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Abstract

:

Simple Summary


Diseases passed from animals to humans are a big concern for public health, often making people sick or even causing death. These illnesses can also affect people’s ability to have children, especially in men. Yet, we don’t know much about how these diseases impact men’s ability to have kids. This review looks at common animal-related diseases from bacteria and how they might affect men’s fertility. Even though there’s not a lot of human research in this area, studies on animals suggest these diseases could harm men’s ability to have children by causing inflammation and messing up the body’s natural defenses, leading to harmful substances being produced. It’s important to do more research to understand how these diseases affect men’s fertility so we can find ways to prevent or treat them, which would help keep people healthy and able to have families.




Abstract


Bacterial zoonotic diseases hold significant public health importance due to their substantial contribution to human morbidity and mortality. These infections have been implicated in reducing the fertility rate among couples of reproductive age. Despite the increasing prevalence of infertility and sub-fertility in men, there has been limited investigation into the possible effects of bacterial zoonotic infections on the male reproductive system. The purpose of this review is to describe common bacterial zoonotic diseases and their effects on human reproduction in order to unveil the hidden roles these infections could play in male factor infertility. While there is a dearth of information on this subject from human studies, available evidence from experimental animals suggests that bacterial zoonotic diseases impair male reproductive functions and structures primarily through the activation of the inflammatory response and distortion of the antioxidant system, resulting in the generation of oxidative species. In light of the limited research on bacterial zoonotic diseases and their role in male reproduction, efforts must be directed towards the subject to unravel the underlying pathological mechanisms and reduce the incidence among the human populace, either through preventive or curative measures.
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1. Introduction


Infertility poses a significant reproductive health challenge affecting couples worldwide, with an estimated 10–15% of couples within the reproductive age (typically between 15 and 49 years) experiencing difficulties in conceiving [1]. The etiology of infertility is multifactorial, involving both male and female factors that contribute to the overall burden of this condition. Female factors include ovulatory disorders, fallopian tube abnormalities, and endometriosis, while male factors encompass abnormalities in the production, function, and transport of sperm cells.



Infections, including zoonotic diseases, are a noteworthy cause of male-factor infertility among couples of reproductive age [2]. Bacterial infection-induced tissue damage and inflammation may lead to male infertility by adversely affecting both spermatogenesis and the synthesis of testosterone [3]. Previous observations have highlighted that viral zoonotic diseases have the potential to cause significant disruptions in male reproductive function [4].



Zoonotic diseases present substantial public health risks responsible for over half of all human diseases [5,6]. Bacterial zoonotic diseases exhibit considerable diversity, yet studies estimating the burden of each disease in different regions of the world are inadequate. Due to the paucity of burden of disease estimates from various regions, it is usually described based on a global scale [7]. Globally, these diseases have been responsible for approximately 60–75% of recent disease outbreaks [8,9]. However, a systematic study addressing bacterial zoonosis in Africa reported prevalence rates of up to 40% for brucellosis, 24% for leptospirosis, and 28% for Q fever [8]. Notably, zoonotic diseases like Ebola, COVID-19, Lassa fever, Rift Valley fever, and anthrax have triggered significant outbreaks, impacting the lives of millions.



The transmission of diseases from animals to humans results from intricate interactions among animals, humans, and pathogens within shared environments. Several factors facilitate pathogen spread, including close interactions between animals and humans, intensive animal farming practices, consumption of contaminated food, bites from infected vectors, and the misuse of antibiotics, which is exacerbated by the development of antimicrobial resistance [10].



Bacterial zoonotic diseases exhibit considerable diversity, with multiple types of bacteria potentially being transmitted simultaneously. For instance, a bite from a dog or cat may result in the transmission of several bacteria, including Pasteurella, Campylobacter, Capnocytophaga, Bordetella bronchiseptica, and Staphylococcus intermedius, which constitute the oral and nasopharyngeal flora of these animals [11]. Exposure to various Gram-positive and Gram-negative bacteria increases the risk of morbidity and mortality, potentially causing damage to multiple organs in humans. In general, infections have been recognized as a possible contributing factor to male reproductive dysfunction and infertility, with Gram-negative and Gram-positive bacteria collectively responsible for approximately 15% of cases of male primary infertility [12].



It is worth noting that bacteria can inflict damage on the structure and function of sperm cells through processes such as DNA fragmentation [13], impairment of the acrosome reaction [14,15], and peroxidation of the cell membrane [16]. Bacteria such as Pasteurella multocida and Salmonella typhymurium induce detrimental effects indirectly by secreting toxins such as porins and lipopolysaccharides which induces inflammation and oxidative stress and consequently destroy sperm DNA through apoptosis [17], while others, such as mycoplasmas, directly attach to sperm cells causing hyperactivation and impaired acrosome reaction [18], subsequently triggering oxidative stress, inflammation, and apoptosis [19].



