00583-2
 Pelletier, R.-M., Okawara, Y., Vitale, M. L., and Anderson, J. M. (1997). Differential Distribution of the Tight-Junction-Associated Protein ZO-1 Isoforms α+ and α- in Guinea Pig Sertoli Cells: A Possible Association with F-Actin and G-Actin1. Biol. Reprod. 57, 367–376. doi:10.1095/biolreprod57.2.367
 Pelletier, R.-M. (2011). The Blood-Testis Barrier: the Junctional Permeability, the Proteins and the Lipids. Prog. Histochem. Cytochem. 46, 49–127. doi:10.1016/j.proghi.2011.05.001
 Pelletier, R.-M., Trifaró, J.-M., Carbajal, M. E., Okawara, Y., and Vitale, M. L. (1999). Calcium-Dependent Actin Filament-Severing Protein Scinderin Levels and Localization in Bovine Testis, Epididymis, and Spermatozoa1. Biol. Reprod. 60, 1128–1136. doi:10.1095/biolreprod60.5.1128
 Pelletier, R.-M., Yoon, S. R., Akpovi, C. D., Silvas, E., and Vitale, M. L. (2009). Defects in the Regulatory Clearance Mechanisms Favor the Breakdown of Self-Tolerance during Spontaneous Autoimmune Orchitis. Am. J. Physiology-Regulatory, Integr. Comp. Physiol. 296, R743–R762. doi:10.1152/ajpregu.90751.2008
 Pelletier, R. M., and Vitale, M. L. (1994). Filipin vs Enzymatic Localization of Cholesterol in Guinea Pig, Mink, and mallard Duck Testicular Cells. J. Histochem. Cytochem. 42, 1539–1554. doi:10.1177/42.12.7983355
 Persson, L., Cao, G., Ståhle, L., Sjöberg, B. G., Troutt, J. S., Konrad, R. J., et al. (2010). Circulating Proprotein Convertase Subtilisin Kexin Type 9 Has a Diurnal Rhythm Synchronous with Cholesterol Synthesis and Is Reduced by Fasting in Humans. Atvb 30, 2666–2672. doi:10.1161/atvbaha.110.214130
 Persson, L., Gälman, C., Angelin, B., and Rudling, M. (2009). Importance of Proprotein Convertase Subtilisin/kexin Type 9 in the Hormonal and Dietary Regulation of Rat Liver Low-Density Lipoprotein Receptors. Endocrinology 150, 1140–1146. doi:10.1210/en.2008-1281
 Peyot, M.-L., Roubtsova, A., Lussier, R., Chamberland, R., Murthy Madiraju, S. R., Seidah, N. G., et al. (2021). Substantial PCSK9 Inactivation in β-cells Does Not Modify Glucose Homeostasis or Insulin Secretion in Mice. Biochimical Biophysical Acta Mol. Cel Biol Lipids 1866, 158968. doi:10.1016/j.bbalip.2021.158968
 Poirier, S., Mayer, G., Poupon, V., Mcpherson, P. S., Desjardins, R., Ly, K., et al. (2009). Dissection of the Endogenous Cellular Pathways of PCSK9-Induced Low Density Lipoprotein Receptor Degradation: Evidence for an Intracellular Route. J. Biol. Chem. 284, 28856–28864. doi:10.1074/jbc.m109.037085
 Ramírez-Torres, M. A., Carrera, A., and Zambrana, M. (2000). High Incidence of Hyperestrogenemia and Dyslipidemia in a Group of Infertile Men. Ginecología Obstétrica Mexicana 68, 224–229. 
 Rashid, S., Curtis, D. E., Garuti, R., Anderson, N. N., Basmakov, Y., Ho, Y. K., et al. (2005). Decreased Plasma Cholesterol and Hypersensitivity to Statins in Mice Lacking Pcsk9. Proc. Natl. Acad. Sci. USA 102, 5374–5379. doi:10.1073/pnas.0501652102
 Reaven, E., Zhan, L., Nomoto, A., Leers-Sucheta, S., and Azhar, S. (2000). Expression and Microvillar Localization of Scavenger Receptor Class B, Type I (SR-BI and a Selective Cholesteyl Ester Uptake in Leydig Cells Fom Rat Testis. J. Lipid Res. 41, 343–356. doi:10.1016/s0022-2275(20)34473-4
 Roohi, A., Tabrizi, M., Abbasi, F., Ataie-Jafari, A., Nikbin, B., Larijani, B., et al. (2014). Serum IL-17, IL-23, and TGF-B Levels in Type 1 and Type 2 Diabetic Patients and Age-Matched Healthy Controls. Biomed. Res. Int. 2014, 718946. doi:10.1155/2014/718946
 Rouvier, E., Luciani, M. F., Mattei, M. G., Denizot, F., and Golstein, P. (1993). CTLA-8, Cloned from an Activated T Cell, Bearing AU-Rich Messenger RNA Instability Sequences, and Homologous to a Herpesvirus saimiri Gene. J. Immunol. 150, 5445–5456.
 Schulz, R., and Schlüter, K.-D. (2017). PCSK9 Targets Important for Lipid Metabolism. Clin. Res. Cardiol. 12 (Suppl. ment), 2–11. doi:10.1007/s11789-017-0085-0
 Scully, T. (2012). Diabetes in Numbers. Nature 485, S2–S3. doi:10.1038/485s2a
 Seidah, N. G., Benjannet, S., Wickham, L., Marcinkiewicz, J., Bélanger Jasmin, S., Stifani, S., et al. (2003). The Secretory Proprotein Convertase Neural Apoptosis-Regulated Convertase 1 (NARC-1): Liver Regeneration and Neuronal Differentiation. Proc. Natl. Acad. Sci. USA 100, 928–933. doi:10.1073/pnas.0335507100
 Seidah, N. G., Mayer, G., Zaid, A., Rousselet, E., Nassoury, N., Poirier, S., et al. (2008). The Activation and Physiological Functions of the Proprotein Convertases. Int. J. Biochem. Cel Biol. 40, 1111–1125. doi:10.1016/j.biocel.2008.01.030
