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Increasing rates of infertility associated with declining sperm counts and quality, as well as increasing rates of testicular cancer are contemporary issues in the United States and abroad. These conditions are part of the Testicular Dysgenesis Syndrome, which includes a variety of male reproductive disorders hypothesized to share a common origin based on disrupted testicular development during fetal and neonatal stages of life. Male reproductive development is a highly regulated and complex process that relies on an intricate coordination between germ, Leydig, and Sertoli cells as well as other supporting cell types, to ensure proper spermatogenesis, testicular immune privilege, and endocrine function. The eicosanoid system has been reported to be involved in the regulation of fetal and neonatal germ cell development as well as overall testicular homeostasis. Moreover, non-steroidal anti-inflammatory drugs (NSAIDs) and analgesics with abilities to block eicosanoid synthesis by targeting either or both isoforms of cyclooxygenase enzymes, have been found to adversely affect male reproductive development. This review will explore the current body of knowledge on the involvement of the eicosanoid system in male reproductive development, as well as discuss adverse effects of NSAIDs and analgesic drugs administered perinatally, focusing on toxicities reported in the testis and on major testicular cell types. Rodent and epidemiological studies will be corroborated by findings in invertebrate models for a comprehensive report of the state of the field, and to add to our understanding of the potential long-term effects of NSAID and analgesic drug administration in infants.
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1 INTRODUCTION
The recent decades have seen concerning increases in male reproductive disorders and diseases. Total fertility rates have been trending downward in places such as Europe, Japan, and United States, and this decline has been correlated with increases in testicular dysgenesis syndrome (TDS). TDS includes a variety of male reproductive disorders such as infertility, poor semen quality, cryptorchidism, and hypospadias, which are hypothesized to share a common origin of disrupted testicular development during fetal and neonatal stages of life (Skakkebaek et al., 2016). A study evaluating cancer rates of a Danish registry found that testicular cancer rates have more than tripled between 1944–2009 (Andersson et al., 2016). Furthermore, cryptorchidism, or undescended testes, is one of the most commonly diagnosed birth defects (Boisen et al., 2004). Overall, negative trends in global sperm counts and decreases in fertility rates (Mehta et al., 2016; Levine et al., 2017) suggest that there is much more to learn about the biological factors that contribute to reductions in male reproductive capacity. One hypothesis is that lifestyle factors, such as greater exposure to environmental toxicants and pharmaceuticals in the modern world, may be contributing to the significant rates of TDS diagnoses in contemporary times (Skakkebaek et al., 2016).
Over-the-counter pharmaceuticals have been drawing greater attention recently as potential endocrine disrupting compounds (EDCs) to be concerned about, due to their widespread use and presumed safety for administration throughout life. One such class of drugs include cyclooxygenase (COX) inhibitors or non-steroidal anti-inflammatory drugs (NSAIDs), which are widely prescribed for pain relief and fever reduction. Acetaminophen (paracetamol), a non-specific COX inhibitor used for its analgesic and antipyretic properties, was reported to be used during pregnancy in 62% of woman surveyed (Bandoli et al., 2020), and ibuprofen, an NSAID, was also found to be used commonly during pregnancy (Kristensen et al., 2011). However, a growing body of evidence suggests that in utero exposures to such drugs have the potential of altering reproductive development during fetal stages and subsequent reproductive function in the offspring. Maternal exposure to common NSAIDs and analgesic drugs during pregnancy was found to be significantly positively associated with cryptorchidism in infants (Berkowitz and Lapinski 1996; Jensen et al., 2010), specifically in the second trimester (Kristensen et al., 2011). Currently, the US Food and Drug Administration is recommending against taking NSAIDs at 20 weeks or later during pregnancy, due to their ability to cause kidney problems in unborn babies (FDA 2020), but no recommendation has been made against the use of analgesic drugs such as acetaminophen during pregnancy or the use of NSAIDs in infants. In addition to in utero exposure, babies can be exposed to these drugs either in the form of direct administration or passed through breast milk from maternal ingestion after birth (Siu et al., 2000; Briggs et al., 2012). The first postnatal months represent a complex period during male reproductive development in which the population of spermatogonial stem cells (SSCs) is established to support lifelong spermatogenesis. Therefore, an assessment of how NSAID and analgesic drugs are impacting male reproductive development during the early stages of life is necessary to obtain a comprehensive understanding of their contributions to male reproductive diseases.
2 FETAL AND NEONATAL MALE REPRODUCTIVE DEVELOPMENT IN RODENTS AND HUMAN
2.1 Main Cell Types and Timepoints in Testis Development
Gonadogenesis is a dynamic and finely tuned system, requiring the regulation of multiple molecular processes, many occurring simultaneously. The first sign of gonadogenesis is the thickening of the coelomic epithelium, forming the genital ridge. Germ cell development initiates with the commitment of embryonic stem cells to the germ cell lineage, forming primordial germ cells (PGCs) expressing characteristic germ cell signature genes (Culty 2009). From gestational day (GD)7.5–13 in rodents, sexually undifferentiated PGCs, upon receiving Kit and CXCR4 signals, migrate and become resident at the genital ridge. PGCs undergo a genomic erasure process in which parental DNA methylation patterns are removed (Spiller and Bowles 2015). Sex determination occurs on GD12.5, driven by Sry expression in male somatic cells which differentiate into fetal Sertoli cells, whose main function is to assist germ cell development and spermatogenesis. At this stage, fetal Sertoli cells committed to epithelial differentiation organize intimately around the germ cells, which are now considered fetal gonocytes (pro/pre-spermatogonia). Sertoli cells drive the organization of the seminiferous cords as well as the recruitment and differentiation of mesonephros-derived cells to peritubular myoid cells located at the outer periphery of the cords, and fetal Leydig cells, the steroidogenic cells found in the interstitium surrounding the cords. Cells derived from the mesonephros give rise to endothelial cells that contribute to the formation of blood vessels and support the structure of the cords. Both Sertoli and peritubular myoid cells contribute to the formation of the basement membrane surrounding the seminiferous cords. Leydig cells are primarily responsible for the production of male sex hormones, mainly testosterone and dihydrotestosterone, that regulate male sex differentiation, the development of internal and external genitalia, as well as secondary sex characteristics. Male germ cells from fetal to juvenile phases of development are prevented from entering meiosis through the degradation of retinoic acid (RA) by cytochrome CYP26B1 and NANOS2 expression (Li et al., 2009; Spiller and Bowles 2015).
Fetal Sertoli cells in humans double every 2 weeks from GW7-19 and continue to amplify until cell numbers peak at birth. After birth, Sertoli cell numbers remain stable until puberty where the cells reach a final count of approximately 1800 × 106 cells/testis. Leydig cells are first detected in humans at GW 8 and cell numbers increase exponentially until GW18. Thereafter, a dedifferentiation process occurs and Leydig cell numbers decline in the fetus until after birth when numbers increase up to 3 months postnatal, likely due to increases in LH levels. The cells then decline at 4 months and are scarce until age six to 8 years, at which point they increase to reach adult levels of approximately 800 × 106 cells/testis. Germ cell numbers in humans exponentially increase from the initiation of testis differentiation to the end of the second trimester, and is greatest from GW6-10, at which point it decreases until the second trimester. Asynchronous development of undifferentiated gonocytes occurs throughout fetal and neonatal stages of development, followed by a marked increase of undifferentiated spermatogonial including SSCs between birth and puberty (Plant and Zeleznik 2014).
In rodents and humans, early male germ cell development comprises phases of quiescence, proliferation, migration and differentiation (Manku and Culty 2015). Apoptotic processes also play integral roles by ensuring removal of defective cells and maintaining proper germ-Sertoli cell ratios. Sertoli cells assist with the maturation of neonatal gonocytes into spermatogonial stem cells (SSCs), which will support lifelong spermatogenesis. At postnatal day (PND)3 in rats, gonocytes re-enter mitosis and migrate towards the basement membrane of the seminiferous cords, where they undergo differentiation into SSCs or Type A spermatogonia of the first spermatogenic wave around PND6-8. In human, testis cords begin to form between the seventh and ninth gestational week (GW). Formation of the essential structure of the testis takes approximately 8 weeks, leading to establishment of major testicular cell types (Gaskell et al., 2004). The cords give rise to seminiferous tubules and the differentiation of immature Sertoli cells into androgen-responsive cells leads to the formation of an intratubular lumen. Tight junction proteins organize between Sertoli cells into the testis-blood-barrier, a crucial structure to maintaining testicular immune privilege (Piprek 2016).
The rodent spermatogenic cycle involves distinct phases along the seminiferous tubules taking place simultaneously: 1) mitosis in SSCs to type B differentiated spermatogonia; 2) spermatogonial differentiation in which SSCs mature from undifferentiated progenitors to differentiated spermatogonia; 3) the differentiation of successive types of spermatocytes and a lengthy meiotic phase; 4) the formation of haploid spermatids during spermiogenesis, a metamorphosis phase ultimately forming spermatozoa released into the lumen during spermiation. Several steps of postnatal germ cell differentiation and the entry to meiosis are regulated by Sertoli cell-produced RA (Griswold 2016). The human spermatogenic cycle is similar. Type A spermatogonia, comprising of dark type A and pale type A spermatogonia, undergo mitotic proliferation and differentiate to Type B spermatogonia. Type B spermatogonia further differentiate to spermatocytes (leptotene, zygotene, pachytene, and diplotene), which are present upon puberty in humans. Diplotene spermatocytes undergo meiosis I to form secondary haploid spermatocytes and further undergo morphological transformations from round spermatids to spermatozoa (Chen et al., 2017).
Another type of cell that plays multiple roles in testis development and adaptation to its environment are the testicular macrophages, known to exert not only immune functions, but also to modulate Leydig and germ cell functions. While rodent primitive macrophages are first seen in gonadal primordium, as early as E10.5 in mice, fetal rat macrophages have been observed in testis starting at GD16 to 19. Rodent fetal testicular macrophages express mainly M2 polarization-type markers and are believed to be important for maternal-fetal tolerance (Meinhardt et al., 2018; Gu et al., 2021). The numbers of macrophages increase slowly until the onset of puberty, where macrophages rapidly increase and decline thereafter. During puberty, testicular macrophages interact intimately with Leydig cells through digitations or microvillus-like processes that are inserted within coated pits of the macrophages (Hutson 1990; Hutson 1992; Plant and Zeleznik 2014; Gu et al., 2021).
Animal studies, including ours, have established the susceptibility of the fetal and neonatal testis to environmental insults, leading to short- and long-term adverse effects in testicular cells, including germ cells (Foster 2006; Jones et al., 2015; Walker et al., 2020; Walker et al., 2021). Several groups have theorized that testicular germ cell tumors (TGCTs) may arise from the disruption of SSC formation resulting from the vulnerability of PGC or gonocyte populations to environmental exposures (Sharpe 2006; Rajpert-de Meyts and Hoei-Hansen 2007). Therefore, there is great interest in understanding the molecular mechanisms driving the establishment of the SSC pool, with the goal of determining the origins of disrupted spermatogenesis and/or TGCT formation. Furthermore, a greater understanding of the etiology of TDS can lead to developing interventions to rescue the SSC population (Kanatsu-Shinohara et al., 2004; Guan et al., 2006; Izadyar et al., 2008).
2.2 Testicular Steroidogenesis
The steroidogenic pathway is generally well-conserved between rodents and humans, but there are several differences. In early fetal Leydig cells, androgen production occurs independently of the pituitary, and it is only in late fetal age that testosterone production becomes LH-dependent (Habert et al., 2001). In the mouse, studies have shown that LH is not required for fetal Leydig cell to produce testosterone, but rather fetal Leydig cells produce androstenedione that is converted to testosterone by fetal Sertoli cells, a fact recently supported by Single-cell RNA-seq analysis of fetal and adult mouse Leydig cells (Shima et al., 2013; Sararols et al., 2021). In rats, fetal Leydig cell development is largely independent of LH, but become LH-dependent few days before birth (O’shaughnessy et al., 1998; Habert et al., 2001; Zhang et al., 2004). In humans, fetal Leydig cells are critically dependent upon stimulation of LH throughout most of fetal development.
Testosterone synthesis also differs between rodent and humans. Mice and rats synthesize testosterone through the Δ4 pathway, whereas humans predominantly use the Δ5 pathway. In the Δ4 pathway, pregnenolone is converted to all Δ4 steroids by HSD17B and the final step in testosterone synthesis, the reduction of androstenedione, is also catalyzed by HSD17B in fetal Leydig cells. However, this process does not completely rely on Leydig cells, as androstenedione can also be converted by Sertoli cells in mice lacking HSD17B (O’Shaughnessy et al., 2000; Shima et al., 2013). Human Leydig cells synthesize testosterone using the Δ5 pathway, in which the first reaction is catalyzed by CYP17A1 (Li et al., 2018). Often more than one HSD enzyme can catalyze the same reaction. For example, the reduction of androstenedione to testosterone can involve both ARK1C3 and HSD17B (Plant and Zeleznik 2014).
2.3 Disruption of Testis Development