Due to human interactions with animals, there is potential for the transmission of bacteria from animals to humans, resulting in significant morbidity and posing a risk to male reproductive health. This review focuses specifically on examining certain bacterial zoonotic diseases with public health significance and the potential for transmission from animals to humans, exploring their effect on male reproductive function. To compile information for this review, an extensive literature search was conducted. Peer-reviewed articles from PubMed and Google Scholar were used as primary references, with a search timeframe extending up to December 2023. The search strategy involved using keywords related to male reproductive health, such as ‘spermatozoa’, ‘semen analysis’, ‘testes’, ‘male reproduction’, ‘male reproductive dysfunction’, and ‘testicular dysfunction’. These keywords were paired with terms for each of the selected bacterial zoonotic diseases. The included studies encompassed research on male reproductive function in both experimental animals and human subjects, along with relevant case reports. This comprehensive approach aims to provide a thorough understanding of the relationship between bacterial zoonotic diseases and male reproductive dysfunction.




2. Physiology of Male Reproductive System


The male reproductive function is a complex process that relies on the coordinated actions of various organs and systems within the body. The primary role of the male reproductive system is to accomplish several key functions, including androgen production, support for spermatogenesis, and facilitating the transport of spermatozoa into the female reproductive tract for fertilization [20]. This intricate process is regulated by a combination of endocrine hormones produced in the hypothalamus (Gonadotropin-releasing hormone) and anterior pituitary glands (Follicle-stimulating hormone (FSH), Luteinizing hormone (LH)), as well as locally within the testes (testosterone) and adrenal glands (testosterone in small amounts). These hormones play crucial roles in governing the processes of spermatogenesis and sperm transport, with testosterone and Follicle-Stimulating Hormone (FSH) working together to ensure optimal testicular growth and sperm production.



The testes, a vital organ of the male reproductive system, bear the responsibility for testosterone and sperm production. Three main types of functioning cells within the testes are Leydig cells, germ cells, and Sertoli cells. Germ cells, situated within the interior of the seminiferous tubules, undergo differentiation and multiple rounds of cell division to ultimately produce mature spermatozoa. Leydig cells, situated near the seminiferous tubules in the testicular interstitium, have the primary function of producing testosterone, influencing many tissues by attaching to intracellular receptors and regulating protein expression [21]. On the other hand, Sertoli cells, found on the outermost part of the seminiferous tubules, play an essential role in sperm production [22]. These cells establish the blood–testis barrier, containing the germinal cells within the seminiferous tubules and aiding in their growth [23]. Furthermore, Sertoli cells are linked together by tight connections and interact intimately with primitive spermatogonia [24], distinguished by their larger size and less visible nuclei compared to germ cells.



Years of research have uncovered many intricate methods by which spermatogonial stem cells convert into highly specialized, motile spermatozoa. While testosterone and FSH have long been known to influence spermatogenesis, a variety of paracrine factors, hormones, tightly controlled protein expression programs, non-coding RNA species, and epigenetic genome alterations work together to promote spermatogenesis [25].



Spermatogenesis occurs in cycles, with each cycle taking approximately two months to complete [26]. However, not all seminiferous tubules undergo spermatogenesis simultaneously. The initiation of spermatogenesis begins when diploid spermatogonia divide through mitosis, resulting in the formation of primary spermatocytes, which undergo meiosis I, and leading to the production of haploid spermatocytes. These haploid spermatocytes then undergo another process of meiosis to yield haploid spermatids [27].



In the seminiferous tubules, the initial stages of spermatocytes, often referred to as primitive spermatocytes, are primarily located around the periphery of the tubules [28]. As they progress toward the lumen of the tubules, they continue to mature. Spermatids undergo cytoplasmic reduction as part of their development, ultimately transforming into spermatozoa [29]. These spermatozoa, initially immotile, are discharged into the tubules and subsequently migrate to the epididymis, where they further mature [30].



It takes around twelve days for spermatozoa to develop and acquire motility inside the epididymis [19]. Following maturation, they are retained in the epididymis tail until ejaculation. The epididymis is connected to the vas deferens, serving as an outlet for the mature sperm to be discharged [31]. Mature spermatozoa typically exhibit a distinct structure consisting of three main parts: the head, mid-piece, and tail [32]. The head of the spermatozoa is typically capped with the acrosome, a structure filled with lysosomes [33]. Additionally, the head contains the sperm’s nucleus and only a small amount of cytoplasm. The flagellum or tail of the spermatozoa is responsible for propulsion and receives energy from the numerous mitochondria located in the midpiece [32].




3. Hypothalamic–Pituitary–Gonadal Axis in Male Reproductive Function Control


The hypothalamic–pituitary–gonadal axis plays a critical role in male sexual maturation, spermatogenesis, and the development of secondary sexual traits [26]. The hypothalamus stimulates the anterior pituitary gland by releasing Gonadotropin-Releasing Hormone (GnRH) into the hypothalamo–hypophyseal portal system [34]. GnRH is secreted in a pulsatile manner by the kisspeptin–neurokinin–dynorphin neuronal network in the hypothalamus [35]. In turn, GnRH acts on gonadotrophs in the anterior pituitary through a G protein receptor, causing the production of FSH and Luteinizing Hormone (LH) by increasing intracellular calcium levels through the activation of inositol 1, 4, 5-triphosphate (IP3) [19]. It is noteworthy that the secretion of GnRH is inhibited by hormones like testosterone, estrogen, estradiol, and prolactin.



