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Abstract

:

Nitric oxide (NO) is a gaseous signaling molecule with renoprotective properties. NO can be produced in NO synthase (NOS)-dependent or -independent manners. NO deficiency plays a decisive role in chronic kidney disease (CKD). Kidney development can be affected in response to adverse intrauterine conditions that induce renal programming, thereby raising the risk of developing CKD in adulthood. Conversely, detrimental programming processes could be postponed or halted prior to the onset of CKD by early treatments, namely reprogramming. The current review provides an overview of the NOS/NO research performed in the context of renal programming and reprogramming. NO deficiency has been increasingly found to interact with the different mechanisms behind renal programming, such as oxidative stress, aberrant function of the renin–angiotensin system, disturbed nutrient-sensing mechanisms, dysregulated hydrogen sulfide signaling, and gut microbiota dysbiosis. The supplementation of NOS substrates, the inhibition of asymmetric dimethylarginine (ADMA), the administration of NO donors, and the enhancement of NOS during gestation and lactation have shown beneficial effects against renal programming in preclinical studies. Although human data on maternal NO deficiency and offspring kidney disease are scarce, experimental data indicate that targeting NO could be a promising reprogramming strategy in the setting of renal programming.
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1. Introduction


Chronic kidney disease (CKD) is a highly prevalent disease that affects 10% of the world’s population [1]. There is compelling evidence that many of the risks leading to CKD in adulthood originate in the earliest stages of life [2,3,4]. The adverse environmental events in utero that can induce negative health effects during the subsequent life of the exposed individual are now called the “developmental origins of health and disease” (DOHaD) [5]. The developing kidney is at risk of difficult intrauterine and perinatal environments, resulting in permanent functional and structural changes—that is, renal programming [6]. The kidney must adapt to any deficits in order to allow it to cope with the postnatal challenges of maintaining homeostasis from birth; therefore, this increases the susceptibility of the remaining glomeruli of developing CKD later in life [7]. Conversely, adverse programming processes could be reprogrammed ahead of the onset of CKD by early therapeutic intervention [8]. Hence, we must shift our attention from focusing only on treatment to the prevention of kidney disease in the early stages.



The kidney can be programmed by diverse early-life insults, including nutritional imbalances, placental insufficiency, maternal illnesses, exogenous stress, and exposure to alcohol, pharmaceuticals, or other toxins [2,3,4,5,6,8,9]. The putative mechanisms for these insults, which are linked to renal programming and which may promote poor renal outcomes for offspring later in life, include oxidative stress [10,11], an aberrant renin–angiotensin system (RAS) [6,12], gut microbiota dysbiosis [13], dysregulated epigenetic [4,14], impaired nutrient-sensing signals [15], and a dysregulated nitric oxide (NO) system [16,17].



NO is a lipophilic gas with multifaceted biofunctions [18]. It is known as a highly reactive radical molecule because of its unpaired electron [19]. In the kidney, NO can be produced in NO synthase (NOS)-dependent or -independent ways [20]. The three NOS isoforms are expressed in the kidney [21]. The NOS/NO system has numerous important functions in renal physiology [20,21]. Conversely, CKD is characterized by a deficiency in NO bioavailability [22]. Of note is that NO is not only vital in regulating the renal function of adults but also in the developing kidney in children [23]. As NO is a key regulator of both maternal homeostasis and fetal development during pregnancy [24], there is emerging evidence for the use of NO-related interventions as a reprogramming strategy for several adult diseases in DOHaD research [16,25,26].



This review aims to examine the current views on the NOS/NO system in the context of renal programming, with a special focus on the potential mechanisms and reprogramming strategies that target the NOS/NO pathways to avert kidney disease. We retrieved all publications that were potentially relevant to the object of study indexed in the MEDLINE, Embase, and Cochrane databases by using a variety of keywords to promote inclusiveness and sensitivity within the search. Search keywords were as follows: “kidney disease”, “developmental programming”, “DOHaD”, “nitric oxide”, “nitrite”, “nitrate”, “dimethylarginine”, “mother”, “maternal”, “pregnancy”, “gestation”, “offspring”, “progeny”, “prenatal”, “perinatal”, “reprogramming”, and “hypertension”. Also, the reference lists of the selected studies were examined for further studies that would be considered appropriate to include in this review.