As described in previous sections, the development of the male reproductive system relies on the formation of a functional fetal testis, the sequential production of hormones from fetal Sertoli and Leydig cells, and the establishment of a pool of spermatogonial stem cells from perinatal germ cell precursors in early postnatal ages. The disruption of these processes leads to conditions that define the Testicular Dysgenesis Syndrome (TDS). In addition to testis cancer, TDS includes cryptorchidism, hypospadias, altered testosterone levels, poor semen quality, and reduced anogenital distance (AGD). Cryptorchidism is one of the most common birth defects, corresponding to the failure of one or both testes to descend to the scrotum before birth. If not corrected, the retention of testes in the abdomen results in the loss of spermatogenic cells in early childhood, and increased risks of infertility or TGCTs, whereas corrective surgery via early orchidopexy can reduce chances of developing such reproductive disorders. Hypospadias, which is due to androgen deficiency in the fetus, is diagnosed when the urethra opens on the ventral side of the penis instead of the tip, which may require surgical reconstruction of the penile urethra in severe cases (Skakkebaek et al., 2016). Postnatally, testosterone is important for sustaining secondary male sex characteristics and spermatogenesis. The trend towards lower testosterone levels observed in the US and Europe is believed to be related to the decline in male reproductive health (Travison et al., 2007). As testosterone is the major paracrine messenger involved in crosstalk between testicular cells, compromised testosterone levels can affect testicular function. Semen quality has served as a measurement for male fertility by the World Health Organization (WHO 2010). Low sperm count and quality (motility and morphology) have been associated with decreasing rates of conception on a population-wide level (Guzick et al., 2001). In males, the AGD is 50–100% longer than in females (Sathyanarayana et al., 2010). Shorter AGDs and smaller penis size reflect decreased fetal androgen levels (Thankamony et al., 2014; Skakkebaek et al., 2016). Reduced AGD has been found in men in association with cryptorchidism, low sperm counts, and hypospadias, further supporting the common origin of these disorders. Epidemiological studies have also reported strong correlations between shorter AGD in children and the levels of phthalate plasticizers measured in maternal urine (Bornehag et al., 2015).
The testis is a complex organ that requires coordinated crosstalk between several major cell types for normal function. Fetal development and infancy represent periods of dynamic growth and maturation of various cell types within the testes and disrupting these processes may lead to long-term reproductive diseases and syndromes. Due to the similarities in male reproductive development and the regulation of steroidogenic pathways between human and rodents, rodent models are useful tools in studying specific mechanistic effects of NSAID and analgesic drugs on the male reproductive system. However, to ultimately translate these findings to real-life applications, human-derived models and epidemiological studies must be considered. Therefore, this review will weigh evidence from both rodent and human models, to provide a comprehensive overview of the field.
3 EICOSANOID BIOSYNTHESIS AND COX INHIBITORS
3.1 Enzymes of the Eicosanoid Pathway
Cyclooxygenases are enzymes that catalyze the first two steps in the biosynthesis of prostaglandins (PGs) from arachidonic acid (AA). The main steps of the pathway are illustrated in Figure 1. Two isoforms of COXs have been characterized, identified as COX1 and COX2. COX1 is constitutively expressed, and COX2 is inducible upon an external stimulus. Both isozymes are 71 kDa in molecular weight and are almost identical in length, with over 63% similarity in amino acid sequence. AA is the major prostanoid precursor and both isoforms of COX enzymes oxygenate this substrate through identical enzymatic processes (Vane et al., 1998; Smith et al., 2000). The release of AA from membrane-bound phospholipids is catalyzed by phospholipase A2 (PLA2), of which there are several isoforms that may be expressed constitutively or can appear after inflammatory insult (Cirino 1998). The biosynthesis of prostanoids requires a 3-step enzymatic process: 1) Stimulus-initiated hydrolysis of AA from glycerophospholipids involving secretory or cytoplasmic PLA2 (sPLA2, cPLA2), 2) oxygenation of AA by the COXs to yield PGG2 and PGH2, and 3) conversion of PGH2 to biologically active prostaglandins PGs (PGD2, PGE2, PGF2a, PGI2) and thromboxane (TXA2). Thereafter, the prostanoid end products exit the cells to activate G-protein-coupled prostanoid receptors, or in some cases interact directly with nuclear receptors (Smith et al., 2000).
[image: Figure 1]FIGURE 1 | Schematic representation of the eicosanoid pathway. Abbreviations: PG -E2, -I2, -F2a, -D2: Prostaglandins -E2, I2, F2a, D2. CBR1: Carbonyl reductase 1. PTGES: Prostaglandin E Synthase, PTGDS: Prostaglandin D Synthase, PTGIS: Prostaglandin I Synthase.
PG synthases are responsible for the enzymatic conversion of PGH2 to the major prostanoids, which are isoform specific. PGD synthase (PGDS/PTGDS) catalyzes the conversion of PGH2 to PGD2, PGE synthase (PGES) to PGE2, PGFa synthase to PGF2a, and PGI synthase (PGIS) to PGI2, or prostacyclin (Smith and Murphy 2016). Two forms of PGDSs have been characterized, glutathione-dependent and -independent. Glutathione-dependent hematopoietic PGDS (H-PGDS) exhibits glutathione-S-transferase activity, whereas lipocalin PGDS (L-PGDS) conversion of PGH2 to PGD2 does not require this transferase activity. Three PGESs have been studied and all require reduced glutathione as a cofactor-cytosolic PGES (cPGES), an inducible, microsomal PGES (mPGES-1), and a non-inducible microsomal PGES (mPGES-2) (Murakami and Kudo 2004). Formation of PGF2a involves first a reduction of PGH2 and a PGF2S catalyzing NADPH, and PGF2a prostanoid that requires an NADPH-dependent synthase. PGF2a can also be synthesized from PGE2 by carbonyl reductase 1. PGI synthases are believed to be localized to the cytosolic side of the endoplasmic reticulum (ER), therefore PGH2 formed in the lumen of the ER can diffuse across the membrane to be converted to PGI2 on the cytosolic side of the membrane.
Though similar in structure and function, and often co-expressed in the same cell, the differences between the two COX isozymes lie in their unique downstream signaling properties (Smith et al., 2000). COX2 will accept a wider range of fatty acids than COX1, and has the ability to oxygenate other substrates in addition to AA, such as eicosapentaenoic acid, y-linolenic acid, a-linolenic acid and linoleic acid (Vane et al., 1998). Stimuli known to induce COX2 expression are those associated with inflammation such as pro-inflammatory cytokines (IL-2, IL-1, and TNFa) and lipopolysaccharide (LPS), whereas anti-inflammatory cytokines (IL-4, IL-10, and IL-13) can decrease the induction of COX2 (Vane et al., 1998). As a constitutively expressed enzyme, COX1 is important for maintaining the homeostasis or “housekeeping” roles of the body, such as providing PGs to the stomach and intestine to maintain the mucosal epithelium. COX1 also plays a crucial role during development by synthesizing PGs that are responsible for the survival of fetuses, such that fetuses born from homozygous COX1 knockout mice did not survive past birth (Langenbach et al., 1995). It is hypothesized that their unique properties are derived from their expression: COX1 being involved in producing PGs that act extracellularly to mediate responses to external signals, while the ability of COX2 to be induced suggests also a role in augmenting the function of COX1 upon an inflammatory response (Smith et al., 2000).
3.2 Prostaglandins
PGs are important lipid mediators that have widespread roles based on their unique chemical structures, but are mainly involved in inflammatory responses (Seo and Oh 2017). They bind and act via specific G-coupled protein receptors (GPCRs) (Mitchell and Warner 1999). PGI2 bind to IP receptors that lead to cAMP elevation, generally leading to an inhibition of many cellular processes. PGE2 can bind on one of four isoforms of EP receptors (EP1-4) that are each linked to different signal transduction pathways that can either activate or inhibit cellular responses (Pierce and Regan 1998). PGD2 and PGF2a bind to DP and FP receptors, respectively, which are linked to activation of inositolphosphates and subsequent increase in intracellular calcium, and usually result in activation of cellular processes. Besides mediating varied local cellular responses, the action of PGD2 and PGF2a on calcium signaling is critical in females for ovulation and during gestation and parturition. Indeed, the eicosanoid system plays an important role during pregnancy. The COX enzymes are expressed in the uterine epithelium at different times during pregnancy and are involved in regulating feedback mechanisms associated with embryogenesis (Chakraborty et al., 1996). COX1 is expressed in the uterine epithelium prior to implantation, whereby thereafter it gets downregulated. Subsequently, COX2 gets expressed, suggesting a possible role of COX2 in maintaining blastocyst attachment. During labor and delivery, PGs (primarily PGE2 and PGF2a) are involved in smooth muscle contraction of the uterus and cervical ripening (O'Brien 1995). Due to the significant involvement of PGs to induce contractions during labor, NSAIDs have been prescribed to delay premature labor by inhibiting the production of PGs (Sawdy et al., 1997). These cellular responses are dependent on the target tissues and cells of which the PG receptors are expressed.
3.3 Pharmacology of NSAIDs and Analgesic Drugs
The main pharmacology of NSAIDs is to inhibit COX activity and subsequent PG production, thereby exerting anti-inflammatory and pain relief properties (Mitchell and Warner 1999). The unique mechanisms of COX inhibition and drug preference to specific COX isozyme are dependent on the drug classes. Classical NSAIDs developed prior to 1995 have ability to inhibit both isozymes, but in general bind more tightly to COX1 (Laneuville et al., 1994). The inhibition of COX by aspirin is due to irreversible acetylation of the active site on the enzyme, leaving the peroxidase site unaffected (Vane et al., 1998). Other NSAIDs, such as ibuprofen or indomethacin, can produce either reversible or irreversible inhibition by competition with AA for the active site of the enzyme. More modern NSAIDs were developed to target specifically COX2 by taking advantage of a hydrophobic side pocket in its main channel, which is inaccessible in COX1 due to steric hindrance of the presence of an isoleucine rather than a valine at position 523 (DeWitt 1999; Marnett et al., 1999). The main concerns of non-selective COX inhibitors is due to their ability to also target COX1, which is highly expressed in the stomach and intestine (Smith et al., 2000).
Acetaminophen, for example, has a greater selectivity for COX2 than for COX1, and share many properties of COX2 selective inhibitors such as minimal gastric side effects (Hinz et al., 2008). However, in contrast to other NSAIDs, COX inhibition by acetaminophen is dependent on levels of cellular peroxides, and only at low cellular peroxide levels does acetaminophen inhibit the production of PGs. In contrast, selective COX2 inhibitors like celecoxib are effective anti-inflammatory agents in diseases like rheumatoid arthritis where peroxide levels are high as they are not peroxide dependent (Ouellet and Percival 2001; Graham et al., 2013).
As little is currently known about the contribution of perinatal exposure of pharmacological COX inhibitors to later life testicular disorders, this review will aim to take a deep dive into the involvement of the eicosanoid system in the regulation of fetal and neonatal germ cell development, as well as its role in overall testicular homeostasis. We will provide an overview of the eicosanoid biosynthetic pathway, explore its expression and function in developing and healthy mammalian testes, and evaluate the impact of NSAID and analgesics exposure on cells and processes related to male reproductive development and function. The current body of knowledge on the role of COXs and PGs in male reproductive systems, in conjunction with the toxicities reported with exposure of pharmacological COX inhibitors during early male reproductive development will be discussed in detail. These rodent and epidemiological studies will be corroborated by findings in non-rodent models for a comprehensive report of the state of the field, and to add to our understanding of long-term effects of NSAID and analgesic drug administration to infants.
4 EICOSANOID SYSTEM IN MALE REPRODUCTIVE DEVELOPMENT
4.1 Expression and Role of Cyclooxygenases
While it is well established that the eicosanoid cascade plays a large role in the female reproductive system, particularly in labor and childbirth, less is known about the involvement of this pathway in the male reproductive system. Early efforts to establish roles of COX enzymes in male fertility using knockout mouse models determined that male fertility was not affected in COX1 or COX2 null mice, whereas COX2 null female mice were infertile (Lim et al., 1997). Thus, it was presumed early on that PGs do not play a role in male reproduction, and there was little interest in evaluating this further. More recently, however, interest in the involvement of the eicosanoid pathway in male reproduction peaked again and studies started to contradict or refine this conclusion. In 2003, Hase et al. found that while there was no expression of COX1 and COX2 in normal human testes, these enzymes were highly expressed in men with testicular cancer. Upon investigation of COX inhibitors on human testicular cancer cell lines (NEC-8), they found weak inhibition of cell viability with both COX1 and COX2 selective inhibitors, suggesting a role in of COX enzymes in promoting growth of testicular cancer cells (Hase et al., 2003). Another study reported expression of COX2 in interstitial cells in human testes biopsies of infertile male patients with Sertoli-cell-only syndrome (SCO-Syndrome) and patients with germ arrest (GA) syndrome (Frungieri et al., 2002). In 2010, Matzkin et al. reported that a reason for the upregulation of COX enzymes in infertile patients may be in response to action of proinflammatory cytokine IL-1. They also reported higher levels of PGD2 and PGF2a in the testes of these men (Matzkin et al., 2010). It appears that pathological human testes and those with altered morphology are ones that express COX enzymes and can produce PGs, suggesting a role of COX enzymes in the pathogenesis of testicular diseases.
The dysregulation of COX enzyme expression in pathological conditions can suggest that these enzymes may have roles in maintaining the normal functioning of the testes, and therefore efforts have been made to determine baseline levels of expression of COX enzymes in different cell types of the organ. In 2007, COX1 and COX2 mRNA was detected in both normal and LPS conditions of rat testes in somatic cells (Leydig and Sertoli cells) and testicular macrophages, as well as measurable amounts of PGE2 (Winnall et al., 2007). They reported that COX2 expression was greater than that of COX1 and treatment with a COX2 specific inhibitor, NS398, suppressed testicular PGE2 production that was not observed with a COX1 specific inhibitor. Detectable COX2 expression was also reported in Leydig cells in the human (Frungieri MB 2007) and the Syrian hamster (Matzkin et al., 2009). COX2 expression and PGs production were reported in hamster and rat Sertoli cells where its regulation by FSH and testosterone is proposed to play a role in glucose uptake and spermatogenic efficiency (Matzkin et al., 2012; Frungieri et al., 2015). COX1 is expressed in human testicular peritubular cells (HTPCs), which were also found to secrete PGE2 and express EP receptors (Rey-Ares, Rossi et al., 2018). Moreover, our lab recently reported the presence of COX enzymes and detectable levels of PGs in neonatal rat gonocytes (Manku et al., 2020) and in mouse and rat spermatogonia (Tran-Guzman et al., 2022). Detectable baseline levels of expression of COX enzymes and PGs in several models support a maintenance role of the eicosanoid system in male reproduction, however the exact mechanism behind this role remains elusive.