FSH and LH interact with membrane receptors found in the Leydig and Sertoli cells. Both LH and FSH activate G protein receptors, resulting in an increase in cellular cAMP levels [36]. This activation stimulates Leydig cells to convert cholesterol into testosterone. LH specifically promotes the activity of desmolase, the enzyme responsible for converting cholesterol into pregnenolone, a precursor to other weaker androgens [37]. Subsequently, androstenedione is converted to testosterone through the action of the enzyme 17-beta-hydroxysteroid dehydrogenase [38].



The secretion of LH and FSH is reduced through a negative feedback action of testosterone on the hypothalamus and anterior pituitary [39]. Furthermore, testosterone affects Sertoli cells, found on the outermost layer of the testicular seminiferous tubules. FSH and testosterone stimulate Sertoli cells to produce androgen-binding protein (ABP), which is necessary for delivering testosterone to germ cells during sperm production [40]. FSH induces the release of inhibin B and Mullerian-inhibiting substance (MIS), thereby increasing sperm production [41]. Inhibin acts as a negative feedback mechanism through which Sertoli cells regulate the hypothalamic–pituitary system, resulting in a lower FSH secretion [40].



In the pre-pubertal stage, androgen and gonadotropin levels in the body remain low and constant [42]. However, during puberty, the hypothalamus releases GnRH in a pulsatile manner, occurring approximately every one to two hours [43]. This pulsatile release pattern helps maintain appropriate levels of FSH, LH, and plasma testosterone, collectively regulating each other to preserve hormonal balance. As men reach their third decade of life, testosterone levels tend to decline naturally [42].



While the majority of testosterone production in men occurs in the Leydig cells of the testes, the adrenal cortex also contributes to androgen production [44]. Similar to the hypothalamic–pituitary–gonadal axis, the adrenal glands are under the regulatory control of the hypothalamus and anterior pituitary, forming the hypothalamic–pituitary–adrenal axis. In this process, the hypothalamus releases corticotropin-releasing hormone (CRH), stimulating the anterior pituitary to secrete adrenocorticotropic hormone (ACTH). ACTH, in turn, triggers the enzyme desmolase to convert cholesterol into pregnenolone within the adrenal glands, a process analogous to testosterone synthesis in the testes [45]. Specifically, the zona reticularis of the adrenal cortex generates weak androgens like DHEA and androstenedione, which can be further converted to testosterone or estradiol in peripheral tissues [26].




4. Pathogenesis of Bacterial Zoonotic Diseases


Pathogenesis describes the events involving the transmission of pathogens from animals to humans, encompassing entry, replication, spread, and the establishment of infection in target organs of the human body [46]. It generally begins with exposure to pathogens, their spread and adherence to the portal of entry, subsequent spread and invasion of target organs, and multiplication in target organs with the concomitant action of host immune cells, ultimately culminating in the morbidity, and sometimes mortality, of the host (human) (Table 1).



Close contact between humans and infected animals, such as pets, livestock, and wildlife, can lead to the transmission of bacterial zoonotic diseases to people. Animal bites and scratches are the primary means through which zoonotic bacterial diseases spread from animals to humans [47]. Besides direct contact with animal saliva, blood, urine, and feces, especially by veterinarians, humans can also contract bacterial zoonotic diseases through contact with contaminated water or soil or by ingesting undercooked, unwashed, or unprocessed food products contaminated by infected animals. For instance, Campylobacter can be transmitted through ingesting raw milk and undercooked poultry [48].



After entry into the host, pathogens adhere, spread, and replicate within the host. The replication of a pathogen within the human host depends on various factors, including the presence of specific receptors in cells and organs, existing tissue damage, the host’s immune responses, and other defensive mechanisms [47]. Eventually, the infection could result in various outcomes, such as complete eradication by the host immune response, persistence of the pathogen in a dormant state facilitating transmission to another host, or a combination of these outcomes.



The virulence of bacterial zoonotic diseases is usually mediated by several factors determined by DNA strands in a chromosome, plasmids, bacteriophages, or some other units of the bacteria. Some bacteria adhere to the host’s epithelium with specialized structures called pili. Others invade human host cells by directly entering into the cell, some produce outer capsules to prevent them from being phagocytosed by host immune cells (such as pneumococcus), while others produce toxins (endotoxins and exotoxins). Additionally, some bacteria produce siderophores that scavenge host iron stores, affecting most nucleated cells [47].



The pathogenesis of bacterial zoonotic diseases is complex, involving multiple stages, from initial exposure to bacteria to the development of clinical symptoms. The table below outlines the general pathogenesis of bacterial zoonotic diseases (Table 1). Also, Figure 1 shows a schematic description of the pathogenesis of bacterial zoonotic diseases leading to death or recovery of infected human (Figure 1).