2. The NOS/NO System in the Kidney


2.1. The L-arginine–NOS–NO Pathway


NO can be produced from the conversion of L-arginine to L-citrulline by the enzymatic action of NOS [18]. There are three principal NOS isoforms—neuronal NOS (nNOS), inducible NOS (iNOS), and endothelial NOS (eNOS). All the NOS isoforms are NADPH- and calmodulin-dependent, and they contain consensus binding sites. Although the three NOS isoforms are encoded by different genes, they share a 55% to 60% amino acid homology [21]. The three NOS isoforms have been localized to the kidney [21]. Splice variants of nNOS and iNOS can influence their activity and function [27,28], whereas eNOS activity is highly regulated by phosphorylation [21]. The expression of nNOS in the macula densa and eNOS in the kidney vasculature and tubules has been documented; furthermore, iNOS is expressed in these parts during pathological conditions [21].



The delivery of the substrate L-arginine and the binding of the important cofactor tetrahydrobiopterin (BH4) is critical for NOS activity [29]. Cationic amino acid (CAT) transporters play major roles in determining the movement of L-arginine in and out of cells. Most endogenous L-arginine production is carried out by L-citrulline conversion in the kidney [30]. As the majority of L-arginine is not used for the synthesis of NO, the relative activity of other L-arginine metabolic pathways determines the availability of L-arginine as a substrate for NOS [29]. Although the physiological concentration of L-arginine far exceeds the Km of NOS, the application of exogenous L-arginine still increases NO production, which is known as “arginine paradox” [31]. Nevertheless, NOS enzymes possess the ability to be “uncoupled” so as to produce superoxide anions instead of NO when depleted of L-arginine and BH4 [32].




2.2. The Nitrate–Nitrite–NO Pathway


Another source of NO comes from the NOS-independent pathway [33]. Nitrate (NO3) and nitrite (NO2−) have formerly been assumed to be fairly stable end products of NO metabolism. As both anions are eliminated mainly through urinary excretion, their sum (termed NOx) has often been utilized to estimate whole-body NOS activity [34]. On the other hand, nitrate and nitrite can be physiologically recycled to form NO in tissues and blood. Accordingly, they should be viewed as storage pools of NO, thereby complementing the NOS-dependent pathway. Dietary intake participates substantially in the pool of nitrate and nitrite in the body. Nitrates and nitrites can signal not only through the classic NO–soluble guanylate cyclase (sGC)–cGMP pathway but also through cGMP-independent mechanisms, such as nitrosylation and nitration. Unlike the NOS-dependent pathway, the nitrate–nitrite–NO pathway is oxygen-independent and potentiates during hypoxic conditions [35].




2.3. Endogenous NOS Inhibitor


Asymmetric and symmetric dimethylarginine (ADMA and SDMA), being structural analogs of L-arginine, act as endogenous inhibitors of NOS [36]. Protein-incorporated ADMA or SDMA is generated by protein arginine methylation. This methylation is carried out by a group of enzymes, namely protein arginine methyl transferases (PRMTs) [37]. According to specific catalytic activity, PRMT enzymes are divided into type I (PRMT1, 3, 4, 6, and 8), type II (PRMT5, 9), and type III (PRMT7) enzymes. Type I PRMTs generate ADMA, whereas type II PRMTs produce SDMA. Oxidative stress and high LDL, as occurs in CKD, upregulate PRMT1, thereby increasing ADMA production [38]. Conversely, protein arginine methylation is blocked by peptidyl arginine deiminases (PADs), which can translate methylated arginine residues to citrulline [39]. Although an arginine demethylase, JMJD6, has been identified [40], its role in the demethylation of protein-incorporated ADMA and SDMA is still unclear [41].



Free ADMA and SDMA are generated by the catabolism of proteins containing methylated arginine. Of the daily produced ADMA (~300 μmol of ADMA in adults), approximately 20% are urinary-eliminated [42]. Unlike ADMA, SDMA is generated at only half of the amount of ADMA, and the removal of SDMA only depends on renal excretion. Both ADMA and SDMA share a mutual transport system (i.e., CAT), with L-arginine for cellular transport [41]. As ADMA and SDMA have a high affinity for CATs, both may compete with L-arginine and thereby reduce its intracellular concentration. Accordingly, the application of L-arginine enables the antagonization of ADMA to solve the L-arginine paradox [31].