Several roles of COX enzymes have been considered to explain the positive correlation between COX expression and/or function with pathological testicular conditions. Reports have suggested COX involvement with steroid biosynthesis or feedback induction when spermatogenesis is impaired (Wang et al., 2003). More recently, Kubota et al. examined the potential role of COX2 in the pathogenesis of testicular cryptorchidism. In an experimental cryptorchidism mouse model, COX2 expression was induced in cryptorchid testes with 4-fold greater mRNA expression compared to controls, whereas COX1 expression remained unchanged (Kubota et al., 2011). Disturbance of the arrangement of cells in the seminiferous tubules suggested that spermatogenesis was disrupted by experimental cryptorchidism, leading to the proposition that COX2 may play a role in protecting germ cells against injury, a proposal which has yet to be confirmed by other studies. However, we cannot disregard the involvement of other processes contributing to the pathogenesis of cryptorchidism that may be targeted by COX inhibitors. The leading hypothesis is that COX inhibitors can act as endocrine disruptors and interfere with steroidogenesis, which will be elaborated in Section 4. Furthermore, the exposure of these drugs during the critical male programming window (GD15.5–18.5 in rats, GW8-14 in humans) may be involved in diminishing normal androgen production. Insulin like 3 (INSL3) expression in human fetal Leydig cells was also shown to be downregulated by ibuprofen, thereby interfering with testicular descent (Jensen et al., 2010; Kristensen et al., 2011; Maamar et al., 2017; Sharpe 2020).
Though not directly involved with the testes, it is worth briefly mentioning that neuro-morphological and neurochemical differentiation involved in characteristic male sexual behavior involve interactions between the eicosanoid pathway and steroid hormones and can be targets for NSAIDs and analgesic drugs as well. For example, induction of dendritic spines in the first few days of postnatal life in rats involves an estrogen-dependent increase in COX2 and PGE2, which maintains the density responsible for the masculinization of the male rat brain (Amateau and McCarthy 2004; Schwarz and McCarthy 2008). While the analgesic effect of acetaminophen is due to its ability to inhibit COX activity in the brain, it has been recently shown that its metabolite, p-aminophenol, can also cross the blood-brain-barrier and act on vanilloid and cannabinoid receptors. Therefore, it is quite possible that NSAIDs and analgesic drugs can adversely impact male reproductive development outside the testes (Ohashi et al., 2017; Ohashi and Kohno 2020).
Overall, there have been few studies on the role of COX enzymes in spermatogenesis. Nonetheless, the accumulation of evidence to support involvement of COX enzymes in the pathogenesis of testicular disease would suggest a role of the eicosanoid pathway that is significant to proper male reproductive development but the mechanism behind their involvement is relatively still unknown. Recent efforts have turned towards understanding potential effects induced by prostanoid end products due to their well-characterized roles as vital chemical messengers within the body and their involvement in inflammatory responses, the female reproduction, and embryonic development.
4.2 Expression of PG Synthases and Prostanoid Receptors in the Testis
Whereas studies would suggest a protective role of COX enzymes against testicular insult, reports on whether PGs have been beneficial to the testes have been controversial in the past. Some groups have determined that exogenous PGs can be harmful to the testes (Cenedella 1975; Ellis 1977), but others have found that PGs are important mediators involved in inflammatory processes behind testicular damage (Prasad et al., 1974). Since the 70s, efforts to better understand the function of the eicosanoid pathway in maintaining testicular homeostasis have been focused on understanding how different PGs signal on a cellular basis. So next, we will explore the expression of PGs in various cell types in the testes, and then dive deeper in the known roles of specific PGs in testicular development as outlined in Table 1.
TABLE 1 | Summary of the current knowledge on the role of prostaglandins in male reproduction. Expression of prostaglandins (PGs), PG synthases and receptors in the male reproductive system in mammalian species are provided with brief summaries on their roles.
[image: Table 1]4.2.1 Prostaglandin Synthases
Out of the several major PG synthases, PGDS has been one of the most characterized in the testis. PGDS was discovered in the mouse testis in the 1990s expressed in Leydig cells and in the epithelial cells of the epididymis (Hoffmann et al., 1996). This finding was corroborated by several studies reporting the presence of L-PGDS in the Sertoli cells during stages VI-VIII of the spermatogenic cycle, and in the interstitial cells of the mouse testes (Gerena et al., 2000), as well as measurable levels of PGD2 produced in juvenile mouse Sertoli cell line SC5 (Kugathas et al., 2016). When tracing L-PGDS expression during early murine reproductive development, Baker and O’Shaughnessy found L-PGDS localized in the tubules during fetal and postnatal testes. The synthase begins to be expressed between GD11.5–12.5 in the male genital ridge, and expression decreases after birth and upregulates approximately 10-fold between PND30-40, and in the adult, L-PGDS is found in Leydig cells (Baker and O Shaughnessy 2001; Adams and McLaren 2002). In the rat, both H- and L-PGDS were found to be expressed in the epididymis, and in Sertoli and germ cells, where they are involved in sperm maturation (Gerashchenko et al., 1998; Sorrentino et al., 1998). Like in the mouse, PGDS in the rat increases in expression from birth to adulthood, with clear increases starting in prepubertal rats when the formation of the blood-testis-barrier takes place. The role of PGDS in the assembly and disassembly of cell-cell junctions between Sertoli and Sertoli/germ cells suggests that PGDS may mediate the transport of molecules involved in spermatogenesis (Samy et al., 2000). Thus, in the mouse and rat models, PGDS may play important roles in supporting spermatogenesis.
As for the other synthases, PGES and PGIS were reported to be expressed in a mouse Sertoli-like cell line (Malki et al., 2005), and detectable levels of PGI2, PGE2, and PGF2a were found in rat Sertoli cells, which would suggest functional synthases (Cooper and Carpenter 1987; Ishikawa and Morris 2006). PGE2 is produced in human peritubular cells (Rey-Ares et al., 2018), and PGF2a is produced in hamster Leydig cells (Frungieri et al., 2006; Matzkin et al., 2009), which would indicate expression of PGES and PGF2a in non-rodent models as well.
4.2.2 Prostaglandin Receptors
Expression of PG receptors have also been reported in several cell types in the male reproductive system. In the human, DP1 is expressed in a testicular cell line, NT2, suggesting that PGD2/DP1 may play a role in the suppression of carcinogenesis in the testis (Wu et al., 2012). DP2 is expressed in embryonic germ cells in mice (Moniot et al., 2014), and both DP1 and DP2 were expressed in fetal mouse Sertoli cells, as well as EP2 and EP4 (Malki et al., 2005). Rat epididymis express DP receptors (Gerashchenko et al., 1998), as well as other PG receptors: EP1-4, IP, and FP in Sertoli cells; EP, EP1-2, EP4 in Leydig cell progenitors; and EP1 and EP4 in adult Leydig cells (Walch et al., 2003; Ishikawa and Morris 2006). Hamster Leydig cells express DP and FP receptors (Frungieri et al., 2006; Schell et al., 2007). Human peritubular cells express EP1, EP2, and EP4 (Rey-Ares et al., 2018).
4.2.3 Roles of PGD2 and 15d-PGJ2
PGD2 has also been studied widely to decipher its role in the testis. A series of studies have attempted to uncover its role in Sertoli cell maturation through the regulation of Sox9 expression. In the human-derived NT2 Sertoli-like cell line, PGD2 was shown to be involved in Sox9 nuclear translocation during embryonic development (Malki et al., 2005). Later findings in mice uncovered the ability of PGD2 to activate Sox9 transcription in cells fated to the Sertoli cell lineage (Wilhelm et al., 2007). In L-PGDS−/− gonads of mice at GD11.5, Sox9 cellular localization was found to be altered, definitively confirming a significant role of PGD2 to regulate the differentiation of Sertoli cells during fetal development (Moniot et al., 2009).
As for mouse germ cells, PGD2 was found to be weakly expressed, but was still crucial in regulating germ cell differentiation (Moniot et al., 2009). Its production by mouse PGCs and gonocytes suggests PGD2 can be a factor released in response to a somatic masculinizing environment (Adams and McLaren 2002). In mechanistic studies utilizing mouse PGDS knockout models, Nanos2, which promotes fetal germ cell differentiation, was downregulated in a L/H-PGDS−/− embryonic model (Moniot et al., 2014). Moreover, a study following the development of a postnatally derived L-PGDS−/− mouse model showed that spermatogenesis was disrupted, consistent with the development of unilateral cryptorchidism in adult animals (Philibert et al., 2013).
In humans, PGDS is expressed in Leydig and peritubular cells and PGD2 levels have been detected. The PGDS/PGD2 system in human Leydig cells was hypothesized to play a role in retinoid-binding in regulation of spermatogenesis (Tokugawa et al., 1998). Expression of PGD2 in peritubular cells may be associated with greater infertility, as infertile patients were found to express changed levels of 15d-PGJ2 (metabolite of PGD2). 15d-PGJ2 is believed to be involved in altering the phenotype of human peritubular cells such that differentiation markers and contractability were affected (Schell et al., 2010; Kampfer et al., 2012). Thus, PGD2 may contribute to the generation of fibrosis that occurs in tubule walls of infertile patients.
4.2.4 Roles of PGE2 and PGF2a
Though not as widely characterized as PGD2, some groups have also attempted to decipher roles of PGE2 and PGF2a in male reproductive development. In the rat, Sertoli cells were able to synthesize PGE2 and PGF2a in response to IL-1b and Follicle Stimulating Hormone (FSH), and in response PGE2 and PGF2a were able to induce IL-1b in positive feedback loop (Cooper and Carpenter 1987; Ishikawa and Morris 2006). In hamsters, PGF2a was found to stimulate testosterone production in Leydig cells when induced by human chorionic gonadotropin (HCG) and Luteinizing hormone (LH) via a non-classical mechanism that involves the phosphorylation of ERK 1/2. PGF2a also has a inhibitory effect on StAR and 17b-HSD, perhaps acting as a brake on testicular steroidogenesis (Frungieri et al., 2006; Matzkin et al., 2009).
PGE2 is expressed in human testicular peritubular cells, and was shown to be able to elevate GDNF levels and increase mRNA levels of calponin, supporting a role in spermatogenesis and maintenance of the testicular interstitium (Rey-Ares et al., 2018).
4.3 Effects of NSAIDs and Analgesic Drugs on Male Reproductive Development
The accumulation of literature suggests that members of the eicosanoid system are widely expressed in several cell types of the male reproductive system and are involved in fundamental developmental processes such as regulating germ and somatic cell differentiation, spermatogenesis, testosterone production, and more. While the specific signaling mechanisms behind these effects are still being interrogated, there is ample evidence to propose that altering normal eicosanoid synthesis with COX modulatory drugs can result in disruptions in developmental processes. This next section will discuss reported effects of NSAID and analgesic drugs when administered during the dynamic reproductive maturation that takes place during perinatal periods and review the weight of evidence in support of reported immediate and long-term reproductive effects.
4.3.1 Effects of NSAIDs in Testis
Several studies have assessed the role of NSAIDs and analgesic drugs on the testis and their ability to induce characteristic reproductive birth defects. An early study conducted in mice found that aspirin (150 mg/kg) or indomethacin (1 mg/kg) inhibited the masculinization of male genitalia in GD18 embryos when exposed in utero from GD11-14. While administration of AA (25 or 100 mg/kg) was able to correct anti-masculinization effects such as hypospadias and shortening of the AGD, indomethacin (1 mg/kg) exposure completely blocked those protective effects when administered with AA and a positive control (Gupta and Goldman 1986). Other studies focusing on fetal exposure found similar effects. In utero exposure of acetaminophen (150, 250, 350 mg/kg/day) in rats from GD13 to GD21 resulted in significantly reduced AGD index (AGDi) in all dose groups, while aspirin (150, 200, 250 mg/kg/day) exposure resulted in growth retardation of the fetuses. Although there were no differences in AGD, trends towards decreases in testosterone production were observed with aspirin exposure (Kristensen et al., 2011). In a subsequent study also conducted in rats, acetaminophen at 350 mg/kg/day was dosed to dams from GD7 to GD19 and then again from PND14 to PN22. There were no differences in the AGDi in offspring, only a reduction of 1.6%, but the difference was not significant (Axelstad et al., 2014). This study contrasts with what was reported in Kristensen et al., 2011, but this difference may be attributed to the different ages of exposure, as trends towards reduction in AGDi was also observed by Alexstad et al. who reported a significant increase in the rate of retained nipples in the male offspring, suggesting an antiandrogenic activity of acetaminophen. This further highlights the importance of considering the age of exposure when assessing the risk of chemicals, due to potential differences in the reproductive susceptibility windows of the fetal versus pre-pubertal age groups.
While Gupta and Goldman saw effects of indomethacin in GD18 mice fetuses, fetal exposure to a similar dose of indomethacin (0.8 mg/kg) from GD15.5 to GD18.5 in rats resulted in very little adverse effects in the later stage fetuses or in offspring. Despite causing a significant decrease in testes weight at GD21.5, there were no alterations in testosterone levels or AGDi. The offspring did not exhibit hypospadias or cryptorchidisms and AGDi was not affected in puberty or adulthood. Interestingly, penile length was significantly decreased in the treatment group at PND25 (Dean et al., 2013). In a similar study evaluating long term effects of in utero exposure of ibuprofen, adult mice exposed to ibuprofen (5.6 mg/kg/day) from GD5-18 had no differences in sperm motility, viability, or response to hypoosmotic shock. There were also no differences in fertilization index or acrosomal integrity when compared to controls (Stutz and Munoz 2000).
Pre-pubertal exposure of rats (PND23 to PND43) to ibuprofen (2.4–14.3 mg/kg) compromised sperm parameters, the number of sperm, and daily sperm production. Daily sperm production was significantly decreased when rats were exposed to the highest dose of ibuprofen (14.3 mg/kg), but sperm transit time or morphology was not affected by the treatment. Furthermore, fertility was also reduced in highest dose group, including greater pre-implantation loss rates of the offspring (Barbosa et al., 2020).
Studies suggest that NSAIDs and analgesic drugs can affect testicular development in rodents. For example, several studies reported that early fetal exposure of pharmacological COX inhibitors induced an immediate reduction of AGDi in rodent models (Gupta and Goldman 1986; Kristensen et al., 2011). Other studies did not observe such an effect on the AGDi of rat offspring exposed in utero to these drugs, which may suggest an ability of the testes to recover by birth and subsequently, resume normal reproductive potential in puberty and adulthood (Dean et al., 2013; Axelstad et al., 2014). While fetal exposure of ibuprofen did not have long-term effects on sperm motility or viability (Stutz and Munoz 2000), pre-pubertal exposure did lead to decreased sperm production and fertility (Barbosa et al., 2020). However, no report has evaluated the immediate and long-term effects of neonatal exposure of NSAIDs, which is of interest to us due the significant plasticity of the testes during this stage of development.
4.3.2 Effects of NSAIDs on Fetal and Neonatal Germ Cells