 





Table 1. Stages of pathogenesis of bacterial zoonotic diseases (own compilation based on [49,50]).
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	Stage
	Description





	Exposure
	Humans are exposed to the bacteria through direct contact with infected animals, consumption of contaminated food or water, or contact with contaminated soil or surfaces.



	Adherence
	The bacteria adhere to and colonize the host’s mucosal surfaces, such as the respiratory or gastrointestinal tract.



	Invasion
	The bacteria invade host cells or tissues, using a variety of mechanisms such as secretion of virulence factors, inducing host cell uptake, or direct penetration.



	Multiplication
	The bacteria multiply rapidly in host tissues, often leading to tissue damage and inflammation.



	Spread
	The bacteria may spread to other tissues or organs through the bloodstream or lymphatic system.



	Clinical symptoms
	The host develops clinical symptoms, which can range from mild to severe and may include fever, chills, diarrhea, respiratory symptoms, or systemic illness.








It is important to note that the specific pathogenesis can vary depending on the bacterial species involved and the mode of transmission. For instance, leptospires enter the body through mucous membranes or compromised skin, such as through cuts or abrasions, or exposure to water. After this, they spread quickly in the blood. Intact leptospiral cells and various leptospiral proteins adhere to host tissues and components. Many leptospiral proteins interact with multiple host components. Pathogenic leptospira can withstand phagocytosis by macrophages and neutrophils in the presence of specific antibodies. The major virulence characteristics of leptospires include receptor-mediated endocytosis, release of lipopolysaccharide (LPS), motility, and the ability to acquire iron in vivo [51]. Understanding the pathogenesis of bacterial zoonotic diseases is critical for developing effective prevention and control strategies.




5. Bacterial Zoonosis and Their Effect on Male Reproduction


The exposure of reproductive cells to infectious agents has been identified as a key factor contributing to male infertility or subfertility. Bacterial zoonoses, in particular, can exert various potential impacts on male reproductive function. For instance, certain bacterial infections like Brucella or Pasteurella have been observed to induce inflammation or damage to the testes and other reproductive organs, consequently leading to infertility or other reproductive health issues [52,53]. This review specifically concentrates on bacterial zoonotic diseases and their potential effects on male reproductive function, encompassing studies conducted on both humans and experimental animals.



5.1. Leptospirosis on Male Reproductive Function


Leptospirosis is a zoonotic disease primarily caused by the spirochetal bacteria known as Leptospira, exhibiting a global distribution and an increasing prevalence [54]. Leptospirosis comprises 64 genomic species, with 38 of them identified as pathogenic [55].



The transmission of the disease to humans typically occurs environmentally, often through contact with water or damp soil contaminated with leptospires. However, direct contact with body fluids such as urine or blood from an infected animal can also lead to transmission [56].



While there is a paucity of studies directly correlating leptospirosis to male infertility in human subjects, numerous investigations have explored the susceptibility of male reproductive organs to leptospirosis using animal models, such as bulls. Previous reports indicate that approximately 20 to 40 percent of bovine bulls may exhibit abnormalities in sperm viability, resulting in infertility or subfertility [57]. Factors contributing to low fertility in bovine bulls include testicular degeneration, delayed sexual maturity, testicular hypoplasia, abnormal spermiogenesis, sexual immaturity, and infectious agents. Bovine bulls have been reported to shed leptospirosis in their semen, suggesting the potential sexual transmission of leptospires among these animals [58]. Leptospira interrogans and Leptospira kirschneri have been isolated from the male reproductive organs of wild boars, further supporting the possibility of the sexual transmission of leptospires among animals [59].



The detection of bacteria in semen can be accomplished through the microscopic agglutination test (MAT) or through molecular diagnosis methods. Notably, active infection by leptospires in bovines can occur without detectable anti-leptospira agglutinins in the semen. However, periodic shedding of the pathogen in the semen of bulls has been observed [57]. The microscopic agglutination test is deemed non-specific for detecting pathogens, and seminal plasma agglutination may not be a reliable method for diagnosis, suggesting that leptospires might have limited tropism for the genital tract of bovine bulls [58]. Molecular tests such as polymerase chain reaction (PCR) offer a prompt and early diagnosis of leptospirosis [58]. PCR can detect leptospirosis in blood samples within one week of symptom presentation and can also be employed with tissue samples, urine samples, and cerebrospinal fluid samples [60,61].



In summary, studies on animal models, particularly bulls, have provided insights into the presence of leptospires in the male genital tract, highlighting a gap in understanding the potential effects of leptospirosis on the human male reproductive system.




5.2. Anthrax on Male Reproductive Function


The causative organism for Anthrax is Bacillus anthracis. Anthrax pathogens can be transmitted through direct contact with animals and/or animal products such as wool, hides, or hair from infected livestock [62]. Handling contaminated animal materials without proper protection can result in spore entry and subsequent infection. Spores of Bacillus anthracis can be inhaled, causing inhalation anthrax or pulmonary anthrax, and can also be transmitted through the consumption of contaminated meat from infected animals [63].