 Selva, D. M., Hirsh-Reinshagen, V., Gurgess, B., Zhou, S., Chan, J., Mcisaac, S., et al. (2004). The ATP-Binding Cassette Transporter 1 Mediates Lipid Efflux from Sertoli Cells and Influences Male Fertility. J. Lipid Res. 45, 1040–1050. doi:10.1194/jlr.m400007-jlr200
 Shiao, M.-S., Liao, B.-Y., Long, M., and Yi, H.-T. (2008). Adaptive Evolution of the Insulin Two-Gene System in Mouse. Genetics 178, 1683–1691. doi:10.1534/genetics.108.087023
 Sugkraroek, P., Kates, M., Leader, A., and Tanphaichitr, N. (1991). Level of Cholesterol and Phospholipids in Freshly Ejaculated Sperm and Percoll-Gradient-Pelleted Sperm from fertile and Unexplained Infertile Men. Fertil. Sterility 55, 820–827. doi:10.1016/s0015-0282(16)54255-1
 Tartaglia, L. A., Dembski, M., Weng, X., Deng, N., Culepper, J., Devos, R., et al. (1995). Identification and Expression Cloning of a Leptin Receptor, OB-R. Cell 83, 1263–1271. doi:10.1016/0092-8674(95)90151-5
 Tepperman, J. (1950). Glucose Utilization In Vitro by normal Adult, Immature and Cryptorchidic Rat Testis. Endocrinology 47, 459–461. doi:10.1210/endo-47-6-459
 Travis, A. J., and Kopf, G. S. (2002). The Role of Cholesterol Efflux in Regulating the Fertilization Potential of Mammalian Spermatozoa. J. Clin. Invest. 110, 731–736. doi:10.1172/jci0216392
 Tung, K. S. K., Ellis, L. C., Teuscher, C., Meng, A., Blaustein, J. C., Kohno, S., et al. (1981). A Natural Model for Immunologic Infertility. J. Exp. Med. 154, 1016–1032. doi:10.1084/jem.154.4.1016
 Varshney, P., Narasimhan, A., Mittal, S., Malik, G., Sardana, K., and Saini, N. (2015). Transcriptome Profiling Unveils the Role of Cholesterol in IL-17A Signaling in Psoriasis. Scientific Rep. 6, 19295. doi:10.1038/srep19295
 Vijay, K., Lu, S., Sun, Y.-P., Purich, D. L., Atkinson, M. A., Li, S.-W., et al. (2008). Reversal of Streptozotocin-Induced Diabetes in Mice by Cellular Transduction with Recombinant Pancreatic Transcription Factor Pancreatic Duodenal Homeobox-1: A Novel Protein Transduction Domain-Based Therapy. Diabetes 57, 757–769. doi:10.2337/db07-1441
 Vitale, M. L., Akpovi, C. D., and Pelletier, R.-M. (2009). Cortactin/tyrosine-phosphorylated Cortactin Interactions with F-Actin and Connexin 43 in Mouse Seminiferous Tubules. Microsc. Res. Tech. 72, 856–867. doi:10.1002/jemt.20771
 Vitale, M. L., Garcia, C. J., Akpovi, C. D., and Pelletier, R.-M. (2017). Distinctive Actions of Connexin 46 and Connexin 50 in Anterior Pituitary Folliculostellate Cells. PLOSone 12, e0182495. doi:10.1371/journal.pone.0182495
 Wade, D. P., Knight, B. L., and Soutar, A. K. (1988). Hormonal Regulation of Low-Density Lipoprotein (LDL) Receptor Activity in Human Hepatoma HepG2 Cells. Insulin Increases LDL Receptor Activity and Diminishes its Suppression by Exogenous LDL. Eur. J. Biochem. 174, 213–218. doi:10.1111/j.1432-1033.1988.tb14084.x
 Wang, C., Yosef, N., Gaublomme, J., Wu, C., Lee, Y., Clish, C. B., et al. (2015). CD5L/AIM Regulates Lipid Biosynthesis and Restrains Th17 Cell Pathogenicity. Cell 163, 1413–1427. doi:10.1016/j.cell.2015.10.068
 Wentworth, B. M., Schaefer, I. M., Villa-Komaroff, L., and Chirgwin, J. M. (1986). Characterization of the Two Nonallelic Genes Encoding Mouse Preproinsulin. J. Mol. Evol. 23, 305–312. doi:10.1007/bf02100639
 Werther, G. A., Hogg, A., Oldfield, B. J., Mckinnley, M. J., Figdor, R., Allen, A. M., et al. (1987). Localization and Characterization of Insulin Receptors in Rat Brain and Pituitary Gland Using In Vitro Autoradiography and Computarized Densitometry. Endocrinology 121, 1562–1570. doi:10.1210/endo-121-4-1562
 Wiebe, J. P., and Tilbe, K. S. (1979). De Novo synthesis of Steroids (From Acetate) by Isolated Rat Sertoli Cells. Biochem. Biophysical Res. Commun. 89, 1107–1113. doi:10.1016/0006-291x(79)92122-3
 Zaid, A., Boubtsove, A., Essalmani, R., Marcinkiewicz, J., Chamberland, A., Hamelin, J., et al. (2008). Proprotein Convertase Subtilisin/Kexin Type 9 (PCSK9): Hepatocyte-Speci?c Low-Density Lipoprotein Receptor Degradation and Critical Role in Mouse Liver Regeneration. HepatologyHepatology Vol. 4848, 646646–654654. doi:10.1002/hep.22354
 Zhang, Y., Proenca, R., Maffei, M., Barone, M., Leopold, L., and Friedman, J. M. (1994). Positional Cloning of the Mouse Obese Gene and its Human Homologue. Nature 372, 425–432. doi:10.1038/372425a0
 Zúñiga, L. A., Shen, W.-J., Joyce-Shaikh, B., Pyatnova, E. A., Richards, A. G., Thom, C., et al. (2010). IL-17 Regulates Adipogenesis, Glucose Homeostasis, and Obesity. J. Immunol. 185, 6947–6959. doi:10.4049/jimmunol.1001269
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 Pelletier, Layeghkhavidaki, Seidah, Prat and Vitale. 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-10-889972-g005.gif