As fetal and postnatal gonocytes support lifelong spermatogenesis, studies have evaluated effects of NSAIDs and analgesic drugs directly on germ cells, particularly to determine whether they affected viability or had the ability to affect immediate and long-term spermatogenesis. Intrauterine exposure of indomethacin (0.8 mg/kg) and acetaminophen (350 mg/kg) in rats induced decreased the expression of Oct4, a fetal germ cell differentiation marker at ages between GD15.5 and GD17.5 (Dean et al., 2016). In GD13.5 mouse gonadal sections, in utero exposure of COX inhibitors (30 mg/kg/day acetaminophen, 50 mg/kg/d aspirin, 15 mg/kg/d ibuprofen) from GD10-13.5 significantly reduced the percentage of S-phase proportion of germ cells and resulted in significantly lower proliferative index. Intergenerational effects of in utero exposure were also observed, with the first generation exhibiting decreased sperm counts (Rossitto et al., 2019).
In vitro studies found similar abilities of NSAID and analgesic drugs to reduce fetal germ cell number. First and second semester human fetal testis fragments either cultured in hanging drops or used as xenografts in mice were exposed for 7 days to acetaminophen or ibuprofen, at 10 μM in organ culture, or 10 and 20 mg/kg 3 times daily respectively in mouse xenografts. In both cases, acetaminophen and ibuprofen significantly decreased fetal gonocyte numbers and proliferation compared to controls. In the same study, treatment of the human embryonal carcinoma cell line NTera2 with 10 μM acetaminophen or ibuprofen reduced the expression of pluripotency markers Pou5f1 for both drugs, and Tfap2c with acetaminophen. Both drugs increased the expression of the epigenetic gene TET1, as well as the relative levels of epigenetic repressive regulator H3H27me3, while only acetaminophen significantly decreased the expression of DNMT3b (Hurtado-Gonzalez et al., 2018). Using a fetal testis explant gonad assay (FEGA) system, the expression of five germ cell markers were downregulated upon 48 h of ibuprofen exposure: Pouf51, Tfap2c, Lin28a, Alpp, and Kit. However, neither the morphology nor the density of germ cells were altered up to 72 h of 10–4 and 10–5 M treatment of ibuprofen (Maamar et al., 2017).
A study evaluating the in utero effect of the NSAID diclofenac, a derivative of phenyl acetic acid, at 0.2, 1, and 5 mg/kg/day, did not find alteration in the testes of rat offspring by histopathological analyses, nor in plasma testosterone concentrations (Ribeiro et al., 2020). However, treatment of adult rats with diclofenac sodium at 0.25, 0.50 and 1.0 mg/kg reduced total sperm count, total number of motile sperm, and sperm density in the epididymis. Upon histological testis examination, treatments with 0.50 and 1.0 mg/kg resulted in the complete arrest of spermatogenesis and shrinkage of the seminiferous tubules, whereas 0.25 mg/kg diclofenac sodium treatment primarily affected secondary spermatocytes and spermatids (Vyas et al., 2019).
In neonatal germ cells, the treatment of PND3 rat gonocytes with acetaminophen and ibuprofen at a high dose of 20 μg/ml (132 and 97 μM respectively), induced significant increases in proliferation, whereas ibuprofen at low (5 μg/ml; 24 μM) and high doses inhibited in a dose-dependent manner the RA-induced expression of Stra8, a gonocyte differentiation marker. Moreover, acetaminophen and ibuprofen high doses decreased Cox2 expression, alone or combined with RA (Manku et al., 2020).
Overall, findings indicate that pharmacological COX inhibition alter differently germ cell development depending on the age at which exposure occurs. When administered during fetal development, these drugs either decrease proliferative ability (Dean et al., 2013), directly reduce germ cell number (Hurtado-Gonzalez et al., 2018), or decrease the expression of germ cell markers (Maamar et al., 2017). In contrast, neonatal exposure to these drugs increases gonocyte proliferation and decrease the ability of these cells to differentiate (Manku et al., 2020), which could lead to subsequent delays on the formation of foundational spermatogonial stem cell pool and long-term spermatogenesis.
4.3.3 Effects of NSAIDs on Leydig Cells and Steroidogenesis
Most studies evaluating the effect of NSAIDs and analgesic drugs in early male reproductive development have focused on the ability of these drugs to target Leydig cells and alter androgen levels. The initial report that NSAIDs had the ability to target Leydig cells and affect hormone secretion was published 2003 when it was discovered that 1 μM indomethacin treatment significantly increased StAR protein levels in the mouse MA-10 Leydig cell line stimulated with 0.05 mM Bt2cAMP. This alteration was concomitant with an increase in progesterone production, though this was not observed with indomethacin treatment alone. Treatment with a COX2 specific inhibitor, NS398, also significantly increased StAR protein expression in addition to progesterone production in MA-10 cells stimulated with 0.05 mM Bt2cAMP, whereas no alterations were observed in StAR levels or steroid production when treated with a COX1 specific inhibitor (Wang et al., 2003).
4.3.3.1 Fetal Leydig Cells
In utero exposure of 350 mg/kg acetaminophen in rats starting at GD13.5 resulted in reduced AGDi in GD21.5 fetuses, and mRNA expression of key enzymes of the steroidogenic pathway (Cyp11a1, Cyp17a1) were significantly decreased, though there was no change in Leydig cell number or size (van Den Driesche et al., 2015). In a separate study, in utero exposure of rats to 10–60 mg/kg of ibuprofen from GD15 to PND21 was found to lower volumes of Leydig cell nuclei by PND90, with a concomitant decrease in testosterone levels in the highest dose group. LH and FSH levels were similar between groups, and no alterations in spermatogenesis or Sertoli cell dynamics were observed (da Silva Balin et al., 2020). When fetal rat testes at GD14.5 were exposed to acetaminophen (1 μM) or aspirin (1 and 10 μM) for 24–72 h ex vivo, 1 uM acetaminophen reduced testosterone production and dose dependent reductions were observed with aspirin as well, with a significant reduction at the 10 μM dose (Kristensen et al., 2011). This study was corroborated with doses up to 100 μM, showing similar effects. Indomethacin at 10 μM decreased fetal rat testosterone production, but no alterations in Insulin-like hormone 3 (INSL3) were observed (Kristensen et al., 2012). However, when pregnant mouse dams were gavaged with 50 or 150 mg/kg/day of acetaminophen, there were no abnormalities in the gonads of the male offspring when they examined germ cell markers, Leydig cell morphology, or spermatogenesis, despite finding a reduction in AGDi at 10 weeks old after in utero exposure of acetaminophen (Holm et al., 2015).
4.3.3.2 Juvenile and Peripubertal Leydig Cells
In rats exposed to ibuprofen during juvenile and peripubertal stages of development, 2.4 and 7.2 mg/kg/day doses resulted in reduced testosterone levels, while the 7.2 mg/kg/day dose presented increased FSH and altered LH levels. Furthermore, all treatment groups exhibited decreased Leydig cell number and significantly reduced Leydig cell volume in the 2.4 mg/kg/day treatment group (Barbosa et al., 2020). In human adult testis explants exposed to 10–4 M aspirin, 10–5 M indomethacin, and 10–5 M and 10–4 M acetaminophen, testosterone secretion was decreased, while INSL3 expression was reduced by both aspirin concentrations and 10–4 M indomethacin after 24 h, but the number of Leydig cells was increased by 10–4 M aspirin and 10–5 M indomethacin. In addition, no effects on gross morphology of the testes were observed (Albert et al., 2013). In a study of testes from young men xenografted in mice hosts, testosterone was inhibited by treating the host mice with ibuprofen at 10–4 M at 24 h, and 10–5 M at 48 h. Furthermore, ibuprofen inhibited all steroids from pregnenolone down to testosterone, which corresponded with decreases in gene expression involved in testicular steroidogenesis, except Cyp19a1 (Kristensen et al., 2018).
4.3.3.3 Studies From Human-Derived Models
Using the FEGA system, dose-dependent decreases in testosterone were observed in fetal human testis cultures after 24 h of exposure to 10–4 and 10–5 M ibuprofen, at GW 8 to 9, but not in younger or older fetal testes. Human fetal testis (GW 10-12) xenografted mice exposed for 48 h to ibuprofen presented decreased expression of steroidogenic genes Cyp11a1, Cyp17a1, and Hsd17b3, and decreased INSL3 levels after 72 h of exposure. However the treatments had no effect on testosterone production in these conditions (Maamar et al., 2017). These findings are in contrast to that of another study, in which three times daily of 20 mg/kg acetaminophen exposure in human fetal testes (GW 14-20) xenograft mice resulted in significantly reduced testosterone levels compared to vehicle-exposed mice (van Den Driesche et al., 2015). This was confirmed in a subsequent experiment in which 7-days ex vivo exposure of 350 mg/kg acetaminophen on human fetal explants reduced overall testosterone levels.
A study evaluating mixtures of ketoconazole, BPA, valproic acid, and theophylline found a dose-dependent pattern of declining testosterone levels in human fetal testes explants (GW10-12). However, despite alterations in testosterone levels there were no morphological signs of impairments or significant changes in cleaved caspase 3 expression (Gaudriault et al., 2017). The effects of several analgesic drugs (acetaminophen, aspirin, indomethacin, and ketoconazole at doses 10–4 to 10–7 M) on ex vivo human fetal testes (GW 7-12) organ cultures resulted in unique alterations. Ketoconazole treatment significantly decreased testosterone and INSL3 levels were significantly decreased, whereas indomethacin and aspirin stimulated testosterone levels. While no alteration in testosterone level was found with acetaminophen or its metabolite, decreases in INSL3 levels were observed (Mazaud-Guittot et al., 2013).
Human fetus explant studies suggest decreases in testosterone levels with exposure to NSAIDs and analgesic drugs, particularly acetaminophen, when dosed between GW10-20, seemingly when targeting the latter duration of masculinizing programming window in humans (GW8-14). However, the complexity lies when considering the impact of ages of fetuses, doses, exposure levels, and the type of NSAID or analgesic used in the study on steroidogenic effects. Thus, future studies aimed at evaluating a wide range of compounds at several ages groups are important in gaining an overall better picture of the effects of these drugs on steroidogenesis.
In an in vitro model of steroidogenic cells, the NCI-H295R human adrenocortical cell line, INSL3 levels were decreased with exposure to both doses of aspirin and 10–4 M indomethacin, but no effects were observed with ketoconazole or acetaminophen treatment on INSL3 production (Albert et al., 2013). Interestingly, in another study, exposure of acetaminophen to up 1,000 μM increased pregnenolone and decreased hormone levels downstream from progesterone. Treatment of dipyrone (100, 314, and 1,000 μM) on human derived H295R cells reduced concentrations of testosterone and was concomitant with an increase in progesterone and induction of CYP21 activity. However, intrauterine dipyrone (50, 100, or 200 mg/kg/day) did not result in testosterone reduction in contrast to DEHP at 750 mg/kg/day, which was used as a positive control (Passoni et al., 2018).
Overall, these studies strongly suggest that NSAIDs and analgesic drugs can target Leydig cells and alter their ability to regulate hormone levels, particularly testosterone, as reported in ex vivo (Kristensen et al., 2012; Albert et al., 2013; van Den Driesche et al., 2015; Gaudriault et al., 2017; Maamar et al., 2017), in utero (da Silva Balin et al., 2020), and in vitro (Passoni et al., 2018) studies. In support of these effects, several studies reported alterations of steroidogenic enzymes (Wang et al., 2003; van Den Driesche et al., 2015; Maamar et al., 2017; Kristensen et al., 2018; Passoni et al., 2018). There is ample evidence to support the conclusion that COX inhibitors can affect normal Leydig cell function and impact steroidogenesis. Despite the findings presented here, there is a gap in the understanding of the link between prostaglandins and steroidogenesis. Use of NSAIDs and analgesic drugs may only partially involve prostaglandin inhibition in the Leydig cell and thereby may be disrupting steroidogenesis through additional mechanisms such as by inhibiting steroidogenic enzymes or inducing oxidative stress (Kristensen et al., 2011; Kristensen et al., 2012; Dean et al., 2013; Kristensen et al., 2016; Bauer et al., 2021). Cell-type specific effects of these drugs on other testicular cell types must be considered as well, as the normal function of the testes relies on the coordinated efforts of all the cell types involved.
4.3.4 Effects of NSAIDs on Sertoli Cells
While there have been many reports on detrimental the effects of NSAID and analgesic drugs on the development of germ and Leydig cells, significantly less findings were reported on Sertoli cells. In utero exposure of either low (3.6 mg/kg/day), medium (9 mg/kg/day), or high (18 mg/kg/day) diclofenac sodium from GD15-21, rat pups at PND7 showed significant decreases in Sertoli cell at the medium and high drug doses. Interestingly, seminiferous tubules did not exhibit lumens, and the tubules consisted only of spermatogonia and Sertoli cells. Spermatogonia were also significantly reduced with the medium and high doses, with many cells exhibiting pycnotic nuclei and remnants of dead cells. However, no significant differences were observed in AGD or nipple retention (Arslan et al., 2016).
Ex vivo ibuprofen treatment of 10–5 and 10–4 M in human fetal testes (GW 8–12) explants dependently inhibited Anti-Müllerian hormone (AMH) levels. This is supported by decreases in gene expression of Amh and Sox9 with the 10–5 M ibuprofen dose at 24 and 48 h (Maamar et al., 2017). Aspirin treatment of human fetal testes (GW 7–12) cultures induced AMH production in Sertoli cells, whereas trends in increases were observed with acetaminophen and ibuprofen treatment, and ketoconazole inhibited AMH production. However, none of the treatments altered Sertoli or germ cell ratio (Mazaud-Guittot et al., 2013).
Despite some effects observed in rats with in-utero exposure of NSAID diclofenac sodium on Sertoli cell number and the morphology of the tubules, there were no alterations in Sertoli cell ratio observed in human testes explants. Other studies that evaluated effect of NSAIDs on the testes found no changes in Sertoli cell number (van Den Driesche et al., 2015; Maamar et al., 2017; Rossitto et al., 2019; da Silva Balin et al., 2020), despite some decreases in AMH protein and mRNA levels and Sox9 levels (Maamar et al., 2017; Kristensen et al., 2018). Therefore, further studies will need to be conducted on Sertoli cell models to gain a more complete understanding of the effect of NSAIDs and analgesic drugs on early male reproductive development.
4.3.5 Effects of NSAIDs on Testicular Macrophages
No studies on the effects of NSAIDs and analgesics drugs on testicular macrophages have been reported in the literature. However, it is well established that macrophages are targets of pharmaceutical COX inhibitors and these drugs have been found to affect TNFα release, nitric oxide production, and proliferation (Plant and Zeleznik 2014). In the testis, macrophages are intimately involved in cord formation, germ cell development, Leydig cell function, and the maintenance of testicular privilege (DeFalco et al., 2014; Plant and Zeleznik 2014; Meinhardt et al., 2018). Studies have reported that prostaglandins, in particular PGE2 and PGI2, can affect the polarization status of testicular macrophages, from M1 to M2 phenotypes. Their presence in testis, together with PGF2a and PGD2, and changes in testicular Cox2 levels in testis during inflammation suggest that exposure to acetaminophen or NSAIDs could alter testicular macrophages, suggesting a potential effect of these drugs on testicular macrophages functions (Meinhardt et al., 2018). Therefore, it is likely the immunomodulatory effects of NSAID and analgesic drugs can impact the abilities of testicular macrophages to carry out such functions related to maintaining testicular homeostasis, highlighting the need for more studies in human.
