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Abstract

:

Kidney pathophysiology is influenced by gender. Evidence suggests that kidney damage is more severe in males than in females and that sexual hormones contribute to this. Elevated prolactin concentration is common in renal impairment patients and is associated with an unfavorable prognosis. However, PRL is involved in the osmoregulatory process and promotes endothelial proliferation, dilatation, and permeability in blood vessels. Several proteinases cleavage its structure, forming vasoinhibins. These fragments have antagonistic PRL effects on endothelium and might be associated with renal endothelial dysfunction, but its role in the kidneys has not been enough investigated. Therefore, the purpose of this review is to describe the influence of sexual dimorphism and gonadal hormones on kidney damage, emphasizing the role of the hormone prolactin and its cleavage products, the vasoinhibins.
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1. Introduction


The prevalence of renal disease has increased globally in recent years. The sex and gender-specific disparities are remarkable. In 2016, the Global Burden of Disease Study reported that there were more than 7 million people with impaired kidney function [1], of which 4 million were women and 3 million were men [1]. This gender disparity was also reported by Fraser et al., who found that from 2007 to 2017, the global prevalence of CKD increased around 28% in women compared to an increase of 25% in men [2]. These differences in sex are manifested in response to several factors. The kidneys respond to differences in age, genetics, race, and hormones. These hormonal responses contribute to the hypothesis that female hormones exert a protective role contrary to that of male hormones. However, it is difficult to compare epidemiological studies because most of them are carried out in very large and diverse populations, particularly with regard to aspects such as age. In this review we address information from studies that analyze and compare kidney function in both sexes, and we will explore specific differences in the physiological and pathological aspects.




2. Morphological and Physiological Renal Differences between Genders


The kidneys are responsible for eliminating waste products from the body, controlling blood pressure, and the homeostasis of hormones, water, and solutes [3]. This organ is made up of cortical and medullar zones, containing its functional units, the nephrons. Each nephron is composed of a glomerular and a tubular segment. Along the tubular segment in the membrane are many transporters and channels involved in ion exchange.



Structural, hemodynamic, and physiological aspects display significant differences among genders [4]. Renal hemodynamic differences occur in female rats. Renal plasma flow and vascular kidney resistance are higher in females when compared to their male counterparts, further suggesting that a lower glomerular capillary pressure could partly explain sex-dependent protection in females by reducing the risk of suffering a hyperfiltration-induced injury [5]. Nevertheless, structural discrepancies remain controversial. Miletic et al. described bigger kidney sizes in men compared to women [6]. This study was conducted with a cohort of 1852 participants that reported higher total kidney volume in men [7]. A study in postmortem kidney specimens found larger glomerular volume, body surface area, and kidney weight in males compared to females [8]. Munger et al. described more glomeruli per gram of kidney weight in female rats [5]. However, this association did not translate to humans [8]. In murine models, male kidneys had larger mitochondria and more lysosomes in the proximal segment, possibly due to the higher metabolic demands required for reabsorption and secretion [9,10].



Kidney volume directly correlates with glomerular filtration rates (GFR) [11]. Creatinine clearance, the gold standard to evaluate kidney function, is influenced by gender. A prospective cohort of living kidney donors reported higher GFR in men compared to women [12]. James et al. measured the serum creatinine levels and urinary creatinine clearance. The results indicated that women presented fewer levels of urinary creatinine than men. These differences persisted even after the determinations were adjusted for corporal weight. Men had 33% more urinary creatinine by weight and better creatinine clearance than women [13]. The higher excretion of creatinine is associated with more significant muscle mass related to meat intake, but this relationship is debatable [13]. Perucca et al. analyzed various independent studies associated gender and urine osmolarity with diverse living conditions. The results showed a higher tendency to produce more concentrated urine in men than women [14]. In the process of urine formation, approximately 99% of water and solutes are reabsorbed, and 1% is excreted [15]. Solute reabsorption presents sexual dimorphism and is widely considered to be higher in males [16]. This effect might be due to the androgen stimulation of angiotensin II and increased sodium–hydrogen exchanger 3 (NHE3), a transporter responsible for sodium reabsorption along the proximal tubule [17,18]. The NHE3 transporter is also involved in ammonium secretion. Harris et al. found that better ammonium clearance in female mice was associated with a higher expression of proteins related to ammonia metabolism and transport [19]. Veiras et al. determined a structural kidney transporter profile between sexes in rodents. In this study, sodium transporters were poorly expressed in the proximal nephron and higher in the distal nephron in females than in males [16]. This female-associated pattern could be a mechanism of adaptation to fluid retention designed for pregnancy and lactation [16]. In age-fertile women, urate concentration is lower in serum and higher in renal clearance than in men [20], increasing risk of developing gout in males [21]. URAT1, a transporter localized in the apical membrane of the proximal tubules and responsible for the urate reabsorption pathway, is less expressed in female mice and could be involved in these effects [21].