ADMA is metabolized by dimethylarginine dimethylaminohydrolase-1 (DDAH-1), -2 (DDAH-2), and alanine-glyoxylate aminotransferase 2 (AGXT2). DDAHs convert ADMA into dimethylamine and L-citrulline, while AGXT2 transaminates ADMA to form α-keto-δ-(NG, NG-dimethylguanidino) valeric acid (DMGV) [43]. The expression and/or activity of DDAHs can be inhibited to increase ADMA by oxidative stress [44], hyperglycemia [45], and angiotensin II administration [46]. DDAH1, DDAH2, and AGXT2 are all expressed in the kidney [47,48]. Unlike DDAHs, AGXT2 not only metabolizes ADMA but also SDMA [48]. Only one study has revealed that D-β-aminoisobutyric acid inhibits the metabolism of ADMA and SDMA when induced by AGXT2 [48], but the detailed mechanism through which this occurs remains to be further evaluated. Apart from dimethylarginines, another methylarginine residue—NG monomethyl-l-arginine (NMMA)—is also produced in mammals and acts as a NOS inhibitor [47]. Given that its blood level is much lower than those of ADMA and SDMA, data are scarce regarding its pathophysiological role in clinical conditions.



The blood concentrations in the ADMA, SDMA, and NMMA of healthy humans are approximately 0.4 µM, 0.4 µM, and 0.1 µM, respectively [49]. Free ADMA is a potent (IC50, 1.5 µM) nNOS inhibitor but a relatively weak (IC50, 12 µM) eNOS inhibitor [50]. At a molar basis (1 µM), the order of the inhibitory potency toward nNOS activity is around 5: 4: 1 for ADMA: NMMA: SDMA [50]. Accordingly, compared with ADMA, NMMA and SDMA are less potent nNOS inhibitors. The biochemical pathways that participate in the NOS/NO system are illustrated in Figure 1.




2.4. NO in Kidney Health and Disease


In the kidney, NO maintains many significant processes, including the autoregulation of renal hemodynamics, the modulation of renal sympathetic neural activity, the modulation of medullary blood flow, the mediation of pressure natriuresis, the modulation of sodium transport, the blunting of tubuloglomerular feedback, the release of renin, and the inhibition of tubular sodium reabsorption [20,21,51,52]. From an integrative point of view, the inhibition of the NOS/NO system impairs these homeostatic mechanisms and damages renal health.



Take CKD for example; several lines of evidence indicate deficiency in NO plays a decisive role [22]. First, reduced L-arginine availability could stem from insufficient dietary supplementation or via reduced de novo citrulline-to-arginine conversion (which occurs in patients with CKD [53]). Another line of evidence comes from NOS inhibitors. Data from systemic reviews support the notion that high circulating ADMA and SDMA levels are risk factors for CKD and cardiovascular morbidity [54]. Third are the studies of NOS knockout mice. Mice without nNOS are defective in the absorption of fluid and bicarbonate in the proximal tubule, and thus develop metabolic acidosis [55]. A deficit in eNOS-generated NO exacerbates the kidney damage in several CKD models [56,57]. Fourth, renal nNOS protein levels and activity decrease with kidney injury, which is associated with low NO production and hypertension in several rat models of CKD [22,58,59]. Moreover, processes apart from NO production could also reduce NO bioavailability. Oxidative stress could diminish the bioactivity of NO by inhibiting DDAH activity to increase ADMA, thus oxidizing cofactor BH4 to uncouple NOS, limiting the access of NO to target tissues and scavenging NO by superoxide to produce peroxynitrite [60]. As a result, the oxidatively inactivated NO system in the kidney might promote CKD and hypertension [61]. Given that the NOS/NO system is impaired in CKD, a novel strategy should target NO for the prevention rather than just the treatment of kidney disease.