5 EPIDEMIOLOGICAL EVIDENCE
In support of experimental findings, epidemiological studies in humans have also reported adverse effects in early male reproductive development with exposure to NSAID and analgesic drugs. TDS conditions such as cryptorchidism, hypospadias, and reduced AGD were positively associated with maternal use of COX inhibitors at varying stages of pregnancy.
5.1 Cryptorchidism
A 2010 study evaluating infant sons of mothers that were using acetaminophen, ibuprofen, or acetylsalicylic acid during pregnancy found that drug use during the first and second trimesters were associated with increased cryptorchidism and orchiopexy, and exposure throughout all 3 trimesters were associated with increased risk as well. Use during a single trimester or during the male programming window at gestational week (GW)8–14 was only weakly associated with cryptorchidism in infants. Exposure to ibuprofen or acetylsalicylic acid alone was not associated with cryptorchidism, neither was exposure of to a combination of drugs. Interestingly, when drugs were used consistently for longer durations (5–8 weeks) or when they were used during and beyond the 4-weeks male programming window, this resulted in cryptorchidism in offspring (Jensen et al., 2010). This study is supported by a 2012 prospective cohort study which followed the growth of infants to early adulthood in the Netherlands. Mothers were asked to report their use of mild analgesics (NSAIDs, acetaminophen, painkillers like aspirin) during pregnancy at 12 gestational weeks, 20 gestational weeks, and 30 gestational weeks. Amongst the mothers with cryptorchid sons, 33.3% reported use of mild analgesics during pregnancy, and amongst those with sons with hypospadias, 31.8% reported use of mild analgesics. However, there were still 29.9% of women who report use of mild analgesics with healthy sons. The study did find that the use of mild analgesics during periconception was not associated with cryptorchidism or hypospadias, but that use between GW14-22 was associated with increased risk of cryptorchidism, even after adjusting for individual compound use. Use during GW20-32 was not associated with cryptorchism or hypospadias (Snijder et al., 2012). Lastly, a prospective birth cohort study conducted in Denmark found that mothers who use mild analgesics during pregnancy had a significant association with giving birth to a cryptorchid baby boy. This was significant for ibuprofen and acetylsalicylic acid and trended in the same direction but was not significant for acetaminophen. For mothers using multiple analgesics or using them for more than 2 weeks during pregnancy, the risk was even higher. The highest risk for cryptorchid babies was found in mothers who were using multiple compounds for more than 2 weeks (Kristensen et al., 2011). A study conducted between 2003 and 2006 assessed women who were exposed to analgesics (aspirin, acetaminophen, ibuprofen) within the first 2 trimesters of pregnancy or throughout the entire pregnancy. They reported a 4.6% frequency of undescended testes in offspring compared with 2.9% of unexposed offspring, as well as an odds ratio of 1.2 for women who used analgesics during the first two trimesters, which was similar to those who were exposed throughout the pregnancy (odds ratio = 1.5) (Philippat et al., 2011).
5.2 Hypospadias
Using data from the National Birth Defects Prevention Study (2007–2011), Interrante et al. evaluated associations between NSAID use and birth defects including hypospadias. They found that approximately 80% of women reported using analgesics during pregnancy, and among the COX inhibitor user group, acetaminophen and ibuprofen use during pregnancy was significantly associated with hypospadias, in addition to a variety of other birth defects including gastroschisis and spina bifida (Interrante et al., 2017). However, the ability of acetaminophen to cause hypospadias is somewhat controversial as another assessment of the Danish National Birth Cohort of mothers who had been exposed to acetaminophen use during the first trimester of pregnancy did not find any association between acetaminophen use and higher prevalence of congenital abnormalities (Rebordosa et al., 2008). However, a positive correlation between ibuprofen use and the development of hypospadias is supported by another study that evaluated the associations between maternal use of common medications and herbal remedies during periconceptual period and early pregnancy. The authors reported an association with analgesic use (aspirin, meperidine HCl, and ibuprofen), but only ibuprofen use was significantly associated with hypospadias, after adjusting for confounding factors in the population, such as maternal age, ethnicity, education, BMI, etc. (Lind et al., 2013).
5.3 Reduced AGD
In 2017, a prospective birth study was conducted in which pregnant women were asked about their medication use of acetaminophen and NSAIDs during GW10-27 and at GW28. Lind et al. found no association between acetaminophen and reduced AGD in boys 3 months after birth, but exposure to both acetaminophen and other NSAIDs was associated with a shorter AGD. There was no statistically significant association between acetaminophen use and reduced AGD in boys, but a strong tendency was observed when acetaminophen was used during the second trimester of pregnancy. Simultaneous exposure to multiple pain killers did result in a significant association. Interestingly, in mothers who reported analgesic use but did not specify when during pregnancy, analgesic use was positively associated with boys presenting a smaller penile widths compared to non-exposed boys (Lind et al., 2017). In a prospective cohort study conducted in the United Kingdom in 2016, mothers self-reported medication uses during pregnancy, and infants’ AGD, penile length, and testicular descent were assessed at 0, 3, 12, 18, and 24 months of age. Acetaminophen exposure during GW8-14 was associated with a reduced AGD, and this reduction is consistent with those measured at birth through 24 months of age. Penile length or testicular descent were not significantly associated with acetaminophen exposure during pregnancy, nor was there an association between maternal exposure and cryptorchidism in this study (Fisher et al., 2016).
5.4 Long-Term Male Reproductive Effects
While NSAID and analgesic exposure have been found to cause adverse effects in infants, studies are starting to evaluate long-term effects in pubertal youth and in adults. A study using data derived from the Danish National Birth Cohort evaluated the association between pre- and perinatal exposure of maternal use of acetaminophen and pubertal effects. While some associations between intrauterine exposure of greater than 12 weeks and a shift towards later Tanner pubic hair stages were observed, there were no strong associations with male pubertal development (Ernst et al., 2019). In adults, a prospective study of couple’s fecundity found that men with high urinary acetaminophen had an increased time to pregnancy (Smarr et al., 2016). Regular NSAID users also had lower serum testosterone (17% compared to non-users) and albumin levels compared to non-users, but had no difference in serum AMH, sex-hormone binding globulin, or inhibin B (Halpern et al., 2020). Another study correlating regular NSAID use of adult men throughout life and male reproductive parameters found no associations between drug use and semen quality or male reproductive hormones. Interestingly, in this study, use of NSAIDs was correlated with significantly higher levels of testosterone as well as use of combination drugs (acetaminophen, NSAIDs, and antihistamines) (Høyer et al., 2017).
6 NON-RODENT STUDIES
Non-rodent models have been studied to assess whether eicosanoid pathway genes are expressed and whether their responses to COX inhibitors are similar to that of humans. In the bull, PGDS activity was detected in bull seminal plasma, as well as the presence of PGD2. PGDS was also present in the luminal fluids collected from the testis and the epididymis. L-PGDS is believed to be involved in the rapid conversion of PGD2 to 15-d-PGJ2 in the bull, and likely functions as a carrier protein for transport across the blood-testis-barrier into the seminal plasma (Gerena et al., 1998).
Zebrafish models have many advantages for the study of developmental processes due to their low cost, small size, and similarity of developmental processes to mammalian models. In a study evaluating the characterization of the zebrafish and chicken homologues of mammalian L-PGDS, Grozzer et al. found that exon/intron junctions were conserved and that the enzyme bound lipophilic molecules like lipocalin gene family proteins (Fujimori et al., 2006). Zebrafish gonads at 42- and 90- days post fertilization (dpf) were found to express ptgs1 and two ptgs2 genes, ptgs2a and ptgs2b, and their expressions were higher in testes than ovaries. Pgds expression was higher in 90-dpf testes and pges expression was high in both 42- and 90-dpf ovaries. Testes produced higher PGE2 and PGD2 levels, and higher expression of PGE2 and PGD2 receptors as well. 20-dpf zebrafish exposed to 30 uM meloxicam for 6 days had increased expression of male-specific genes Sox9a and dmrt1a, while female specific genes were downregulated. Exposure of a PGD2 analog, BW-245C, induced expression of Sox9a after 24 and 48 h in testes explants and in juvenile zebrafish (Pradhan and Olsson 2014). Exposure of BW-245C at 70 dpf resulted in male-biased sex ratios, suggesting that PGD2 influences male sexual development, similar to what was reported in the mammalian studies (Malki et al., 2005; Wilhelm et al., 2005). Furthermore, it was discovered that expression of Pgds in the gonads is localized to Sertoli cells. Initiation of Pgds expression seems to be initiated between 1 and 2 dpf. Pges, on the other hand, was expressed both in male and female gonads (Jørgensen et al., 2010). When zebrafish embryos were exposed to 0.1, 1, 10 and 50 mg/L NSAIDs (acetylsalicylic acid, ketoprofen, indomethacin, naproxen, ibuprofen, nimesulide, celecoxib) from 0 to 6 dpf, genes from the PG pathway were downregulated following to exposure from all NSAIDs (ptgs1, ptgs2a, and ptgs2b), despite being Cox1 or Cox2 selective. Pges was not altered, but Pgds was upregulated for only the Cox-2 selective inhibitors (nimesulide and celecoxib). Ibuprofen and naproxen resulted in 22 and 18% increase in the male population, respectively, while Cox-2 selective inhibitors resulted in 31.6% and 26.6% increase in the male population (Bereketoglu et al., 2020). This is consistent with the 2014 study which found that meloxicam, another Cox2 selective inhibitor, was able to induce male-biased populations in zebrafish (Pradhan and Olsson 2014).
In a study conducted on another fish species, the juvenile rainbow trout, who were fed once a day with salicylate (100 mg/kg) incorporated into the feed, acute ACTH-mediated cortisol production was significantly inhibited, reflecting alteration of adrenal steroidogenesis. Gene expression of StAR and PBR, which are involved in cholesterol transport, were also downregulated in salicylate exposed fish. No significant difference was observed in 11b-hydroxylase and P450scc expression. Similar results were obtained from in vitro studies in cells exposed to ibuprofen and acetaminophen in addition to salicylate (Gravel and Vijayan 2006). Effect of AA on goldfish testes was evaluated in the presence and absence of hormonal stimulation, which caused a stimulation of testosterone production in both conditions of hormonal stimulation over the course of 20-h incubation. Incubation of indomethacin and ibuprofen resulted in reductions of AA-induced testosterone production, while PGE2, PGI2, and PGF2a caused an increase in testosterone production, whereas PGD2 had no effect (Wade et al., 1994). This work was corroborated with a later study that continued to investigate whether the steroidogenic activity of fatty acids was mediated through conversion to cyclooxygenase products. AA at 400 uM stimulated testosterone production, and this effect was blocked by indomethacin. Testis pieces were incubated with PGE1, PGE2, and PGE3, which all induced testosterone production. Studies in both the trout and goldfish suggest that the eicosanoid pathway can modulate steroidogenesis in fish testes (Wade et al., 1994).
In the chicken, cPGDS was found to be expressed in embryos starting on day 6.5 (stage 30) in the male genital ridge only. By day 8.5, both cPGDS and cSOX9 are co-expressed by Sertoli cells within the testicular cords. Some germ cells (cSOX9-) were found to also express cPGDS, similarly to what has been shown in mammalian studies. Expression of cPGDS increases in a linear fashion from day 6.0 to day 8.0 (Moniot et al., 2008). In male chicken gonadal explants, PGD2 was found to activate cSOX9 expression when visualized with in situ hybridization, similar to what was shown in the mouse and zebrafish (Malki et al., 2005; Wilhelm et al., 2005; Pradhan and Olsson 2014).
In insects, the Chironomus ripaius (harlequin fly) were treated with 0, 0.1, 1, 10 and 100 μg/L of ibuprofen for 24, 48, 72, and 96 h. Met, a receptor for Juvenile hormone (JH) which regulates of metamorphosis and reproductive processes, was downregulated by ibuprofen exposure, despite JH expression not being altered by the drug (Muñiz-González 2021).
Studies in non-rodent models have shown presence of eicosanoid pathway activity in species such as the bull, fish, chicken, and insects. In fish, the PGDS and PGD2 axis is important for sexual differentiation, even though PGE2 is the major prostanoid found in both the zebrafish and the rainbow trout. COX inhibitors are able to target the eicosanoid pathway in these models, and alter sex ratios (Pradhan and Olsson 2014; Bereketoglu et al., 2020) or hormone synthesis (Wade et al., 1994; Gravel and Vijayan 2006). The ability of NSAIDs to affect development processes have been observed with the chicken (Moniot et al., 2008) and the fly as well (Muñiz-González 2021). Overall, studies in non-rodent species have found similar results as what has been reported in rodent models, with the eicosanoid pathway having wide-ranging roles in reproductive development, steroidogenesis, and maturation of male gonads.
7 CONCLUSION
Overall, multiple studies suggest that the eicosanoid pathway is expressed throughout the testes and mechanistic studies have shown substantial PG involvement in processes of germ cell development and steroidogenesis, such that when PG synthesis is disrupted with pharmacological COX inhibitors, these processes are the ones primarily affected. What is currently known about the involvement of PGs in the regulation of testicular cell types from the embryonic stage of development to adulthood in various species is summarized in Figure 2. Laboratory-based studies reporting adverse effects such as cryptorchidism, hypospadias, and reduced AGD were corroborated by epidemiological studies of infants exposed to NSAIDs and analgesic drugs in utero. Similar findings were observed in non-rodent studies as well, which further supports a critical role of the eicosanoid pathway in early male reproductive development. However, more research is necessary to correlate these mechanistic findings to adverse reproductive disorders observed in epidemiological studies. These limitations may be due to a lack of innovative tools to measure direct effects of exposures in offspring (Liew and Ernst 2021) and the lack of studies conducted to evaluate exposures beyond the pregnancy and throughout development. Furthermore, these effects are particularly important to explore in premature babies and neonates, who are often long-term consumers of NSAIDs and analgesic drugs (Kristensen et al., 2016). Despite these limitations, sufficient evidence supports that the eicosanoid pathway is an important regulatory pathway involved in male reproductive development, and scientists are just beginning to unveil the immediate and long-term adverse effects that exposure to pharmacological COX inhibitors can have on the developing male reproductive system.