As mentioned above in this review, physiological attributes such as renal solute excretion reveal gender-related disparities [22]. In turn, these variations impact the risk of kidney stone formation [23]. Although, the formation of kidney stones shows a significant intra-individual variation, it is known that it occurs more frequently in men than in women [23]. However, as a result of modifications in contemporary lifestyle, diet, and chronic kidney disease, the risk of suffering this disease in women has increased [24,25]. One of the most accepted explanations for this disparity is that considering a more alkaline pH optimizes the solubility of some salts and uric acid [26,27], under physiological conditions, women have a higher urinary pH than men.




3. Role of Gender in Disease-Related Kidney Injury


3.1. Acute Kidney Injury


Kidney damage has multiple etiologies. Acute kidney injury (AKI) is characterized by an imbalance of fluids, electrolytes, acid-base homeostasis, and hormones [28]. AKI has gender dimorphic behavior. A meta-analysis by Grams et al. used the albumin-creatinine ratio (ACR) and estimated glomerular filtration rate (eGFR) as criteria to assess the renal function in AKI patients and found that the male sex is associated with an increased risk of AKI [29]. Another meta-analysis related to AKI that progressed in hospitalized patients (HAAKI) found that the prevalence of HAAKI changes according to the diagnostic criteria for AKI. Although the cohorts that used the Kidney Disease: Improving Global Outcomes (KDIGO) criteria determined that being of the male sex is a factor for developing HAAKI, results following the use of the RIFLE, an acronym of risk, injury, and failure; loss; and end-stage kidney disease, and the AKI Network (AKIN) criteria did not determine any significant differences between genders [30]. Interestingly, the KDIGO guidelines associate female sex with a higher risk of suffering AKI [31]. However, multiple studies have demonstrated a protective role of the female sex in different kidney diseases. O’Brien et al. indicate in a cohort report that being of the female sex improves survival in severe AKI, independent of sex hormone levels [32]. In the advanced stages of AKI, renal replacement therapies (RRT) are an alternative for a better quality of life.Males are at twice the risk of developing AKI that requires RRT than women [33]. In a drug-induced AKI injury model in rodents, males showed a higher predisposition to experiencing endoplasmic reticulum-stress and Bcl-2 Associated X-protein and Caspase-3 activation, which promotes apoptosis. Additionally, both sexes present differences in the location of tissue damage. Damage is markedly present in proximal tubules (PT) in the outer cortex, particularly in segments S1 and S2, in males and in the PT inner cortex, specifically in segment S3, in females. These factors could partly explain kidney damage susceptibility in males [34]. In a cisplatin-induced AKI model, females had less affectation of their tissue structure and had improved renal function [35]. Moreover, inflammatory responses are enhanced in male mice compared to female mice [36].



Epithelial cell injury as it relates to kidney disease also contributes to a constant state of chronic inflammation through the persistent release of chemotactic cytokines. Although most studies generally describe the inflammatory process without the distinction of sex, testosterone and estrogen influence many of the processes implicated in the synthesis and release of cytokines [37]. There are several potential explanations for this phenomenon. One explanation is that inflammation increases oxidative stress. In this regard, estrogens possess strong antioxidant activity, and as a result, they can significantly decrease injury [38]. On the other hand, it is known that inflammation causes damage at various levels of the endothelium [39]. Thus, abnormal endothelial function is noticed in postmenopausal women. However, with hormone replacement, endothelial function is re-established [40] Severe renal injury can be induced by ischemia-reperfusion (I-R). An I-R injury begins when oxygen levels decrease. The kidneys undergo an ischemic process with subsequent reperfusion. This process induces the release of different cytokines and growth factors that activate deleterious pathways [41] that affect the structure and physiology of the organ, leading to AKI [42].