OPS/images/fcell-10-889972-g006.gif





OPS/images/fcell-10-889972-g003.gif





OPS/images/fcell-10-889972-g004.gif





OPS/images/fcell-10-889972-t001.jpg
Cholesterol FC
EC

HMGCoA

ACAT1

ACAT2

HSL

SR-BI

SR-BII

ABCA1

IL-17A 35 kDa
18 kDa

IL-17RA

LDL-R 160 kDa
120 kDa

Glucose

Insulin Total

Insuin2

IR-a 135 kDa
90 kDa

IR-B 98 kDa
75 kDa
66 kDa

Testosterone

pro-PCSK9

PCSK9

LOLR 160 kDa

120 kDa

Pesk9™~

Serum It STf SPZ AP
1 T T
1 T T
T =
= T
T T
1
1
T
b 1
1 T
T
= 1 1
= T
= T T
1 T =
= 1 = 1
1 1 1
1 1 =
] = 1
db/db ob/ob
STf SPzZ Tt STf SPZ
= 1 T
B 1 1
T 1 1 T





OPS/xhtml/nav.xhtml
Contents

		Cover

		PCSK9 Contributes to the Cholesterol, Glucose, and Insulin2 Homeostasis in Seminiferous Tubules and Maintenance of Immunotolerance in Testis		Introduction

		Materials and Methods		Chemicals

		Antibodies

		Animals





		Results		PCSK9

		Postnatal Development

		PCSK9 Immunolabeling

		Histological Studies

		Cholesterol

		Testosterone

		Enzymes: HMGCoA-Red, ACAT-1,—ACAT-2 and Hormone-Sensitive Lipase

		Cholesterol Transporters: SR-BI, SR-BII and ABCA1

		IL-17A and IL-17RA

		LDL-R

		LDL-R Immunolabeling

		Glucose

		Insulin

		PCSK9 in db/db and ob/ob Mice

		LDL-R in ob/ob and db/db Mice

		Insulin Receptor α-subunit in Pcsk9−/− and Tg (PCSK9) Mice

		Insulin Receptor β-subunit in Pcsk9−/− and Tg (PCSK9) Mice





		Discussion		PCSK9 in Testis and Spermatozoa

		PCSK9 and Cholesterol Metabolism

		LDL-R and PCSK9

		PCSK9, Glucose, and Insulin

		Insulin Receptor α and β Subunits

		PCSK9, IL-17A and Lipid Metabolism

		PCSK9, IL-17A and Autoimmunity in Testis





		Conclusion

		Data Availability Statement

		Ethics Statement

		Author Contributions

		Funding

		Publisher’s Note

		Acknowledgments

		References









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






OPS/images/fcell-10-889972-g001.gif





OPS/images/fcell-10-889972-g002.gif









OPS/images/crossmark.jpg
©

|





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