3. The NOS/NO System in Renal Programming


3.1. NO in Pregnancy


During pregnancy, NO is implicated in the implantation and regulation of fetoplacental vascular reactivity, trophoblast invasion and apoptosis, placental angiogenesis, and fetal development [62]. In pregnant mice, all three NOS isoforms are present in uterine tissue from the 4th to 8th gestational days, indicating the role of NO in the mechanisms of implantation [63]. In early gestation, low ADMA and the concomitantly high NO are responsible for hemodynamic adaptation and uterine relaxation, and this occurs in order to maintain normal fetal growth. Conversely, physiologically high ADMA in late pregnancy can antagonize the NO-induced uterine relaxation to increase uterine contractile activity for successful delivery.



In humans, the plasma concentrations of nitrate/nitrite are raised in normal pregnancy [64], while deficiency in NO and high ADMA seem to be involved in compromised pregnancy [65]. Maternal plasma L-arginine level is lower in pregnancies that are complicated by intrauterine growth retardation (IUGR) [66]. In addition, the plasma concentration of L-arginine and placental eNOS protein levels are lower in preeclamptic compared with healthy pregnant women [67]. ADMA and SDMA concentrations were stated to rise in preeclamptic pregnancies [68,69]. The evidence from animal models has revealed reduced L-arginine levels, decreased NO, and increased superoxide formation, thereby resulting in the excessive formation of peroxynitrite in preeclampsia placentas [70].



Taken together, these findings show that the complex regulation of different components in the NOS/NO system is essential for ensuring a successful pregnancy and fetal development.




3.2. NO in Renal Programming


The basic functional unit of the kidney is the nephron. In humans, the total number of nephrons is about 1,000,000 in each kidney and varies over a 10-fold range [71]. In humans, nephrogenesis initiates at week 3 and ends at 36 weeks of gestation [72]. In rodents, kidney development lasts after birth and stops at 1–2 weeks postnatally [73]. Branching morphogenesis is an important determinant of the final nephron number of the kidney [74]. Early-life environmental risk factors can impair kidney development, reduce nephron number, and cause a wide range of malformed kidneys, i.e., congenital anomalies of the kidney and urinary tract (CAKUT) [75]. A low nephron number in renal programming may enact a first hit to the kidneys, which makes the remaining nephrons more vulnerable to developing CKD in the face of second-hit kidney injuries [7]. A kidney endowed with fewer nephrons may be less able to adapt, leading to glomerular hyperfiltration, compensatory glomerular hypertrophy, and further reductions in nephrons [76].



To date, the impact of an early-life-impaired NOS/NO system on the development of kidney disease in humans remains largely unknown. Epidemiologic studies have found an increased risk for kidney disease in later life concerning low birth weight (LBW) and prematurity [2,77]; notably, both are reliable as a surrogate for nephron endowment [72]. A previous meta-analysis encompassing over 2 million subjects concluded that individuals who had an LBW have a 70% increased risk in the development of CKD [78]. A case–control study with more than 2000 children with CKD indicated that an LBW, maternal obesity, and maternal gestational diabetes impact the risk of CKD [79]. Another case–control study that recruited over 1.6 million infants concluded that several risk factors for CAKUT are related to the NO system, and this covers prematurity, maternal gestational diabetes, LBW, and maternal thalassemia [65,80].



Currently, the number of nephrons can only be determined in vitro. Renal biopsy in children is considered technically more difficult than in adults, especially in the fetus and neonates. In humans, a direct link between low nephron number and CKD later in life remains to be evaluated further. This is the reason much of our knowledge regarding the molecular mechanisms underlying NO-related renal programming and reprogramming interventions that are used to target NO in preventing kidney disease mostly stem from preclinical studies.



In a maternal NO deficiency rat model, mother rats that are treated with NG-nitro-L-arginine-methyl ester (L-NAME, a NOS inhibitor) during gestation incurred renal programming and offspring hypertension [81]. A deficient amount of NO significantly altered the renal transcriptome in neonatal kidneys, resulting in 2289 differentially expressed genes (DEGs; 1259 up- and 1030 downregulated). Among them, multiple genes were associated with kidney development and epigenetic regulation. In addition, there are 22 Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways that are enriched statistically between L-NAME-treated offspring rats and control rats. Among them, the renin–angiotensin system (RAS) [82], arachidonic acid metabolism pathway [83], aldosterone-regulated sodium reabsorption [84], and PPAR signaling pathway [85] are putative mechanisms that underly renal programing and which are linked to the development of kidney disease.