3.2. Chronic Kidney Disease


Late stages of AKI could progress to chronic kidney disease (CKD). Lima I et al. described different factors between genders involved in the AKI transition to CKD in an I-R rat model. Four months after an I-R injury, the male animals presented with proteinuria, enhanced oxidative stress, tubular fibrosis, and glomerular hypertrophy. In contrast, females with AKI did not progress to CKD unless they were oophorectomized and as a result, had a similar pattern of damage to their male counterparts, suggesting the active participation of the sex hormones in the pathogenesis of kidney damage and CKD progression [43]. The differences between genders is remarkable. Evidence shows that women tend to suffer from CKD more frequently than men [1,44], even though the rate of disease progression is higher in males [45,46,47]. Sex is also a determining factor for the progression to CKD. The most studied mechanism that is involved in this dimorphism is oxidative stress [48]. Evidence shows that the production of reactive oxygen species promotes kidney tissue injury, and this production is regulated by steroid hormones [49]. Testosterone directly inhibits antioxidant enzymes [50], and in contrast, estrogens attenuate superoxide production, protecting tissues from damage [51]. Furthermore, as time passes, higher levels of oxidative stress are observed in females compared to those observed in males [39]. A study with a cohort of 5488 subjects determined that the renal decline predictors in males were albuminuria, plasma glucose levels, and systolic blood pressure [52]. Moreover, in the alternative therapies for CKD treatment, men are at a higher risk for RRT [53,54]. Another study of 550 subjects receiving dialysis treatment used symptom questionnaires for reporting gender discrepancies in dialysis. The female sex is associated with higher symptomatology and delayed recovery from dialysis sessions when compared to the male sex. Males needed less time to recover post-dialysis [55]. In this type of RRT, the time, dose, and frequency of the sessions are essential to improve renal function. Women have an increased risk of mortality during dialysis treatment because they tend to have lower doses and dialysis sessions of less than 3 h [56,57].




3.3. Renal Transplantation


In many cases, when dialysis is no longer an effective therapy, it is recommended to make a progressive transition to alternative therapies such as kidney transplantation [58]. Nevertheless, sex differences were proposed as a risk factor for acute and chronic graft rejection. Meier et al. reported a 10% higher risk of acute rejection in women compared to men in the 6 months following their kidney transplant. Interestingly, women had less risk of chronic allograft failure [59]. Gender should be a considered criteria in kidney transplants to reduce allograft rejection from decreased mismatch incompatibilities. A retrospective cohort found that a female-donor to a male-recipient had a risk of suffering graft rejection that was four times higher [60]. This result has been observed in many subsequent studies [61,62,63]. It is considered that kidney allograft survival is better in a male-donor to a male-recipient [64,65]. Many factors could be involved in these sex differences. In murine models, a protective role of female sex hormones on kidney allografts has been described [65,66]. Moreover, the H-Y alloantigen is associated with a sex mismatch in kidney transplantation [67,68,69]. Unfortunately, these results are still controversial. Another factor linked with allograft rejection is the organ size, as increased kidney donor mass is beneficial to the recipient. Miller et al. reported an increased risk of graft failure in a difference of 30 kg absolute weight between the recipient and donor, and this is often the case in transplants between a female-donor to a male-recipient. On the contrary, the kidney of a male-donor to a female-recipient had a higher glomerular number and less metabolic demand [62].