[image: Figure 2]FIGURE 2 | Schematic illustration of the production and roles of prostaglandins (PGs) in mammalian testis from development to adulthood. PGD2 induces mouse germ cell differentiation via Nanos2 and activates Sox9 produced by immature mouse Sertoli cells. PGE2 and PGF2a are produced by neonatal rat gonocytes and levels are inhibited by NSAIDs. PGE2 and PGI2 synthesized by mature Sertoli cells can activate FSH and Il1b in rats. In turn, Il1b can stimulate Sertoli cells to release more PGs. In hamsters, hCG- and LH-stimulated PGF2a has an inhibitory effect on StaR and 17b-HSD synthesis. In human PTMCs, PGE2 can elevate GDNF and Calponin levels. Abbreviations: PGC: Primordial Germ Cell, G: Gonocyte, LC: Leydig Cell, Fetal SC: Fetal Sertoli Cell, Immature SC: Immature Sertoli Cell, Mature SC: Mature Sertoli Cell, SPG: Spermatogonia, PTMC: Peritubular Myoid Cell. T: Testosterone. Dotted arrow: factors produced by specific cell types; (↑): positive effects; (T): negative effect.
DATA AVAILABILITY STATEMENT
The original contributions presented in the study are included in the article/Supplementary Materials, further inquiries can be directed to the corresponding author.
AUTHOR CONTRIBUTIONS
AT-G contribution includes the literature search, writing the manuscript, and preparing the table and figures. MC contribution is to participate to the design and concept of the review, literature search, and working with AT-G on the contents of the manuscript, table and figures, to generate the final review article.
FUNDING
This work was supported by funds from the University of Southern California School of Pharmacy to MC; and did not receive any grant from funding agencies.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors, and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
ACKNOWLEDGMENTS
The authors are thankful to the USC School of Pharmacy for its financial support.
REFERENCES
 Adams, I. R., and McLaren, A. (2002). Sexually Dimorphic Development of Mouse Primordial Germ Cells: Switching from Oogenesis to Spermatogenesis. Development 129, 1155. doi:10.1242/dev.129.5.1155
 Albert, O., Desdoits-Lethimonier, C., Lesné, L., Legrand, A., Guillé, F., Bensalah, K., et al. (2013). Paracetamol, Aspirin and Indomethacin Display Endocrine Disrupting Properties in the Adult Human Testis In Vitro. Hum. Reprod. 28 (7), 1890–1898. doi:10.1093/humrep/det112
 Amateau, S. K., and McCarthy, M. M. (2004). Induction of PGE2 by Estradiol Mediates Developmental Masculinization of Sex Behavior. Nat. Neurosci. 7 (6), 643–650. doi:10.1038/nn1254
 Andersson, A. M., Bay, K., Frederiksen, H., and Skakkebaek, N. (2016). Endocrine Disrupters: We Need Research, Biomonitoring and Action. Hoboken, NJ, USA: Wiley Online Library. 
 Arslan, H., Aktaş, A., Elibol, E., Esener, O., Türkmen, A., Yurt, K., et al. (2016). Effects of Prenatal Diclofenac Sodium Exposure on Newborn Testis: a Histomorphometric Study. Biotech. Histochem. 91 (4), 277–282. doi:10.3109/10520295.2016.1151551
 Axelstad, M., Christiansen, S., Boberg, J., Scholze, M., Jacobsen, P. R., Isling, L. K., et al. (2014). Mixtures of Endocrine-Disrupting Contaminants Induce Adverse Developmental Effects in Preweaning Rats. Reproduction 147 (4), 489–501. doi:10.1530/rep-13-0447
 Baker, P., and O'Shaughnessy, P. (2001). Expression of Prostaglandin D Synthetase during Development in the Mouse Testis. REPRODUCTION-CAMBRIDGE- 122 (4), 553–559. doi:10.1530/rep.0.1220553
 Balin, P. d. S., Jorge, B. C., Leite, A. R. R., Borges, C. S., Oba, E., Silva, E. J. R., et al. (2020). Maternal Exposure to Ibuprofen Can Affect the Programming of the Hypothalamus of the Male Offspring. Regul. Toxicol. Pharmacol. 111, 104576. doi:10.1016/j.yrtph.2020.104576
 Bandoli, G., Palmsten, K., and Chambers, C. (2020). Acetaminophen Use in Pregnancy: Examining Prevalence, Timing, and Indication of Use in a Prospective Birth Cohort. Paediatr. Perinat Epidemiol. 34 (3), 237–246. doi:10.1111/ppe.12595
 Barbosa, M. G., Jorge, B. C., Stein, J., Santos Ferreira, D. A., Barreto, A. C. D. S., Reis, A. C. C., et al. (2020). Pre-pubertal Exposure to Ibuprofen Impairs Sperm Parameters in Male Adult Rats and Compromises the Next Generation. J. Toxicol. Environ. Health A. 83 (15-16), 559–572. doi:10.1080/15287394.2020.1786483
 Bauer, A. Z., Swan, S. H., Kriebel, D., Liew, Z., Taylor, H. S., Bornehag, C.-G., et al. (2021). Paracetamol Use during Pregnancy - a Call for Precautionary Action. Nat. Rev. Endocrinol. 17 (12), 757–766. doi:10.1038/s41574-021-00553-7
 Ben Maamar, M., Lesné, L., Hennig, K., Desdoits-Lethimonier, C., Kilcoyne, K. R., Coiffec, I., et al. (2017). Ibuprofen Results in Alterations of Human Fetal Testis Development. Sci. Rep. 7 (1), 44184. doi:10.1038/srep44184
 Bereketoglu, C., Pradhan, A., and Olsson, P.-E. (2020). Nonsteroidal Anti-inflammatory Drugs (NSAIDs) Cause Male-Biased Sex Differentiation in Zebrafish. Aquat. Toxicol. 223, 105476. doi:10.1016/j.aquatox.2020.105476
 Berkowitz, G. S., and Lapinski, R. H. (1996). Risk Factors for Cryptorchidism: a Nested Case-Control Study. Paediatr. Perinat Epidemiol. 10 (1), 39–51. doi:10.1111/j.1365-3016.1996.tb00024.x
 Boisen, K., Kaleva, M., Main, K., Virtanen, H., Haavisto, A.-M., Schmidt, I., et al. (2004). Difference in Prevalence of Congenital Cryptorchidism in Infants between Two Nordic Countries. The Lancet 363 (9417), 1264–1269. doi:10.1016/s0140-6736(04)15998-9
 Bornehag, C.-G., Carlstedt, F., Jönsson, B. A., Lindh, C. H., Jensen, T. K., Bodin, A., et al. (2015). Prenatal Phthalate Exposures and Anogenital Distance in Swedish Boys. Environ. Health Perspect. 123 (1), 101–107. doi:10.1289/ehp.1408163
 Briggs, G. G., Freeman, R. K., and Yaffe, S. J. (2012). Drugs in Pregnancy and Lactation: A Reference Guide to Fetal and Neonatal Risk. Philadelphia, Pennsylvania, USA: Lippincott Williams & Wilkins. 
 Cenedella, R. J. (1975). Prostaglandins and Male Reproductive Physiology. Adv. Sex. Horm. Res. 1, 325–358.
 Chakraborty, I., Das, S. K., Wang, J., and Dey, S. K. (1996). Developmental Expression of the Cyclo-Oxygenase-1 and Cyclo-Oxygenase-2 Genes in the Peri-Implantation Mouse Uterus and Their Differential Regulation by the Blastocyst and Ovarian Steroids. J. Mol. Endocrinol. 16, 107–122. doi:10.1677/jme.0.0160107
 Chen, H., Mruk, D., Xiao, X., and Cheng, C. Y. (2017). “Human Spermatogenesis and its Regulation,” in Male Hypogonadism (Berlin, Germany: Springer), 49–72. doi:10.1007/978-3-319-53298-1_3
 Cirino, G. (1998). Multiple Controls in Inflammation. Biochem. Pharmacol. 55 (2), 105–111. doi:10.1016/s0006-2952(97)00215-3
 Cooper, D. R., and Carpenter, M. P. (1987). Sertoli-cell Prostaglandin Synthesis. Effects of (Follitropin) Differentiation and Dietary Vitamin E. Biochem. J. 241 (3), 847–855. doi:10.1042/bj2410847
 Culty, M. (2009). Gonocytes, the Forgotten Cells of the Germ Cell Lineage. Birth Defect Res. C 87 (1), 1–26. doi:10.1002/bdrc.20142
 Dean, A., Van Den Driesche, S., Wang, Y., McKinnell, C., Macpherson, S., Eddie, S. L., et al. (2016). Analgesic Exposure in Pregnant Rats Affects Fetal Germ Cell Development with Inter-generational Reproductive Consequences. Sci. Rep. 6 (1), 19789. doi:10.1038/srep19789
 Dean, A., Mungall, W., McKinnell, C., and Sharpe, R. M. (2013). Prostaglandins, Masculinization and its Disorders: Effects of Fetal Exposure of the Rat to the Cyclooxygenase Inhibitor- Indomethacin. Plos one 8 (5), e62556. doi:10.1371/journal.pone.0062556
 DeFalco, T., Bhattacharya, I., Williams, A. V., Sams, D. M., and Capel, B. (2014). Yolk-sac-derived Macrophages Regulate Fetal Testis Vascularization and Morphogenesis. Proc. Natl. Acad. Sci. 111 (23), E2384–E2393. doi:10.1073/pnas.1400057111
 DeWitt, D. L. (1999). Cox-2-selective Inhibitors: the New Super Aspirins. Mol. Pharmacol. 55 (4), 625–631.
 Ellis, L. C., and Hargrove, J. L. (1977). “Prostaglandins,” in The Testis ed . Editors A. D. Johnson, W. R. Gomes, and N. L. Van Demark, 289–313. doi:10.1016/b978-0-12-386604-2.50014-4
 Ernst, A., Brix, N., Lauridsen, L. L. B., Olsen, J., Parner, E. T., Liew, Z., et al. (2019). Acetaminophen (Paracetamol) Exposure during Pregnancy and Pubertal Development in Boys and Girls from a Nationwide Puberty Cohort. Am. J. Epidemiol. 188 (1), 34–46. doi:10.1093/aje/kwy193
 FDA (2020). FDA Recommends Avoiding Use of NSAIDs in Pregnancy at 20 Weeks or Later Because They Can Result in Low Amniotic Fluid. Silver Spring, Maryland, USA: U. F. a. D. Administration. 
 Fisher, B. G., Thankamony, A., Hughes, I. A., Ong, K. K., Dunger, D. B., and Acerini, C. L. (2016). Prenatal Paracetamol Exposure Is Associated with Shorter Anogenital Distance in Male Infants. Hum. Reprod. 31 (11), 2642–2650. doi:10.1093/humrep/dew196
 Foster, P. M. D. (2006). Disruption of Reproductive Development in Male Rat Offspring Following In Utero Exposure to Phthalate Esters. Int. J. Androl. 29 (1), 140–147. doi:10.1111/j.1365-2605.2005.00563.x
 Frungieri Mb, M. M., Gonzalez-Calvar, S. I., Mayerhofer, A., and Calandra, R. S. (2007). “Stimulatory Effect of Interleukin 1β (IL1β) on Testicular Cyclooxygenase 2 (COX2) Expression: Possible Relevance to Male Fertility,” in Abstracts of the 89th Annual Meeting of the Endocrine Society, 730. 
 Frungieri, M. B., Calandra, R. S., Mayerhofer, A., and Matzkin, M. E. (2015). Cyclooxygenase and Prostaglandins in Somatic Cell Populations of the Testis. Reproduction 149 (4), R169–R180. doi:10.1530/rep-14-0392
 Frungieri, M. B., Gonzalez Calvar, S. I., Parborell, M. F. A., Albrecht, M., Mayerhofer, A., and Calandra, R. S. (2006). Cyclooxygenase-2 (COX-2) and Prostaglandin F2a (PGF2a) in Syrian Hamster Leydig Cells: Inhibitory Role on LH/hCG-stimulated Testosterone Production. Endocrinology 147, 4476. doi:10.1210/en.2006-0090
 Frungieri, M. B., Gonzalez-Calvar, S. I., Parborell, F., Albrecht, M., Mayerhofer, A., and Calandra, R. S. (2006). Cyclooxygenase-2 and Prostaglandin F2α in Syrian Hamster Leydig Cells: Inhibitory Role on Luteinizing Hormone/Human Chorionic Gonadotropin-Stimulated Testosterone Production. Endocrinology 147 (9), 4476–4485. doi:10.1210/en.2006-0090
 Frungieri, M. B., Weidinger, S., Meineke, V., Kohn, F. M., and Mayerhofer, A. (2002). Proliferative Action of Mast-Cell Tryptase Is Mediated by PAR2, COX2, Prostaglandins, and PPAR : Possible Relevance to Human Fibrotic Disorders. Proc. Natl. Acad. Sci. 99 (23), 15072–15077. doi:10.1073/pnas.232422999
 Fujimori, K., Inui, T., Uodome, N., Kadoyama, K., Aritake, K., and Urade, Y. (2006). Zebrafish and Chicken Lipocalin-type Prostaglandin D Synthase Homologues: Conservation of Mammalian Gene Structure and Binding Ability for Lipophilic Molecules, and Difference in Expression Profile and Enzyme Activity. Gene 375, 14–25. doi:10.1016/j.gene.2006.01.037
 Gaskell, T. L., Esnal, A., Robinson, L. L. L., Anderson, R. A., and Saunders, P. T. K. (2004). Immunohistochemical Profiling of Germ Cells within the Human Fetal Testis: Identification of Three Subpopulations. Biol. Reprod. 71 (6), 2012–2021. doi:10.1095/biolreprod.104.028381
 Gaudriault, P., Mazaud-Guittot, S., Lavoué, V., Coiffec, I., Lesné, L., Dejucq-Rainsford, N., et al. (2017). Endocrine Disruption in Human Fetal Testis Explants by Individual and Combined Exposures to Selected Pharmaceuticals, Pesticides, and Environmental Pollutants. Environ. Health Perspect. 125 (8), 087004. doi:10.1289/ehp1014
 Gerashchenko, D., Beuckmann, C. T., Kanaoka, Y., Eguchi, N., Gordon, W. C., Urade, Y., et al. (1998). Dominant Expression of Rat Prostanoid DP Receptor mRNA in Leptomeninges, Inner Segments of Photoreceptor Cells, Iris Epithelium, and Ciliary Processes. J. Neurochem. 71 (3), 937–945. doi:10.1046/j.1471-4159.1998.71030937.x
 Gerena, R. L., Eguchi, N., Urade, Y., and Killian, G. J. (2000). Stage and Region-specific Localization of Lipocalin-type Prostaglandin D Synthase in the Adult Murine Testis and Epididymis. J. Androl. 21 (6), 848–854. 
 Gerena, R. L., Irikura, D., Urade, Y., Eguchi, N., Chapman, D. A., and Killian, G. J. (1998). Identification of a Fertility-Associated Protein in Bull Seminal Plasma as Lipocalin-type Prostaglandin D Synthase1. Biol. Reprod. 58 (3), 826–833. doi:10.1095/biolreprod58.3.826
 Graham, G. G., Davies, M. J., Day, R. O., Mohamudally, A., and Scott, K. F. (2013). The Modern Pharmacology of Paracetamol: Therapeutic Actions, Mechanism of Action, Metabolism, Toxicity and Recent Pharmacological Findings. Inflammopharmacol 21 (3), 201–232. doi:10.1007/s10787-013-0172-x
 Gravel, A., and Vijayan, M. M. (2006). Salicylate Disrupts Interrenal Steroidogenesis and Brain Glucocorticoid Receptor Expression in Rainbow trout. Toxicol. Sci. 93 (1), 41–49. doi:10.1093/toxsci/kfj166
 Griswold, M. D. (2016). Spermatogenesis: The Commitment to Meiosis. Physiol. Rev. 96 (1), 1–17. doi:10.1152/physrev.00013.2015
 Gu, X., Li, S. Y., and DeFalco, T. (2021). Immune and Vascular Contributions to Organogenesis of the Testis and Ovary. FEBS J. doi:10.1111/febs.15848
 Guan, K., Nayernia, K., Maier, L. S., Wagner, S., Dressel, R., Lee, J. H., et al. (2006). Pluripotency of Spermatogonial Stem Cells from Adult Mouse Testis. Nature 440 (7088), 1199–1203. doi:10.1038/nature04697
 Gupta, C., and Goldman, A. S. (1986). The Arachidonic Acid cascade Is Involved in the Masculinizing Action of Testosterone on Embryonic External Genitalia in Mice. Proc. Natl. Acad. Sci. 83 (12), 4346–4349. doi:10.1073/pnas.83.12.4346
 Guzick, D. S., Overstreet, J. W., Factor-Litvak, P., Brazil, C. K., Nakajima, S. T., Coutifaris, C., et al. (2001). Sperm Morphology, Motility, and Concentration in fertile and Infertile Men. N. Engl. J. Med. 345 (19), 1388–1393. doi:10.1056/nejmoa003005
 Habert, R., Lejeune, H., and Saez, J. M. (2001). Origin, Differentiation and Regulation of Fetal and Adult Leydig Cells. Mol. Cel Endocrinol 179 (1-2), 47–74. doi:10.1016/s0303-7207(01)00461-0
 Halpern, J. A., Fantus, R. J., Chang, C., Keeter, M. K., Helfand, B., Bennett, N. E., et al. (2020). Effects of Nonsteroidal Anti-inflammatory Drug (NSAID) Use upon Male Gonadal Function: A National, Population-Based Study. Andrologia 52 (4), e13542. doi:10.1111/and.13542
 Hase, T., Yoshimura, R., Matsuyama, M., Kawahito, Y., Wada, S., Tsuchida, K., et al. (2003). Cyclooxygenase-1 and -2 in Human Testicular Tumours. Eur. J. Cancer 39 (14), 2043–2049. doi:10.1016/s0959-8049(03)00485-4
 Hinz, B., Cheremina, O., and Brune, K. (2008). Acetaminophen (Paracetamol) Is a Selective Cyclooxygenase‐2 Inhibitor in Man. FASEB j. 22 (2), 383–390. doi:10.1096/fj.07-8506com
 Hoffmann, A., Bächner, D., Betat, N., Lauber, J., and Gross, G. (1996). Developmental Expression of Murine β-trace in Embryos and Adult Animals Suggests a Function in Maturation and Maintenance of Blood-Tissue Barriers. Dev. Dyn. 207 (3), 332–343. doi:10.1002/(sici)1097-0177(199611)207:3<332::aid-aja10>3.0.co;2-6
 Holm, J. B., Chalmey, C., Modick, H., Jensen, L. S., Dierkes, G., Weiss, T., et al. (2015). Aniline Is Rapidly Converted into Paracetamol Impairing Male Reproductive Development. Toxicol. Sci. 148 (1), 288–298. doi:10.1093/toxsci/kfv179
 Høyer, B., Ramlau-Hansen, C., Bonde, J., Larsen, S., and Toft, G. (2017). Use of Non-prescription Analgesics and Male Reproductive Function. Reprod. Toxicol. 74, 70–76.
 Hurtado-Gonzalez, P., Anderson, R. A., Macdonald, J., van den Driesche, S., Kilcoyne, K., Jørgensen, A., et al. (2018). Effects of Exposure to Acetaminophen and Ibuprofen on Fetal Germ Cell Development in Both Sexes in Rodent and Human Using Multiple Experimental Systems. Environ. Health Perspect. 126 (4), 047006. doi:10.1289/ehp2307
 Hutson, J. C. (1990). Changes in the Concentration and Size of Testicular Macrophages during Development. Biol. Reprod. 43 (5), 885–890. doi:10.1095/biolreprod43.5.885
 Hutson, J. C. (1992). Development of Cytoplasmic Digitations between Leydig Cells and Testicular Macrophages of the Rat. Cell Tissue Res 267 (2), 385–389. doi:10.1007/bf00302977
 Interrante, J. D., Ailes, E. C., Lind, J. N., Anderka, M., Feldkamp, M. L., Werler, M. M., et al. (2017). Risk Comparison for Prenatal Use of Analgesics and Selected Birth Defects, National Birth Defects Prevention Study 1997-2011. Ann. Epidemiol. 27 (10), 645–653. e642. doi:10.1016/j.annepidem.2017.09.003