Another study revealed that ADMA impairs branching morphogenesis and decreases nephron number [86]. Embryonic kidneys grown in 2 or 10 µM of ADMA contained fewer nephrons in a dose-dependent manner [86]. A total of 1221 DEGs in cultured fetal kidneys treated with 10 µM of ADMA [48] were identified by next-generation sequencing (NGS) analysis. Among them, Avpr1a, Hba2, Ephx2, Hba-a2, and Npy1r were found to be connected to offspring hypertension in models of renal programming [87,88]. Hence, the results from these studies proposed a connection between an impaired NOS/NO system and renal programming during gestation; thus, this finding could represent a strong contribution to understanding offspring kidney disease.




3.3. Animal Models of Renal Programming Linked to Impaired NOS/NO System


Animal models have been indispensable in elucidating the potential causative mechanisms underlying renal programming to assess whether certain early-life risk factors at specific windows of development influence offspring outcomes. Particularly, animal models have provided more direct insight into the interconnection between the NOS/NO system and renal programming. Table 1 summarizes the studies that documented animal models of renal programming linked to NO that were only restricted to adverse environmental stimuli starting in the gestation and/or lactation period; as such, these studies covered the periods of nephrogenesis [81,83,86,89,90,91,92,93,94,95,96,97,98,99,100,101,102,103,104,105].



Table 1 illustrates that maternal and fetal exposure to a range of environmental insults may impair nephrogenesis, result in morphological and functional changes, and cause adverse renal outcomes. Studies have applied various nutrients or diets to determine their impact on renal programming. A variety of nutritional insults can be clustered into diverse animal models that aim to limit calorie intake [90,91,92], limit protein intake [98], induce the insufficient intake of zinc [89] or iron [103], and increase the feeding of a diet with a high level of fructose [83,95] or fat [101,102]. Another aspect interfering with renal programming is maternal or fetal exposure to illness, such as diabetes [86], preeclampsia [81,93,94], CKD [97], and solitary kidneys [104]. Also, renal programming can be induced by the maternal administration of glucocorticoids [99,105], ADMA [96], or TMAO [96]. Rat models have been extensively used in studying renal programming. Given that every month for the animal is approximately equivalent to 3 human years [74], Table 1 presents the age at measure that allows certain calculations to refer to human ages.



Several NOS/NO-associated mechanisms participate in renal programming, including reduced L-arginine concentration [83,95,96,101], reduced L-arginine-to-ADMA ratios [81,84,89,90,91,93,94,95,99], reduced renal eNOS protein levels [98,100], reduced renal NOS activity [89], reduced urinary NOx levels [90,98,104], reduced urinary cGMP levels [81,94], reduced renal NO production [103], and increased ADMA [83,86,91,92,93,95,97,99,102] and SDMA [102]. These observations support the notion that NO deficiency is attributed to multiple mechanisms and is involved in the pathogenesis of renal programming.



In regard to renal programming, it should be noted that a diverse range of phenotypes has been reported, including reduced nephron number [87], glomerular hypertrophy [89,91,92,103], elevated blood pressure [81,86,91,92,93,94,95,96,97,98,99,100,101,103,104,105], reduced glomerular filtration rate (GFR) [90,104], tubulointerstitial injury [86,91,92], increased renal NHE3 protein levels [81,94], altered renal transcriptomes [81,94,100], increased plasma Cr concentration [94,100], and renal hypertrophy [97,99].





4. Reprogramming Strategies Targeting the NOS/NO System


Several interventions targeting the NOS/NO system acting as a reprogramming strategy to counteract programming processes have been applied in various animal models of renal programming, some of which are listed in Table 2 [84,89,90,92,93,97,99,105,106,107,108,109,110,111,112].



There are several ways to improve NO bioavailability—by supplementation of NOS substrate, by inhibition of ADMA, by administration of NO donors or nitrodilators, and by enhancement of NOS. Table 2 presents several such studies in which reprogramming interventions were applied during gestation and lactation.