3.4. Other Kidney-Related Diseases


Diabetes and hypertension are some of the most common causes of kidney damage. The prevalence of diabetes kidney disease (DKD) between genders is still unclear. A meta-analysis reviewed articles about the association between diabetes and CKD or End-Stage Renal Disease (ESRD), and the analysis found that the female sex could increase progression to ESRD [70]. In a cohort study, diabetic men showed a higher prevalence of DKD than women; however, women presented a higher prevalence of the advanced stages of DKD than men [71]. The female predisposition to DKD progression might be explained by gender-associated frequency to DKD risk factors such as dyslipidemia [72,73], obesity [74], poor glucose control [72], and cardiovascular disease (CVD) [71]. Hypertension is a major risk factor for CVD. In women, there is a strong association between being overweight and developing hypertension [75]. The incidence is age-dependent and increases after menopause [76,77]. A study with hypertensive patients correlated the risk of developing CKD with hypertension in women [78]. A Chinese cohort described that higher systolic and diastolic blood pressure are associated with eGFR decline in men but not in women. An explanation for this result could be that the female group was not of menopausal age [79]. The age-dependent higher blood pressure in females has been explained by a decrease in ovarian hormones, particularly in estradiol, during menopause [80], improved angiotensin II, and reduced nitric oxide activity [81,82].



Other kidney diseases secondary to other pathologies or medications such as lupus nephritis (LN), focal segmental glomerulosclerosis (FSGS), and IgA nephropathy also show gender-specific behavior. In systemic lupus erythematous, men tend to progress faster to nephritis after lupus diagnosis than women [83]. In a global cohort of kidney disease, LN was a frequently glomerular affection in women [84]. However, a retrospective analysis found that more than 50% of men develop nephritis ten years after their lupus diagnosis. On the contrary, less than 30% of women develop nephritis ten years after their lupus diagnosis [83]. Close to 30% of LN patients develop ESRD [85]. The male gender has been postulated as an independent risk factor for poor prognosis [86] and severe organ damage from this disease [87]. The protective role of the female sex in LN is conserved in FSGS. Cattran et al. reported a lower progression in renal deterioration and better outcomes when the disease was related to the proteinuria in women compared to men [88]. In this study, the authors found no sex differences in IgA nephropathy [88]. Nonetheless, other studies have mentioned faster eGFR decline, unfavorable clinicopathological characteristics, and rapid disease progression in men [47,89]. A meta-analysis by Neugarten et al. supports these findings, adding that men tend to have more adverse renal outcomes in idiopathic membranous nephropathy and autosomal dominant polycystic kidney disease than women [47].



Folic acid nephropathy is another model commonly used to generate renal interstitial fibrosis. Intraperitoneal high doses of folic acid in animals induce aggressive crystal formation with tubular necrosis [90]. In regard to this, most scientific articles report exclusively on males. Future studies are needed to validate the findings in female mice and make comparisons.





4. Differences Associated with Factors Influencing Kidney Function


Gender differences arise from genetics, race, age, and hormones that influence the predisposition, course, and resolution of kidney diseases. Some of these factors have been thoroughly studied for better understanding.



Studies suggest that specific single nucleotide polymorphisms (SNPs) are associated with gender susceptibility in the development of kidney disease. Gu et al. found an association between males and SNPs in insulin-like growth factor 2 MRNA binding protein 2 (IGF2BP2), rs1800471, and insulin-like growth factor 2 (IGF2), rs10770125, in diabetic nephropathy (DN) type 1 diabetes (T1D) patients. These SNPs protect diabetic men against the development of DN [91]. In nephropathies, fibrosis formation is an unavoidable, deleterious repair mechanism in which different types of growth factors participate. Transforming growth factor-beta (TGF-β) is an essential cytokine involved in fibrogenesis and, as such, has been the subject of multiple studies [92]. Genetic variants of TGF-β have been associated with kidney damage. In a Chinese cohort of renal dysfunction patients, the presence of T869C polymorphism in TGF-β1 in males was associated with elevated serum creatinine concentration and a decrease in GFR [93]. In CKD patients, the SNP rs1800471 in the TGF-β1 gene has been associated with an increased probability of disease occurrence in women [94]. Another kidney-related SNP was found in the homeodomain-interacting protein kinase-2 (HIPK2) gene and was associated with an increased risk of stone formation in males. This result confirms the higher tendency of men to develop kidney stones [95].