Anthrax antigens are now introduced into the human body mainly through vaccination due to its potential use as a biological weapon [64]. However, there is no clear study suggesting the long-term impact of anthrax vaccination on general male reproductive function. It has been discovered that exposure to the anthrax vaccine by males undergoing assisted reproduction does not negatively impact semen parameters, fertilization rates, embryo quality, or clinical pregnancy rates [65]. In contrast, a study reported that after vaccinating stallions against anthrax, there was a reduction in sperm quality [66]. It was also noted that the anthrax vaccine had a strong effect on sperm quality after cryopreservation, making it unsuitable for assisted reproduction [65]. Evidence from these studies shows conflicting results regarding the effect of anthrax on sperm parameters. Further studies are required to delineate the role of anthrax infection or vaccination in male fertility.




5.3. Brucellosis on Male Reproduction


Brucellosis, primarily caused by bacteria of the genus Brucella, includes several species that can infect humans, namely, Brucella abortus, Brucella melitensis, Brucella suis, and Brucella canis [67]. Transmission to humans occurs through direct contact with infected animals, consumption of unpasteurized dairy products, inhalation of aerosols, and undercooked food. Unpasteurized milk consumption is the most common cause of human brucellosis, accounting for rates ranging from 33.9 to 100% [68]. While person-to-person transmission is rare, it can occur through sexual contact, blood transfusion, vertical transmission from mothers to offspring, tissue transplantation, and contact with contaminated materials [68,69,70].



The early detection and prevention of brucellosis involve key tests for Brucella antibodies, such as the milk ring test and enzyme-linked immunoassay (ELISA). Real-time PCR and biosensors are now utilized for rapid organism detection, reducing the risk of human contamination in laboratories [71].



Chronic brucellosis has the potential to affect reproductive organs. In females, it increases the risk of abortion, especially in endemic regions [72]. Males with brucellosis may experience sperm abnormalities, orchitis, epididymitis, testicular atrophy, and infertility [73].



Brucellosis induces a widespread inflammatory response affecting various organs, particularly the reproductive system. Epididymo-orchitis is a common genitourinary complication, necessitating scrotal investigation for infertility, especially in endemic areas [74]. In cases of acute scrotal pain and fever with recent travel to endemic areas, Brucellosis epididymo-orchitis should be considered [75].



Chronic brucellosis may impair sexual potency; a study of men aged 20–45 treated for chronic brucellosis reported 68% with impaired sexual potency, some exhibiting physical organ dysfunction [76]. This suggests a correlation between brucellosis and male reproductive dysfunction. Animal studies have indicated a harmful effect of Brucella on reproductive tissues and cells through oxidative stress mechanisms. In rats infected with Brucella melitensis, abnormal spermatozoa were observed, associated with the generation of reactive oxygen species (ROS) [52]. Elevated ROS levels are linked to impaired sperm function and quantity [77]. Approximately 5.7% of humans with brucellosis develop epididymo-orchitis [78]. Chronic brucellosis has also been linked to testicular inflammation and subsequent tumors [53].



In summary, limited studies have reported on the effect of Brucella on male reproduction. Evidence suggests that Brucellosis may lead to orchitis, epididymo-orchitis, impaired sexual potency, reproductive organ dysfunction, and abnormal sperm parameters, implying a potential risk of future infertility or subfertility following Brucella infection.




5.4. Pasteurella Multocida and Male Reproduction


Pasteurella multocida, a predominant pathogenic species within the Pasteurella genus, is commonly responsible for infections in humans [79]. The transmission of this bacterium primarily occurs through animal bites, respiratory droplets, and direct contact with secretions from infected animals [80].



Experimental studies conducted on bucks have revealed that Pasteurella multocida infection adversely affects their genital structures, leading to conditions like orchitis and reduced semen quality [81]. Another study on rams reported that P. multocida infection resulted in structural impairments in the scrotum, testicular atrophy, and the development of epididymal granulomas characterized by fibrosis. Additionally, testes exhibited areas of sperm stasis with micro-calcifications [82]. These findings suggest that Pasteurella multocida infection has the potential to disrupt the integrity of male genital structures, potentially leading to infertility later in life.



Regarding the impact of Pasteurella multocida on human reproductive structures, a single study assessing the effect of porins and lipopolysaccharides from Salmonella enterica and Pasteurella multocida indicated that toxins from these bacteria increased the level of naturally occurring apoptosis in human spermatozoa [83]. However, this study did not explore the impact of Pasteurella multocida alone, highlighting the need for further research to elucidate its role in human spermatozoa apoptosis.



It is essential to recognize that additional research is imperative to determine whether the effects of P. multocida on male reproductive structures are reversible. This understanding is crucial for assessing the long-term implications of such infections on male fertility and reproductive health.




5.5. Bartonellosis and Male Reproduction


Bartonellosis, commonly transmitted through cat scratches and also known as Cat-scratch disease, is caused by the bacterial agent Bartonella henselae. Despite a scarcity of studies connecting Bartonellosis to male reproductive dysfunction, a case report by Trefois and colleagues highlighted symptoms of autonomic dysfunction, including erectile dysfunction, in a man infected with Bartonella henselae. The patient showed improvements after three weeks of treatment with tetracyclines [84]. This case report suggests that Bartonellosis may lead to regional lymphadenopathy and erectile dysfunction [84]. Further exploration is necessary to understand the potential impact of this infection on various aspects of male reproduction if left untreated.