 Ishikawa, T., and Morris, P. L. (2006). A Multistep Kinase-Based Sertoli Cell Autocrine-Amplifying Loop Regulates Prostaglandins, Their Receptors, and Cytokines. Endocrinology 147 (4), 1706–1716. doi:10.1210/en.2005-1576
 Izadyar, F., Pau, F., Marh, J., Slepko, N., Wang, T., Gonzalez, R., et al. (2008). Generation of Multipotent Cell Lines from a Distinct Population of Male Germ Line Stem Cells. Reproduction 135 (6), 771–784. doi:10.1530/rep-07-0479
 Jensen, M. S., Rebordosa, C., Thulstrup, A. M., Toft, G., Sørensen, H. T., Bonde, J. P., et al. (2010). Maternal Use of Acetaminophen, Ibuprofen, and Acetylsalicylic Acid during Pregnancy and Risk of Cryptorchidism. Epidemiology 21, 779–785. doi:10.1097/ede.0b013e3181f20bed
 Jones, S., Boisvert, A., Francois, S., Zhang, L., and Culty, M. (2015). In Utero exposure to Di-(2-ethylhexyl) Phthalate Induces Testicular Effects in Neonatal Rats that Are Antagonized by Genistein Cotreatment. Biol. Reprod. 93 (4), 92. doi:10.1095/biolreprod.115.129098
 Jørgensen, A., Nielsen, J. E., Nielsen, B. F., Morthorst, J. E., Bjerregaard, P., and Leffers, H. (2010). Expression of Prostaglandin Synthases (Pgds and Pges) during Zebrafish Gonadal Differentiation. Comp. Biochem. Physiol. A: Mol. Integr. Physiol. 157 (1), 102–108.
 Kampfer, C., Spillner, S., Spinnler, K., Schwarzer, J. U., Terradas, C., Ponzio, R., et al. (2012). Evidence for an Adaptation in ROS Scavenging Systems in Human Testicular Peritubular Cells from Infertility Patients. Int. J. Androl. 35 (6), 793–801. doi:10.1111/j.1365-2605.2012.01281.x
 Kanatsu-Shinohara, M., Inoue, K., Lee, J., Yoshimoto, M., Ogonuki, N., Miki, H., et al. (2004). Generation of Pluripotent Stem Cells from Neonatal Mouse Testis. Cell 119 (7), 1001–1012. doi:10.1016/j.cell.2004.11.011
 Krebs Ribeiro, D. C., Passoni, M. T., Meldola, H., Curi, T. Z., da Silva, G. N., Tolouei, S. E. L., et al. (2020). Prenatal Diclofenac Exposure Delays Pubertal Development and Induces Behavioral Changes in Rats. Reprod. Toxicol. 96, 380–389. doi:10.1016/j.reprotox.2020.08.001
 Kristensen, D. M., Desdoits-Lethimonier, C., Mackey, A. L., Dalgaard, M. D., De Masi, F., Munkbøl, C. H., et al. (2018). Ibuprofen Alters Human Testicular Physiology to Produce a State of Compensated Hypogonadism. Proc. Natl. Acad. Sci. USA 115 (4), E715–E724. doi:10.1073/pnas.1715035115
 Kristensen, D. M., Hass, U., Lesné, L., Lottrup, G., Jacobsen, P. R., Desdoits-Lethimonier, C., et al. (2011). Intrauterine Exposure to Mild Analgesics Is a Risk Factor for Development of Male Reproductive Disorders in Human and Rat. Hum. Reprod. 26 (1), 235–244. doi:10.1093/humrep/deq323
 Kristensen, D. M., Lesné, L., Le Fol, V., Desdoits-Lethimonier, C., Dejucq-Rainsford, N., Leffers, H., et al. (2012). Paracetamol (Acetaminophen), Aspirin (Acetylsalicylic Acid) and Indomethacin Are Anti-androgenic in the Rat Foetal Testis. Int. J. Androl. 35 (3), 377–384. doi:10.1111/j.1365-2605.2012.01282.x
 Kristensen, D. M., Mazaud-Guittot, S., Gaudriault, P., Lesné, L., Serrano, T., Main, K. M., et al. (2016). Analgesic Use - Prevalence, Biomonitoring and Endocrine and Reproductive Effects. Nat. Rev. Endocrinol. 12 (7), 381–393. doi:10.1038/nrendo.2016.55
 Kubota, H., Sasaki, S., Kubota, Y., Umemoto, Y., Yanai, Y., Tozawa, K., et al. (2011). Cyclooxygenase-2 Protects Germ Cells against Spermatogenesis Disturbance in Experimental Cryptorchidism Model Mice. J. Androl. 32 (1), 77–85. doi:10.2164/jandrol.109.008888
 Kugathas, S., Audouze, K., Ermler, S., Orton, F., Rosivatz, E., Scholze, M., et al. (2016). Effects of Common Pesticides on Prostaglandin D2 (PGD2) Inhibition in SC5 Mouse Sertoli Cells, Evidence of Binding at the COX-2 Active Site, and Implications for Endocrine Disruption. Environ. Health Perspect. 124 (4), 452–459. doi:10.1289/ehp.1409544
 Laneuville, O., Breuer, D. K., Dewitt, D. L., Hla, T., Funk, C. D., and Smith, W. L. (1994). Differential Inhibition of Human Prostaglandin Endoperoxide H Synthases-1 and -2 by Nonsteroidal Anti-inflammatory Drugs. J. Pharmacol. Exp. Ther. 271 (2), 927–934. 
 Langenbach, R., Morham, S. G., Tiano, H. F., Loftin, C. D., Ghanayem, B. I., Chulada, P. C., et al. (1995). Prostaglandin Synthase 1 Gene Disruption in Mice Reduces Arachidonic Acid-Induced Inflammation and Indomethacin-Induced Gastric Ulceration. Cell 83 (3), 483–492. doi:10.1016/0092-8674(95)90126-4
 Levine, H., Jørgensen, N., Martino-Andrade, A., Mendiola, J., Weksler-Derri, D., Mindlis, I., et al. (2017). Temporal Trends in Sperm Count: a Systematic Review and Meta-Regression Analysis. Hum. Reprod. Update 23 (6), 646–659. doi:10.1093/humupd/dmx022
 Li, H., MacLean, G., Cameron, D., Clagett-Dame, M., and Petkovich, M. (2009). Cyp26b1 Expression in Murine Sertoli Cells Is Required to Maintain Male Germ Cells in an Undifferentiated State during Embryogenesis. PLoS One 4 (10), e7501. doi:10.1371/journal.pone.0007501
 Li, L., Zirkin, B. R., and Papadopoulos, V. (2018). Leydig Cell Androgen Synthesis. Encyclopedia Reprod. 1, 215–221. doi:10.1016/b978-0-12-801238-3.64583-x
 Liew, Z., and Ernst, A. (2021). Intrauterine Exposure to Acetaminophen and Adverse Developmental Outcomes: Epidemiological Findings and Methodological Issues. Curr. Environ. Health Rep. 2021, 1–11. doi:10.1007/s40572-020-00301-5
 Lim, H., Paria, B. C., Das, S. K., Dinchuk, J. E., Langenbach, R., Trzaskos, J. M., et al. (1997). Multiple Female Reproductive Failures in Cyclooxygenase 2-Deficient Mice. Cell 91 (2), 197–208. doi:10.1016/s0092-8674(00)80402-x
 Lind, D. V., Main, K. M., Kyhl, H. B., Kristensen, D. M., Toppari, J., Andersen, H. R., et al. (2017). Maternal Use of Mild Analgesics during Pregnancy Associated with Reduced Anogenital Distance in Sons: a Cohort Study of 1027 Mother-Child Pairs. Hum. Reprod. 32 (1), 223–231. doi:10.1093/humrep/dew285
 Lind, J. N., Tinker, S. C., Broussard, C. S., Reefhuis, J., Carmichael, S. L., Honein, M. A., et al. (2013). Maternal Medication and Herbal Use and Risk for Hypospadias: Data from the National Birth Defects Prevention Study, 1997-2007. Pharmacoepidemiol. Drug Saf. 22 (7), 783–793. doi:10.1002/pds.3448
 Malki, S., Nef, S., Notarnicola, C., Thevenet, L., Gasca, S., Méjean, C., et al. (2005). Prostaglandin D2 Induces Nuclear Import of the Sex-Determining Factor SOX9 via its cAMP-PKA Phosphorylation. Embo J. 24 (10), 1798–1809. doi:10.1038/sj.emboj.7600660
 Manku, G., and Culty, M. (2015). Mammalian Gonocyte and Spermatogonia Differentiation: Recent Advances and Remaining Challenges. Reproduction 149 (3), R139–R157. doi:10.1530/rep-14-0431
 Manku, G., Papadopoulos, P., Boisvert, A., and Culty, M. (2020). Cyclooxygenase 2 (COX2) Expression and Prostaglandin Synthesis in Neonatal Rat Testicular Germ Cells: Effects of Acetaminophen and Ibuprofen. Andrologia 8 (3), 691–705. doi:10.1111/andr.12727
 Marnett, L. J., Rowlinson, S. W., Goodwin, D. C., Kalgutkar, A. S., and Lanzo, C. A. (1999). Arachidonic Acid Oxygenation by COX-1 and COX-2. J. Biol. Chem. 274 (33), 22903–22906. doi:10.1074/jbc.274.33.22903
 Matzkin, M. E., Gonzalez Calvar, S. I., Mayerhofer, A., Calandra, R. S., and Frungieri, M. B. (2009). Testosterone Induction of Prostaglandin-Endoperoxide Synthase 2 Expression and Prostaglandin F (2alpha) Production in Hamster Leydig CellsReproduction 138, 163. doi:10.1530/REP-09-0023
 Matzkin, M. E., Mayerhofer, A., Rossi, S. P., Gonzalez, B., Gonzalez, C. R., Gonzalez-Calvar, S. I., et al. (2010). Cyclooxygenase-2 in Testes of Infertile Men: Evidence for the Induction of Prostaglandin Synthesis by Interleukin-1β. Fertil. sterility 94 (5), 1933–1936. doi:10.1016/j.fertnstert.2010.01.039
 Matzkin, M. E., Pellizzari, E. H., Rossi, S. P., Calandra, R. S., Cigorraga, S. B., and Frungieri, M. B. (2012). Exploring the Cyclooxygenase 2 (COX2)/15d-Δ12,14pgj2 System in Hamster Sertoli Cells: Regulation by FSH/testosterone and Relevance to Glucose Uptake. Gen. Comp. Endocrinol. 179 (2), 254–264. doi:10.1016/j.ygcen.2012.08.020
 Mazaud-Guittot, S., Nicolaz, C. N., Desdoits-Lethimonier, C., Coiffec, I., Maamar, M. B., Balaguer, P., et al. (2013). Paracetamol, Aspirin, and Indomethacin Induce Endocrine Disturbances in the Human Fetal Testis Capable of Interfering with Testicular Descent. J. Clin. Endocrinol. Metab. 98 (11), E1757–E1767. doi:10.1210/jc.2013-2531
 Mehta, A., Nangia, A. K., Dupree, J. M., and Smith, J. F. (2016). Limitations and Barriers in Access to Care for Male Factor Infertility. Fertil. sterility 105 (5), 1128–1137. doi:10.1016/j.fertnstert.2016.03.023
 Meinhardt, A., Wang, M., Schulz, C., and Bhushan, S. (2018). Microenvironmental Signals Govern the Cellular Identity of Testicular Macrophages. J. Leukoc. Biol. 104 (4), 757–766. doi:10.1002/jlb.3mr0318-086rr
 Mitchell, J. A., and Warner, T. D. (1999). Cyclo-oxygenase-2: Pharmacology, Physiology, Biochemistry and Relevance to NSAID Therapy. Br. J. Pharmacol. 128 (6), 1121–1132. doi:10.1038/sj.bjp.0702897
 Moniot, B., Boizet-Bonhoure, B., and Poulat, F. (2008). Male Specific Expression of Lipocalin-type Prostaglandin D Synthase (cPTGDS) during Chicken Gonadal Differentiation: Relationship with cSOX9. Sex. Dev. 2 (2), 96–103. doi:10.1159/000129694
 Moniot, B., Declosmenil, F., Barrionuevo, F., Scherer, G., Aritake, K., Malki, S., et al. (2009). The PGD2 Pathway, Independently of FGF9, Amplifies SOX9 Activity in Sertoli Cells during Male Sexual Differentiation. Development 136, 1813–1821. doi:10.1242/dev.032631
 Moniot, B., Ujjan, S., Champagne, J., Hirai, H., Aritake, K., Nagata, K., et al. (2014). Prostaglandin D2 Acts through the Dp2 Receptor to Influence Male Germ Cell Differentiation in the Foetal Mouse Testis. Development 141 (18), 3561–3571. doi:10.1242/dev.103408
 Muñiz-González, A.-B. (2021). Ibuprofen as an Emerging Pollutant on Non-target Aquatic Invertebrates: Effects on Chironomus Riparius. Environ. Toxicol. Pharmacol. 81, 103537.
 Murakami, M., and Kudo, I. (2004). Recent Advances in Molecular Biology and Physiology of the Prostaglandin E2-Biosynthetic Pathway. Prog. lipid Res. 43 (1), 3–35. doi:10.1016/s0163-7827(03)00037-7
 O'Brien, W. F. (1995). The Role of Prostaglandins in Labor and Delivery. Clin. Perinatol 22 (4), 973–984.
 Ohashi, N., and Kohno, T. (2020). Analgesic Effect of Acetaminophen: a Review of Known and Novel Mechanisms of Action. Front. Pharmacol. 11, 1916. doi:10.3389/fphar.2020.580289
 Ohashi, N., Uta, D., Sasaki, M., Ohashi, M., Kamiya, Y., and Kohno, T. (2017). Acetaminophen Metabolite N-Acylphenolamine Induces Analgesia via Transient Receptor Potential Vanilloid 1 Receptors Expressed on the Primary Afferent Terminals of C-Fibers in the Spinal Dorsal Horn. Anesthesiology 127 (2), 355–371. doi:10.1097/aln.0000000000001700
 O’Shaughnessy, P. J., Baker, P. J., Heikkila, M., Vainio, S., and McMahon, A. P. (2000). Localization of 17β-Hydroxysteroid Dehydrogenase/17-Ketosteroid Reductase Isoform Expression in the Developing Mouse Testis—Androstenedione Is the Major Androgen Secreted by Fetal/neonatal Leydig Cells. Endocrinology 141 (7), 2631–2637.
 O’shaughnessy, P. J., Baker, P., Sohnius, U., Haavisto, A. M., Charlton, H. M., and Huhtaniemi, I. (1998). Fetal Development of Leydig Cell Activity in the Mouse Is Independent of Pituitary Gonadotroph Function. Endocrinology 139 (3), 1141–1146.
 Ouellet, M., and Percival, M. D. (2001). Mechanism of Acetaminophen Inhibition of Cyclooxygenase Isoforms. Arch. Biochem. Biophys. 387 (2), 273–280. doi:10.1006/abbi.2000.2232
 Passoni, M. T., Kristensen, M. N., Morais, R. N., Woitkowiak, C., Boareto, A. C., da Silva Amaral, B. A., et al. (2018). Assessment of the Analgesic Dipyrone as a Possible (Anti)androgenic Endocrine Disruptor. Toxicol. Lett. 285, 139–147. doi:10.1016/j.toxlet.2017.12.021
 Philibert, P., Boizet-Bonhoure, B., Bashamboo, A., Paris, F., Aritake, K., Urade, Y., et al. (2013). Unilateral Cryptorchidism in Mice Mutant forPtgds. Hum. Mutat. 34 (2), 278–282. doi:10.1002/humu.22231
 Philippat, C., Giorgis-Allemand, L., Chevrier, C., Cordier, S., Jégou, B., Charles, M.-A., et al. (2011). Analgesics during Pregnancy and Undescended Testis. Epidemiology 22 (5), 747–749. doi:10.1097/ede.0b013e318225bf33
 Pierce, K. L., and Regan, J. W. (1998). Prostanoid Receptor Heterogeneity through Alternative mRNA Splicing. Life Sci. 62 (17-18), 1479–1483. doi:10.1016/s0024-3205(98)00093-9
 Piprek, R. P. (2016). Molecular Mechanisms of Cell Differentiation in Gonad Development. Berlin, Germany: Springer. 
 Plant, T. M., and Zeleznik, A. J. (2014). Knobil and Neill's Physiology of Reproduction. Cambridge, MA, USA: Academic Press. 
 Pradhan, A., and Olsson, P. E. (2014). Juvenile Ovary to Testis Transition in Zebrafish Involves Inhibition of Ptges. Biol. Reprod. 9133 (2), 33–15. doi:10.1095/biolreprod.114.119016
 Prasad, M., Rajalakshmi, M., Gupta, G., Dinakar, N., Arora, R., and Karkun, T. (1974). “Epididymal Environment and Maturation of Spermatozoa,” in Male Fertility and Sterility , 459–478. 
 Rajpert‐de Meyts, E., and Hoei‐Hansen, C. E. (2007). From Gonocytes to Testicular Cancer: the Role of Impaired Gonadal Development. Ann. N Y Acad. Sci. 1120 (1), 168–180.
 Rebordosa, C., Kogevinas, M., Horváth-Puhó, E., Nørgård, B., Morales, M., Czeizel, A. E., et al. (2008). Acetaminophen Use during Pregnancy: Effects on Risk for Congenital Abnormalities. Am. J. Obstet. Gynecol. 198 (2), 178. e171-7. doi:10.1016/j.ajog.2007.08.040
 Rey-Ares, V., Rossi, S. P., Dietrich, K.-G., Köhn, F.-M., Schwarzer, J. U., Welter, H., et al. (2018). Prostaglandin E2 (PGE2) Is a Testicular Peritubular Cell-Derived Factor Involved in Human Testicular Homeostasis. Mol. Cell. Endocrinol. 473, 217–224. doi:10.1016/j.mce.2018.01.022
 Rossitto, M., Marchive, C., Pruvost, A., Sellem, E., Ghettas, A., Badiou, S., et al. (2019). Intergenerational Effects on Mouse Sperm Quality after In Utero Exposure to Acetaminophen and Ibuprofen. FASEB j. 33 (1), 339–357. doi:10.1096/fj.201800488rrr
 Samy, E. T., Li, J. C. H., Grima, J., Lee, W. M., Silvestrini, B., and Cheng, C. Y. (2000). Sertoli Cell Prostaglandin D2 Synthetase Is a Multifunctional Molecule: Its Expression and Regulation1. Endocrinology 141 (2), 710–721. doi:10.1210/endo.141.2.7329
 Sararols, P., Stévant, I., Neirijnck, Y., Rebourcet, D., Darbey, A., Curley, M. K., et al. (2021). Specific Transcriptomic Signatures and Dual Regulation of Steroidogenesis between Fetal and Adult Mouse Leydig Cells. Front. Cel Dev. Biol. 9, 695546. doi:10.3389/fcell.2021.695546
 Sathyanarayana, S., Beard, L., Zhou, C., and Grady, R. (2010). Measurement and Correlates of Ano-Genital Distance in Healthy, Newborn Infants. Int. J. Androl. 33 (2), 317–323. doi:10.1111/j.1365-2605.2009.01044.x
 Sawdy, R., Slater, D., Fisk, N., Edmonds, D. K., and Bennett, P. (1997). Use of a Cyclo-Oxygenase Type-2-Selective Non-steroidal Anti-inflammatory Agent to Prevent Preterm Delivery. The Lancet 350 (9073), 265–266. doi:10.1016/s0140-6736(05)62229-5
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TDS testicular dysgenesis syndrome
17β-HSD 17β-hydroxysteroid dehydrogenase
AA arachidonic acid
ACTH adrenocorticotropic hormone
AGD anogenital distance
AGDi anogenital distance index
AMH anti-müllerian hormone
BPA bisphenol A
COX cyclooxygenase
DPF days post fertilization
EDCs endocrine disrupting compound
FEGA fetal gonad assay
FSH follicle stimulating hormone
GD gestational day
GPCR G-coupled protein receptor
GW gestational week
HCG human chorionic gonadotropin
HTPCs human testicular peritubular cells
IL interleukin
INSL3 insulin-like hormone 3
JH juvenile hormone
LH luteinizing hormone
LPS lipopolysaccharide
NSAID non-steroidal anti-inflammatory drug
PBR peripheral-type benzodiazepine receptor
PGCs primordial germ cells
PGDS/PTGDS prostaglandin D synthase
PGES prostaglandin E synthase
PGIS prostaglandin I synthase
PGs prostaglandins
PLA2 phospholipase A2
PND postnatal day
RA retinoic acid
SCOS sertoli-cell-only syndrome
SSC spermatogonial stem cell
StAR steroidogenic acute regulatory protein
TGCTs testicular germ cell tumors
TXA2 thromboxane
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Finding(s)