Microarray analysis found that roughly24 transcripts are differentially expressed between genders in human tubulointerstitial compartments after kidney injury [96]. In mice, 27 genes had sex-specific differences related to xenobiotic metabolism and solute regulation [97], demonstrating how gene expression changes in response to different environments. In kidney transplantation, the transporters involved in the homeostasis of solutes change when cross-sex transplants occur [98]. Other polymorphisms involved in the susceptibility of renal damage are related to race. Apolipoprotein L1 (APOL1) is a genetic variant associated with a higher risk of kidney disease among African Americans [99]. This ethnic group presents a higher probability of progressing to ESRD [100]. In a cohort of CKD patients, African American subjects with APOL1 risk variants had faster eGFR decline than Caucasian patients [101]. Moreover, a study among young potential living kidney donors demonstrated that African American men with APOL1 variants had a higher risk of developing CKD in the future than African American women or the European American population [102].



In addition to genetic variants, morphological and physiological changes between races are involved in organ damage susceptibility. African Americans tend to develop more kidney damage due to a multifactorial environment [103,104,105,106,107]. In an early CKD study, African American men had worse hypertension at baseline than African American women or Caucasians, which affected CKD progression [108]. Furthermore, in RRT, African Americans experienced a higher risk of graft loss [109,110], delayed graft function [110], and increased donor kidney damage over time [111,112]. Nevertheless, there is a survival advantage among African American dialysis patients [113]. The survival advantage of dialysis has been associated with older age, especially in males in contexts of higher levels of inflammation [114].



Age is also an important factor to consider. The average kidney mass reduces with age due to a decrease in glomerular and tubular cells [115,116]. A comparison of subjects under the age of thirty to subjects over the age of seventy reported a 48% decrease in nephron number and cortical volume. Although women showed a smaller number of non-sclerotic glomeruli, this had no significant relationship with age [117]. Moreover, various studies suggest that the male gender may contribute to the acceleration of renal function loss related to age [118]. However, there are discrepancies among studies. A prospective study by Feton et al. in living kidney donors found a faster decrease in GFR in females than in males after 35 years of age [12]. A meta-analysis found no association between GFR decline and gender before 50 years of age, but, as age increases, there is a faster renal function decline in women than men [119]. Some authors explain these sex-dependent effects as the result the of sex hormones and their protective role in females.




5. Influence of Sex Hormones in the Kidney


Multiple studies have focused on sex hormones and their effects to elucidate the divergent response between genders in several diseases [120,121,122]. Androgens and estrogens have shown dimorphic gender behavior in some organ functions [123,124]. However, their role in the establishment and progression of renal diseases deserves special attention [46,125].



Testosterone is involved in ammonia metabolism and excretion [126], water handling through increasing the expression of certain aquaporin subunits [127], and urinary calcium clearance [128]. Quant et al. found that androgens may be involved in the upregulation of the renin-angiotensin system in the proximal tubules [18]. In the kidney, some of these functions are affected by pathological events caused by an endocrine imbalance. In CKD, sexual dysfunction is common in men [129]. Lower testosterone levels have a deleterious role since they are associated with an increased risk of developing CKD [130] and mortality in male patients receiving dialysis [131]. Shoskes et al. reported a higher risk of graft loss in male kidney transplant recipients with lower testosterone levels [132]. This protective role of testosterone has also been reported in murine models. In I-R kidney injury, orchiectomized rats showed higher renal impairment, which could be reversed by testosterone supplementation [133]. A different study reported that lower doses of testosterone decrease medullary tubular necrosis and regulate cytokines and T cells involved in inflammatory processes [134]. Interestingly, the protective role of this hormone in kidney disease is controversial. Several studies have also reported increased male susceptibility to develop kidney dysfunction in the presence of testosterone [36,135,136]. Indeed, orchiectomy reduces oxidative stress [135] and activates apoptosis signals [137,138]. Park et al. explored the molecular mechanism associated with testosterone-improved damage and reported a decreased activation of nitric oxide synthase, Akt signaling, and ERK/JNK phosphorylation [136].