5.6. Yersiniosis and Male Reproduction


Yersiniosis is commonly transmitted through contaminated food, particularly undercooked meat such as pork. Yersinia enterocolitica, along with other species like Yersinia pestis and Yersinia pseudotuberculosis, is responsible for causing human diseases [85]. Yersinia enterocolitica affects the gastrointestinal tract and can also invade lymphoid tissues, employing various mechanisms to evade the host immune system [85].



Currently, there is no study that directly links infection with Yersinia enterocolitica to male reproductive dysfunction. However, an experimental study reported significant histological changes in the gonads of mice infected with Yersinia pseudotuberculosis, raising the possibility of causing male reproductive dysfunction [86]. Further research is necessary to explore the potential impact of Yersinia enterocolitica on male reproductive health.




5.7. Q Fever and Male Reproduction


Coxiella burnetii, the causative agent of Q fever, is commonly contracted from ticks, cats, goats, sheep, and cattle [87,88]. The animal-to-human transmission of Q fever occurs when individuals inhale dust contaminated with animal feces, urine, and birth products [87]. Although limited, several studies have indicated that C. burnetii can be shed from the semen of experimental animals such as mice and bulls, with its presence detectable through ELISA tests and immunofluorescence assays [89,90]. C. burnetii has also been detected in semen samples for artificial insemination using PCR [91]. Reports of the sexual transmission of the bacterium to female mice, with the detection of C. burnetii antibodies in the blood, spleen, and amniotic fluids of female mice, suggest a potential for the sexual transmission of the bacteria that should be considered in epidemiological investigations of the disease [92].



It is worth noting a documented case of the sexual transmission of Q fever detected 15 days after coitus, with evidence of pathogen persistence in semen for an additional 23 months [92]. The persistence of C. burnetii in semen was detected using a highly sensitive PCR capable of identifying less than five Coxiella cells, while the detection of infection in the wife was performed through serological tests for antibodies to C. burnetii [93]. In addition to semen, C. burnetii can be shed through various other routes, including the placenta, birth fluids, vaginal mucus, milk, feces, and urine [94]. Consequently, further investigations are urgently needed to assess the impact of the persistence of this pathogen on overall semen function and viability, given its potential implications for both animal and human reproductive health.




5.8. Staphylococcus and Male Reproduction


Staphylococcus bacteria encompass various strains, and while not all are recognized as pathogenic to humans, some can indeed cause diseases. For instance, Staphylococcus pseudintermedius, originally associated with animals, is increasingly being acknowledged as a pathogen in humans. Blondeau et al. (2021) recently reported the first documented case of this bacterium causing a urinary tract infection in a male patient who reportedly contracted the infection from a family dog [95].



Moreover, investigations into bacteria present in semen samples from bulls have revealed the presence of several Staphylococcus species, including Staphylococcus aureus, haemolyticus, epidermidis, cohnii, and kloosii. Importantly, the presence of these bacteria in semen has been found to have a discernible impact on sperm motility and semen composition [96]. Specifically, in vitro studies have demonstrated that Staphylococcus aureus can lead to a significant reduction in sperm motility and result in ultrastructural abnormalities in sperm morphology [97].



These findings underscore the significance of considering Staphylococcus species, even those originally associated with animals, as potential contributors to male reproductive dysfunction. Further research is warranted to elucidate the mechanisms through which Staphylococcus bacteria affect sperm function and reproductive health in both animals and humans.




5.9. Tuberculosis and Male Reproduction


Tuberculosis, caused by Mycobacterium bovis and Mycobacterium tuberculosis, represents a highly pathogenic disease that can affect various animals and pose a source of infection to humans [98]. Both species of Mycobacterium have the capacity to infect humans and can persist in the body in a latent or active state, depending on the host’s immune response. The presence of tuberculosis in the human body, whether latent or active, poses a significant threat to male fertility.



The literature contains an extensive documentation of the impact of tuberculosis on the reproductive tracts of both males and females, with the potential for irreversible damage if not promptly detected [99]. Tuberculosis affecting the male genitals has been found to have a substantial impact on fertility, resulting in alterations in sperm quality among male patients diagnosed with genital tuberculosis [100]. Furthermore, male genital tuberculosis can affect the epididymis, leading to conditions such as tuberculous epididymitis and obstructive infertility [101]. Chatterjee et al. (2020) reported elevated DNA fragmentation indices and abnormal sperm function test results in patients with latent tuberculosis, indicating its adverse effects on male reproductive function [102].



Moreover, studies have provided evidence that tuberculosis can affect the male reproductive tract even when it is not localized to the genital tract. Among patients with kidney tuberculosis, approximately 75% exhibited oligoasthenozoospermia, a condition characterized by a low sperm count and reduced sperm motility [103]. The use of anti-TB medications has also been associated with impaired sexual function [101]. In summary, tuberculosis in any form can be a significant contributor to male infertility, particularly when diagnosis is delayed. Many patients with tuberculous infertility ultimately require assisted reproductive techniques [104]. This underscores the importance of early detection and intervention to mitigate the impact of tuberculosis on male reproductive health.