4.1. NOS Substrates


L-arginine supplementation has been utilized to produce NO in experimental studies [115]. However, the use of L-arginine was not applied during pregnancy and lactation in most studies, thereby limiting our understanding of its reprogramming effect. Only one study shows that the maternal administration of L-arginine and antioxidants can protect fawn-hooded hypertensive rats (FHH) against hypertension, proteinuria, and glomerulosclerosis in adulthood [107]. Of note is that L-arginine is not an ideal NO precursor, as it has multiple metabolic fates. L-citrulline can act as an L-arginine precursor for NO synthesis. L-citrulline is more bioavailable than L-arginine because of its bypass of liver metabolism, and it can be converted back to L-arginine in the kidney [116]. Maternal L-citrulline supplementation can protect adult offspring against hypertension that is caused via developmental origins, which are induced by streptozotocin-induced maternal diabetes [86], maternal caloric restriction [91], maternal L-NAME administration [94], and prenatal dexamethasone exposure [99]. In SHRs, maternal supplementation with L-citrulline enhanced renal NO and blocked the development of hypertension [108]. Whether maternal NO precursor supplementation increases renal NO and thereby prevents renal programming remains to be further investigated.




4.2. ADMA-Lowering Agents


Several commonly used prescription drugs have shown ADMA-lowering effects in human and animal studies, as has been reviewed elsewhere [35,117]. Resveratrol, melatonin, and N-acetylcysteine can reduce ADMA by augmenting the expression/activity of DDAHs.



Maternal treatment with resveratrol, melatonin, garlic oil, or N-acetylcysteine has been shown to induce ADMA-lowering action, which averts offspring hypertension in a maternal caloric restriction model [92], prenatal dexamethasone plus TCDD exposure model [109], a maternal CKD model [110], and a prenatal dexamethasone plus postnatal high-fat-diet model [111], respectively. Additionally, maternal dimethyl fumarate treatment, a known activator of nuclear factor erythroid-derived 2-related factor 2 (Nrf2), prevents two-hit-induced programmed hypertension in male offspring, which has been associated with a reduction in ADMA [112]. Moreover, maternal butyrate supplementation reduced ADMA and prevented offspring hypertensions induced by concurrent maternal high-fructose consumption [95]. Another study showed that garlic oil supplementation during pregnancy and lactation prevented maternal CKD-induced offspring hypertension and that it was also relevant to a reduction in ADMA [108]. Whether they inhibit ADMA-producing enzymes or enhance ADMA-metabolizing enzymes remains to be further evaluated.



It is worthwhile to note that several ADMA-lowering agents, such as resveratrol, melatonin, NAC, and Nrf2, are tightly connected to oxidative stress. Their beneficial actions might counteract renal programming processes in different ways other than just targeting the ADMA/NO pathway. Unfortunately, a specific ADMA-lowering agent remains inaccessible in clinical practice. The discovery of specific PRMT inhibitors and DDAH agonists might have clinical benefits in terms of lowering ADMA and improving NO availability.




4.3. NO Donors and Nitrodilators


Despite recent advances in the development of NO donors [118], their roles in renal programming are scarcely known. In our recent work, we presented the antihypertensive effect of a NO donor, i.e., diethylenetriamine/NO adduct (DETA NONOate), in young rats with CKD [119]. In addition to the NO donor, a few of the nitrodilators in renal programming were examined. Nitrodilators, such as nitroglycerin, pentaerythritol tetranitrate (PETN), and molsidomine, possess the capacity for NO-mimetic vasodilatory actions via releasing NO from sources other than their own molecules [120,121]. PETN and molsidomine, both nitrodilators, have been found to provide benefits against hypertension in SHRs and FFH rats, respectively [113,114].




4.4. Others


Our prior work showed that the dietary supplementation of nitrate, the most commonly used NO precursor, enabled the prevention of hypertension development in young SHRs [122]; however, its reprogramming effect remains to be further investigated. One study revealed that melinjo (Gnetum gnemon) seed extract supplementation during lactation could augment eNOS expression and protect maternal high-fructose-diet-induced hypertension in adult female offspring [101]. As NOS activity can be regulated in a variety of ways, there might be other approaches through which to improve NO bioavailability via enhancing NOS activity. For example, drugs interfering with the RAS and statins were reported to restore NOS activity by reducing oxidative stress [31]. Targeting NOS modification might also be an interesting alternative strategy to explore.