In contrast, estrogen has shown a protective role in different models of kidney damage [139,140,141]. A murine ovariectomy model described the renal redox system’s reduction and detrimental changes to the nephrons [142]. Nonetheless, it has been reported that the presence of testosterone, more so than the absence of estrogen, correlates with glomerulosclerosis formation [143] and podocyte damage [144]. Associated with these results in DKD, supplementation with 17β-Estradiol decreased albuminuria, tubulointerstitial fibrosis, and sclerotic glomeruli [145]. These effects could be partly explained as a hormonal influence on the expression of TGF-β and collagen proteins [145,146], leading to the modification of extracellular matrix synthesis and degradation [147]. Moreover, after the I-R injury, treatment with 17β-Estradiol contributed to renal regeneration through enhanced endothelial cell survival, reduced expression of inflammatory cytokines, and apoptosis [141]. Kummer et al. reported that the activation of estrogen receptor alpha (ERα) reduced podocyte death, possibly due to a stabilization of mitochondrial membrane potential and activation of mitogen-activated protein kinase signaling pathways [148]. Other estrogen renoprotective mechanisms include a decrease in glomerular endothelial permeability [149], an improvement in nitric oxide production, and a decrease in endothelin-1 overproduction after I-R [150]. Additionally, the presence of 17β-estradiol activates the PI3K/Akt pathway and upregulates endothelial nitric oxide synthase expression in vitro and in vivo [151,152,153].



Despite the abundance of information regarding the positive role of estrogen in the kidneys, Lakzaei et al. reported increased I-R damage in tissues treated with this hormone compared to those treated with with losartan and angiotensin-(1–7) [154]. In a cisplatin-induced nephrotoxicity animal model, the estrogen-treated groups showed no favorable changes in renal damage resorption. The authors suggest that the presence of high levels of estrogen induces more cisplatin-related nephrotoxicity [155]. The protective role of estradiol is conserved in the renal allograft [156]. On the other hand, testosterone influences chronic allograft rejection [156] and exacerbates the associated nephropathy [66]. Surprisingly, the positive effects of estrogen on renal damage associated with allograft rejection are reversed by progesterone [157]. However, there are different opinions regarding the role of progesterone in these deleterious processes. In lupus-associated glomerulonephritis, progesterone decreases renal injury [158]. In an I-R induced AKI model, progesterone exhibited antioxidant and renoprotective functions in a dose-dependent manner [40,159].



Currently, more research is needed to establish the different roles of sex hormones in the establishment and progression of renal diseases. Most of the studies have been focused on estrogen and testosterone. However, there is a gap in the information in this regard. Hormones like prolactin (PRL) may have importance in this context. Thus, understanding their sex-dependent role in kidney physiology and disease represents an opportunity for novel research.




6. Influence of Prolactin in Kidney Function and Disease


PRL is a 23 kDa hormone with a variety of target organs and multiple physiological functions. The most recognized functions are reproduction, lactation, and homeostasis of water and solutes [160]. The participation of PRL in water homeostasis was first described in Teleostei fishes when researchers observed that under the hormone stimuli, hypophysectomized fishes could adapt to freshwater [161]. This mechanism is associated with active participation in changes in sodium, chloride (in lesser proportion), and water permeability [162]. Since then, different studies have focused on PRL as an osmoregulatory molecule in organisms and tissues [163]. In the kidneys, the PRL gene is expressed in the Bowman capsule and proximal tubules cells [164]. According to these results, Mountojoy et al. described specific PRL binding in epithelial proximal tubule cells in the medulla and cortex [165]. Furthermore, after being filtrated in the glomeruli, the major PRL activity occurs on the thick ascending limb of the loops of Henle, the distal tubule, and the collecting ducts [166]. In an albino rat model, Emmanuel et al. reported that around twenty percent of renal arterial PRL load is catabolized in the kidneys, and its clearance is approximately two-thirds of the overall metabolic disposition [167]. The PRL activity reported along the nephrons correlated with its function. In murine models and humans, the administration of this hormone induces sodium, potassium, and water decline [168,169,170]. Marshall et al. reported that dehydration and nephrectomy caused increased serum PRL concentration, confirming its participation in salt and water metabolism [171]. Moreover, PRL activity is regulated by various effectors, especially dopamine systems [172,173]. A study with castrated rats showed changes in the regulation of the PRL receptor caused by testosterone and estradiol. Indeed, the absence of these two sex hormones significantly improved the renal PRL receptor binding [174]. However, a study demonstrated that the renal effect of PRL depends on the absence of vasopressin stimuli [175].