5.10. Campylobacteriosis and Male Reproduction


Campylobacteriosis is an infectious disease caused by bacteria belonging to the Campylobacter genus, with the two primary species implicated in food-borne infections in humans being Campylobacter jejuni and C. coli [105]. This disease is chiefly transmitted through the consumption of contaminated food, contact with infected animals, person-to-person transmission, and environmental contamination.



While research exploring the impact of Campylobacter on the male reproductive system remains limited, a few studies on experimental animals have provided valuable insights. These investigations suggest that Campylobacter has the potential to disrupt sperm quality and exhibit sexual transmission in poultry. In chickens, Campylobacter has been observed to attach to various segments of spermatozoa, contributing to male-to-female transmission of the bacterium [106]. Additionally, Campylobacter fetus, a specific species within the Campylobacter genus, has been found to bind irreversibly to bull spermatozoa, adversely affecting sperm quality. It is postulated that this adherence may serve as the primary cause of sperm alterations and represents a crucial step in pathogenesis and venereal transmission [107]. Furthermore, ram spermatozoa exposed to Campylobacter exhibited a high prevalence of morphological damage, with bacteria attaching to the tail and acrosome regions of the sperm. Infected sperm cells displayed decreased motility, an increased incidence of early acrosome reaction, and chromatin damage, collectively indicating a detrimental effect on ram sperm quality [108].



In humans, a notable case report by Sanagawa and colleagues documented testicular pain in a 51-year-old man with Campylobacter jejuni enterocolitis [109]. Campylobacter infections in the genital tract typically arise as a consequence of systemic infection, rather than originating as primary genital infections. The bacteria can enter the genital tract either through the bloodstream or by spreading from other infected areas. This observation suggests a potential interplay between the gastrointestinal tract and the testes in the context of Campylobacter infection. Subsequent research involving larger cohorts is warranted to ascertain whether such testicular pain is associated with significant testicular damage or has broader implications for reproductive function.



While research on the effects of Campylobacter on the male reproductive system is limited, existing evidence from animal studies and clinical cases underscores the need for further investigation. Understanding the potential consequences of Campylobacter infections on male reproductive health is crucial, especially given the bacterium’s prevalence and its ability to impact various organ systems.




5.11. Escherichia coli (Shiga (Vero) Toxin-Producing (E. coli) (STEC)) and Male Reproduction


Escherichia coli, commonly found in the intestines of humans and other warm-blooded animals, exhibits species variations, with certain strains serving as primary etiological agents responsible for enteritis and various extra-intestinal disorders. Of particular concern is the subset of E. coli known as Shiga (Vero) toxin-producing E. coli (STEC/VTEC), which has the capacity to induce severe illnesses in humans when transmitted through the food chain from its animal reservoirs [110]. STEC encompasses a diverse group of E. coli strains that produce Shiga toxins, including, but not limited to, E. coli O26, O111, O103, O145, and O104 and E. coli O157:H7. Notably, E. coli O157:H7 is recognized for its role in causing outbreaks of hemorrhagic colitis and hemolytic uremic syndrome (HUS) [111]. These strains are considered zoonotic due to their potential transmission between animals, particularly cattle and sheep, and humans [112].



A study that investigated the impact of enterotoxigenic and verotoxigenic E. coli on boar sperm quality revealed that verotoxigenic E. coli significantly reduced sperm viability and motility, with these effects becoming apparent as early as 24 h after incubation [113]. Presently, the scientific literature lacks extensive evidence indicating a direct influence of Shiga toxin-producing E. coli (STEC) on male reproductive function in humans. The majority of research pertaining to STEC has centered on its gastrointestinal and renal effects, particularly its association with hemolytic uremic syndrome (HUS), a severe condition characterized by kidney damage. However, it is crucial to acknowledge that STEC infections, when severe, can lead to systemic complications, including multi-organ damage. While STEC is primarily recognized for its gastrointestinal and renal effects, its potential influence on the male reproductive function remains an area that requires further investigation and study within the scientific community.




5.12. Listeriosis and Male Reproduction


Listeriosis represents an infectious disease brought about by the bacterium Listeria monocytogenes [114]. This ubiquitous bacterium is found in the environment and can contaminate various food sources, thereby leading to infections in humans. Transmission can occur through the consumption of contaminated foods, such as raw or undercooked meat, as well as through vertical transmission from mothers to unborn children and person-to-person contact.



Studies addressing the impact of Listeria monocytogenes on male reproduction are limited, yet several notable observations have been made. In a study involving the inoculation of Listeria monocytogenes into the left testes of guinea pigs, researchers reported that the bacterium did not spread to the contralateral testes or other organs. However, they did observe pathological changes in the contralateral testes, manifesting as orchitis, potentially attributable to an autoimmune response [115]. In a study involving West African dwarf bucks infected with Listeria monocytogenes, the bacterium was found to cause a significant decrease in sperm volume, motility, and morphology [116].