5. Mechanisms of the Renal Programming Linked to the NOS/NO System


Considering the multifaceted roles of NO, there might be an interaction between NO and other mechanisms that are behind renal programming and which participate in the pathogenesis of kidney disease in later life. Animal models have shed light on several putative mechanisms, covering oxidative stress, alterations of the RAS, disturbed nutrient-sensing mechanisms, dysregulated hydrogen sulfide (H2S) signaling, and gut microbiota dysbiosis. All of these observations illustrate a significant correlation between the impaired NOS/NO system and other mechanisms that participate in renal programming (Figure 2); each of which is discussed in turn.



5.1. Oxidative Stress


The developing fetus, with its decreased antioxidant defense, is susceptible to oxidant injury [11]. Oxidative stress could lead to NOS uncoupling, thus diminishing NO formation. NO reacts rapidly with superoxide to form the potent oxidant peroxynitrite, thus resulting in nitrative stress [58]. Additionally, ADMA is not just a NOS inhibitor but also an ROS inducer. Hence, renal programming is possibly the result of interactions between NO deficiency and oxidative stress. Growing evidence shows that an impaired NOS/NO system and oxidative stress simultaneously exist in a variety of models of renal programming. In a maternal caloric restriction model, 8-hydroxydeoxyguanosine (8-OHdG)—a marker of oxidant-induced DNA damage [123]—is increased in the offspring’s kidney, with an increase in ADMA and a decrease in AAR [91,92]. In a model of maternal L-NAME administration [81], the renal concentrations of F2-isoprostane, a marker of lipid peroxidation, were increased. Likewise, several models of renal programming (listed in Table 1), such as a maternal high-fructose diet [83], prenatal dexamethasone exposure [99], and a maternal high-fat diet [100], have given rise to NO deficiencies that coincide with enhanced renal 8-OHdG expression. Together, these data point to a specific interconnection between oxidative stress and an impaired NOS/NO system in renal programming.




5.2. Aberrant RAS


The aberrant activation of the RAS is known to have a role in renal programming [12]. The RAS genes are highly expressed in the developing kidney [124], while their mutations are related to kidney malformation [125]. The main components of the classic RAS include angiotensin-converting enzymes (ACEs), angiotensin (ANG) II, and angiotensin II type 1 receptor (AT1R). Under pathophysiological conditions, the classic RAS can be activated to induce renal inflammation, activate NAD(P)H oxidase to increase oxidative stress, and stimulate the release of cytokine/chemokines—all contributing to kidney damage [126].



The ANG II activation of AT1R leads to oxidative stress and a reduced NO bioavailability, while NO can counterbalance the vasoconstrictive effect of ANG II [127]. In a maternal L-NAME exposure model, deficiency in NO resulted in offspring hypertension, which coincided with an increased mRNA expression of renin and ACE in the offspring’s kidneys [81]. Similarly, a NO deficiency in prenatal dexamethasone-induced hypertension is relevant to increased classic RAS genes and AT1R expressions in the kidneys of the offspring [99]. In another model of renal programming, the blockade of the RAS by aliskiren protected adult rat offspring against hypertension that was programmed by maternal caloric restriction [128]. The protective action of aliskiren was not merely directed upon the RAS but also through decreases in plasma ADMA levels and increases in urinary NOx levels [128]. Another example is a perinatal high-fat model. The protective actions of the maternal Nrf2 activator cover not only a decrease in plasma ADMA but also the downregulation of several classic RAS genes (i.e., renin, ACE, and AT1R) [112].



As there is an apparent role for the balance between the RAS and NO system in the pathogenesis of renal programming, there exists a rising need to better understand the early targeting of the RAS, as it can restore the NO system such that it can prevent renal programming and adult kidney disease.




5.3. Disturbed Nutrient Sensing


Nutrient-sensing mechanisms in pregnancy that respond to specific nutrients ensure that maternal metabolism functions and fetal growth rate coordinate properly [129]. In contrast, disturbed nutrient-sensing mechanisms lead to adverse fetal programming and have an apparent role in renal programming [130].



AMP-activated protein kinase (AMPK) is activated by falling cellular energy [131]. As reviewed elsewhere, newly discovered evidence shows that a disturbed AMPK signaling pathway is linked to the developmental programming of kidney disease, while early-life AMPK activation can aid in preventing renal programming-induced disorders [132]. AMPK can phosphorylate eNOS at serine 1177, which is involved in the enhancement of NOS activity [133]. Resveratrol, an AMPK activator, prevents oxidative NO inactivation via AMPK activation, thereby enhancing NO bioavailability [134]. In line with this observation, resveratrol has been found to avert high-fat-diet-induced hypertension, which is associated with increased renal AMPK2α expression, decreased renal ADMA concentration, and reduced oxidative stress damage [135].