PRL-mediated mechanisms influence the activity of adenylate cyclase [166] and the enzyme Na-K-ATPase [172,176]. A rodent model demonstrated the influence of sex hormones on the thiazide-sensitive Na+-Cl− cotransporter (NCC) expressed in the distal convolute tubule. This transporter is involved in NaCl reabsorption. PRL and other female hormones showed increasing NCC expression/phosphorylation in female rats. The authors associated these salt retention effects with the multiple physiological states experienced by women, such pregnancy or lactation [177].



An endocrine imbalance is common in kidney disease and is strongly associated with elevated PRL concentration [178]. Cowden et al. reported hyperprolactinemia in 32% of renal disease patients [179]. Another cohort found sexual dimorphism in the higher levels of PRL in hemodialyzed people. Women are more affected than men, with a frequency of 70–90% compared to a frequency of approximately 20–50% [180]. Higher concentrations of PRL have been associated with a worse disease prognosis. Nephron atrophy was related to changes in PRL levels in response to the damage. In an acute renal failure model, the serum concentration of PRL was increased, but not PRL binding. This may indicate that the hormone changes that respond to a kidney injury [181]. Furthermore, hyperprolactinemia is attributed to increased PRL secretion and decreased clearance due to tissue injury [182,183]. A study that enrolled hemodialysis patients supports this. The PRL metabolic clearance rates were decreased by 33% in these patients when compared to the controls. The author discussed the possibility of inefficient PRL suppression due to dopamine [183]. Other studies argue that increased hormone levels are due to a decrease in glomerular filtration and renal function [184,185]. Although the high levels of PRL do not decrease with hemodialysis [180,185], kidney transplantation can reduce PRL levels [185,186]. Another variable to consider in renal hyperprolactinemia is the influence of different drugs. Immunosuppressive therapy with cyclosporine A and azathioprine does not affect PRL concentration [186]. Nonetheless, methyldopa can change hormone levels by acting on the dopamine system [187], and glucocorticoids can reduce PRL receptor binding in rat kidneys [188].



The endothelium is one of the targets of PRL. A cohort study by Carrero et al. reported that every 10 ng/mL of increased serum PRL concentration enhanced both the risk of suffering a cardiovascular event in non-dialyzed CKD patients and the mortality associated with cardiovascular dysfunction in hemodialysis patients [189]. Interestingly, this negative association of PRL does not correlate with positive effects of PRL on blood vessels. PRL induces angiogenesis by promoting migration and tubule formation [190,191,192] See Figure 1. Moreover, PRL influences vascular tone by inducing vasodilatation [193] and vascular permeability [194]. Nevertheless, evidence points to a mechanism of proteolytic cleavage on PRL due to various metalloproteinases, bone morphogenetic protein-1, and the enzyme cathepsin D, followed by the subsequent release of vasoinhibins that act on the endothelium [192,195].




7. Vasoinhibins and Their Potential Role in Renal Function


Vasoinhibins are a family of fragments, cleavage products of various hormones of the PRL family, containing the N-terminal region of PRL, which confers their biological activity [195]. Although vasoinhibins of different sizes (11–18 kDa) have been reported, the most studied is the 16 kDa variant [196]. The biological functions of vasoinhibins are recognized for being an antagonist to its hormone, PRL, precursor. Evidence postulates vasoinhibins as anti-angiogenic peptides with the ability to inhibit growth factors involved in vessel formation [197,198], to decrease migration [199], and to activate programmed cell death on endothelial cells [200], see Figure 1. Furthermore, vasoinhibins exert a vasomotor effect through the inhibition of enzymes involved directly in the production of nitric oxide, directly decreasing blood vessel dilation and permeability [201,202].