Among asymptomatic infertile couples, the presence of L. monocytogenes was not found to have a significant effect on semen parameters. However, it was noted that the accurate detection of this bacterium in semen samples can be achieved through polymerase chain reaction (PCR) [117]. In a case involving Listeria monocytogenes infection following a liver transplant, the patient exhibited epididymitis and orchitis as a consequence of immunosuppression. This observation underscores the potential deleterious impact of Listeria monocytogenes on male reproductive organs, particularly among individuals with compromised immune systems [118].



In summary, while studies examining the effects of Listeria monocytogenes on male reproductive health are limited, existing research suggests that this bacterium can indeed exert adverse effects on sperm quality and male reproductive organs, especially in cases of compromised immunity or specific experimental conditions. Further investigations are warranted to comprehensively understand the implications of Listeria monocytogenes infection on male reproductive function. The table below shows a summary of the effect of bacterial zoonotic diseases on male reproduction (Table 2).





6. Bacterial Zoonotic Infections on Male Reproductive Function: Identified Mechanisms


The influence of bacterial zoonotic diseases on the male reproductive system is a multi-faceted phenomenon, contingent upon several factors, including the specific pathogen, its virulence, the host immune status, and the overall health of the affected individual. While bacterial zoonotic diseases are primarily recognized for their impact on other organ systems, it is important to acknowledge that severe infections or systemic repercussions can potentially exert indirect effects on male reproductive function.



Several key mechanisms have been identified in this review, elucidating how bacterial zoonotic infections can impact male reproduction. These mechanisms encompass inflammatory responses localized within reproductive structures such as the testes and epididymis, which can, in turn, influence hormonal regulation. Also, immune cell infiltration and the induction of oxidative stress play pivotal roles in mediating the effects of these zoonotic pathogens on male reproductive health.



Notably, Listeriosis, a bacterial zoonotic disease, has been documented as capable of eliciting testicular damage through auto-immune-related mechanisms. This underscores the intricate interplay between bacterial zoonotic infections and male reproductive function, emphasizing the need for further research and understanding of these complex interactions.




7. Future Perspectives


This review underscores a notable research gap regarding the impact of bacterial zoonotic diseases on male reproductive processes. While it is well-established that infections can contribute to infertility, the primary focus has been on understanding the effects of infections on female reproductive health, with comparatively less attention devoted to their impact on the male reproductive tract. There is a critical need for extensive investigations to fully elucidate the role of bacterial zoonotic infections, including latent ones, in male reproductive dysfunction.



Many of the bacteria discussed in this review have zoonotic origins and can be acquired through contact with animals. Additionally, some can be transmitted via sexual contact. Importantly, some zoonotic bacterial infections may remain asymptomatic for extended periods, during which time they continue to inflict damage upon male reproductive structures. Therefore, the utilization of polymerase chain reaction and other advanced technologies for the early detection of these microbial agents in semen, even in the absence of a systemic manifestation, is a promising approach.




8. Conclusions


This review discusses some major bacterial zoonotic diseases and explores available studies pointing to their possible effects on male reproduction. It is noted in this review that the effect of these infections on the human male reproductive system has not been well explored. However, studies on experimental animals and some in vitro studies have shown some effects on male reproduction. Evidence supports that some bacterial zoonotic infections show harmful effects on male reproductive function, while a few studies show contrasting or indifferent reports. This exploratory review contributes to knowledge by demonstrating the possible contribution of bacterial zoonotic diseases to the rising male-factor infertility and male reproductive dysfunction.
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Figure 1. Schematics of pathogenesis of bacterial zoonotic diseases. Adherence and Colonization: represents bacteria attaching and multiplying within the human body. Immune Response: depicts the body’s immune cells responding to the infection; Disease Manifestation: shows how toxins lead to the development of symptoms; Toxin Production: illustrates the production of toxins by bacteria based on [49,50]. 
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Table 2. Effect of bacterial zoonotic diseases on male reproductive structure and function.






Table 2. Effect of bacterial zoonotic diseases on male reproductive structure and function.





	Bacterial Zoonotic Diseases
	Effect on Male Reproduction





	Leptospirosis
	Leptospires in semen [57,58]



	Brucellosis
	Abnormal spermatozoa through ROS generation [52]

Sperm abnormalities, orchitis, epididymitis, testicular atrophy and infertility [73]

Physical organ dysfunction [76]



	Anthrax
	Reduced sperm quality [66]



	Pasteurella multocida
	Impairment of scrotal structure, testicular atrophy, and epididymal granuloma [82]

Orchitis and low semen quality [83]



	Bartonellosis
	Erectile dysfunction [84]



	Yersiniosis
	Significant histological changes in the gonads [86]



	Q fever (Coxiella burnetii)
	Shed from semen of mice and bulls [91]

Sexual transmission [93]



	Staphylococcus
	Reduced motility and impaired morphology [97]



	Tuberculosis
	Disrupts sex