PIG1 enhances PGD2 production, further increasing
CAMP levels and SOX9 activation. RIG1-PGD2 might
play arole in testicular cancer cell suppression

Positive correlation between PGDS and PGD2 evels.
L-PGDS found in Leydig cells; may play a role as
retinoid-binding protein to maintain
spermatogenesis

L-PGDS "~ XY gonads showed abnormal SOX9
cellular localization pattern at GD11.5. SOX9
activates and maintains L-Pgds transcription. PGD2
involved in maintaining Sox9 expression during
Sertoli cell differentiation. PGD2 is weakly expressed
in germ cells

DP expression in interstitial cell clusters. L-PGDS is
expressed and PDG2 is secreted by hamster Leydig
cells. H-PGDS s expressed in mast cels

PGD2 acts through DP2 and is involved in germ cell
differentiation. Nanos2 downregulated in L-PGDS-/
- testes

Spermatogonia apoptosis in L-PGDS~/- mice. 24%
of L-PGDS~/- mice presented phenotype of
uniateral cryptorchicism

PGDS is expressed in a similar dynamic spatio-
temporal expression patter in developing mouse
gonads. Activating effect of PGD2 on Sox9
transcription

PGDS is expressed at GD11.5 and GD12.5 in male
genital ridge. PGD2 produced in response to
somatic masculinizing environment

Expression of prostanoid receptors (DP1/2, EP2/4),
and PGES, PGIS, and L-PGDS was found in
GD10.5, 11.5, and 12.5 Sertoli cells and Sertoli-like
NT2 cells. PGDS/PGD2 pathway induces Sox9
nuclear translocation in Sertoli cells

PGD2 produced in SCS cells. Compounds inhibiting
COX activity reduced PGD2 synthesis levels
measured by ELISA

16-dPGJ2 influences expression of differentiation
markers and contractabilty of peritubular cells, and is
involved in the generation of fibrosis that occurs in
tubule walls of infertile patients

150-PGJ2 s detected ininfertie patients andacts via
reactive oxygen species to alter the phenotype of
peritubular cells

L-PGDS was expressed in Sertoli cells at stages Vi-
VIl of spermatogenic cycle (iate spermatids) of the
seminiferous epithelium

Inadult testis, L-PGDS is confined to Leydig cells. In
neonatal testis, it is within seminiferous tubules.
Expression decreases after birth and increases upto
10-fold between postnatal days 30-40

L-PGDS (as B-tr) is expressed specifically in the
interstitial space of the testis and in epithelia of the
epididymis

PGDS is highest in the epididymis and is
predominantly accumulated and expressed in the
caput epididymis, liely being involved in sperm
maturation

DP is weakly expressed in the epididymis. H-PGDS
and L-PGDS is expressed weakly in the epididymis

PGDS increases significantly at puberty onset in
relation to cel junction assembly and disassembly. It
is likely acting as a carrier protein in Sertoli cells to
transport molecules important for spermatogenesis
(retinoic acid, retinal, T3)

PGE2 is expressed in human testicular peritubular
cells. EP3 was found in spermatogonia and was the
only EP not expressed in peritubular cells. PGE2
elevated GDNF levels by 2-fold after 3h, and
increased MRNA levels for calponin

1I-1B induces Sertoli cell PGE2 and PGF2a
production, PGs can induce IL-1b in dose- and time-
dependent but COX2 independent manner

Serto cels synthesize PGE2 and PGI2 and FSH
potentiates PG production and cAMP production.
PGF2a may regulate germ cell development

Rat Leydig progenitors express FP, EP1, EP2, and
EP4. EP1 and EP4 are expressed in adut Leydig
cells

Inhibitory effect of PGF2a on StAR and 17b-HSD
expression and hCG- and LH-induced testosterone
synthesis

Stimulatory effect of testosterone on PGF2a
production via non-classical mechanism involving
phosphorylation of ERK1/2. PGF2a may act as a
brake on testicular steroidogenesis
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