Though vasoinhibin peptides are primarily found in the mammary gland, the kidney is an organ with vasoinhibin presence [203]. Clapp et al. used pregnant rats to investigate specific binding sites for the 16 kDa PRL variant in various organs. The result showed higher specificity and affinity binding sites in the kidney than in liver and the brain. Interestingly, the 16 kDa PRL fragment demonstrated the ability to displace PRL from its receptor with higher potency in renal epithelial membranes. Hence, the authors discussed the possibility that vasoinhibins could regulate PRL target organs through their receptors [204]. Unfortunately, the role of these peptides in the kidneys is still mostly unknown. Despite this, vasoinhibins have been proposed as urinary biomarkers in preeclampsia by Leaños-Miranda et al., who reported higher urinary PRL levels in preeclampsia and found a PRL fragment associated with vasoinhibins in 21% of the patients with severe preeclampsia. The presence of vasoinhibins in this group of women was associated with worse outcomes, including the development of placenta abruption, pulmonary affections, and acute renal failure [205].



The kidney is a highly vascularized organ populated with a variety of endothelial cells. The endothelium plays an important role in the fulfillment of its functions. Endothelial damage causes renal injuries and results in posterior CKD [206]. The vascular actions of vasoinhibins in the renal endothelium might contribute to endothelial dysfunction in preeclamptic women, as described by Gonzalez, et al. They found that higher levels of vasoinhibins blocked vascular endothelial growth factor and its action on the endothelium [207]. Furthermore, cathepsin D (CTD) is an active producer of vasoinhibins [208,209] that has been associated with endothelial dysfunction in CKD patients [210]. In murine models, CTD improves fibrosis formation [211] and apoptosis [212], but alack of the enzyme increases the susceptibility kidney injury [213,214]. Interestingly, CTD is regulated by steroid hormones [215,216]. Estrogen induces CTD in the kidneys during renal tumorogenesis and is mediated by estrogen receptors [217]. Augereau et al. demonstrated the human CTD gene promoter has estrogen-responsive elements, explaining estrogen CTD-regulation via estrogen receptors [218] and might suggest a gender dimorphic behavior in CTD actions and consequently, increase vasoinhibins production. This gender difference was reported in ovariectomized estrogen-treated rats. Females had more endogenous vasoinhibins than males in the adenohypophyseal cells [208].




8. Concluding Remarks


Many factors involved in kidney physiology are influenced by gender. Several studies have shown female advantages that are especially associated with sexual hormones. This protection role seems to decrease in menopause and is related to the decline of estrogen levels. On the contrary, the influences of testosterone in men are associated with tissue damage in most of murine studies but not in humans. Various research demonstrates that the lack of the hormone increases is more significant in men with kidney disease. Furthermore, the evolution of kidney damage leads to endocrine dysfunction associated with the disruption of the eGFR. Hormones like PRL increase their concentration in CKD patients and are related to endothelial dysfunction and consequently, cardiovascular outcomes. Interestingly the angiogenic properties of this hormone do not correspond to its negative vascular associations. However, this must be analyzed with a focus on vasoinhibins. These fragments are probably effectors of renal endothelial dysfunction through the blockage of growth factors involved in blood formation and of decreased vascular dilatation and permeability.



It is crucial to mention potential gender differences in vasoinhibin formation. This might have a relation to the prevalence of hyperprolactinemia in CKD in women and CTD regulation by estrogen. Moreover, the enzyme CTD might contribute to endothelial damage, as was demonstrated by Ozkayar et al., in CKD patients. Unfortunately, the molecular mechanism associated with renal endothelial injury have not been studied enough. This might help in the development of strategies to decrease the damage associated with CTD. Currently, there are a few articles related to vasoinhibins and kidney pathophysiology. Future investigations are required to elucidate the participation of the prolactin/vasoinhibins axis in kidney disease with a specific focus on endothelial dysfunction and gender dimorphism. This information gap creates the opportunity for new research to elucidate the molecular mechanisms of the prolactin/vasoinhibins axis in kidney disease.
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Figure 1. Influence of prolactin and Vasoinhibins on endothelial functions. 
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