Another key nutrient-sensing signal is the peroxisome proliferator-activated receptor (PPAR) [85]. Several PPAR target genes participate in renal programming [85,136], including iNOS and eNOS. In addition, the PPAR signaling pathway is recognized as a significantly regulated KEGG pathway in several models of renal programming; these models cover maternal caloric restriction, maternal diabetes, and a maternal high-fructose diet [88]. Worthy of note are the three models listed in Table 1 as NO-related renal programming. These results offer evidence for the interplay between disrupted nutrient-sensing mechanisms and the impaired NOS/NO systems that are implicated in renal programming.




5.4. Dysregulated H2S Signaling


Similar to NO, H2S has an apparent role in renal physiology and the regulation of BP [137]. They both share biological targets and enable a chemical interaction with each other [138]. There exists an H2S/NO crosstalk via S-nitrosylation and S-sulfhydration for the same protein-incorporated cysteine residues, hence allowing H2S and NO to regulate each other [138]. H2S could provide a backup system for the vasorelaxation that becomes important when NO is reduced. One example of this is the inhibition of NO by L-NAME in rats, where the development of hypertension can be prevented by the administration of sodium hydrosulfide (NaHS, a H2S donor) via the restoration of NO bioavailability [139]. Though H2S and NO share the same soluble guanylyl cyclase (sGC)–cyclic guanosine monophosphate (cGMP) pathway that induces vasorelaxation, they act at different levels, with H2S inhibiting cGMP degradation and NO increasing cGMP through the stimulation of sGC [138]. As the crosstalk between NO and H2S is particularly complex, and as detailed reviews are beyond the scope of this paper, readers are referred elsewhere [138,140,141].



A growing body of evidence supports the notion that dysregulated H2S signaling is implicated in the developmental programming of adult diseases [142]. Although the protective role of NAC against the renal programming that is induced by prenatal dexamethasone exposure plus postnatal high-fat diets was linked to reducing ADMA [111], it also caused an upregulation in the gene expression of H2S-producing enzymes. Another study revealed that supplementing garlic oil in gestation and lactation prevented maternal high-fat-diet-induced offspring hypertension, which not only coincided with the restoration of NO bioavailability but also enhanced the expression and activity of H2S-generating enzymes in the kidneys of the offspring [110]. Worthy of note is that both NAC and garlic oil are precursors of H2S, and they are used as H2S-based reprogramming strategies for DOHaD-related diseases [142]. Considering the complex interplay between H2S and NO, the reprogramming effect responding to interventions based on each one—either alone or in combination—is interesting and should be further evaluated.




5.5. Gut Microbiota Dysbiosis


Alterations in gut microbial composition and their metabolites are related to CKD [143]. Maternal gut microbiota can impact their offspring’s gut microbiota, which brings attention to the importance of maternal insults in the adverse impact on offspring gut microbiota later in life [144,145].



Several models of renal programming have been conducted to assess gut microbiota in the developmental programming of kidney disease, whereby a maternal high-fructose diet [95], combined TMAO plus ADMA exposure [96], maternal CKD [110], and a perinatal high-fat diet are covered [146]. As mentioned in Table 1, all these models are relevant to impaired NOS/NO systems.



Short-chain fatty acids (SCFAs) are major microbial metabolites [147]. Dysregulated SCFAs and their receptors are connected to renal programming [13]. Conversely, SCFA supplementation during pregnancy and lactation has been used as a gut-microbiota-targeted reprogramming intervention to prevent the developmental programming of adult disease [148]. Butyrate, an example of a dominant SCFA, has been reported to enhance NO production [149]. In CKD, butyrate-generating microbes and butyrate production declined with disease severity [150]. In a maternal high-fructose-diet model [95], offspring hypertension was associated with a high ADMA level and a low plasma AAR, as well as alterations in gut microbial composition. Maternal butyrate supplementation not only restores the NO system but also increases plasma SCFA concentrations, which is a finding worthy of further evaluation with respect to the interaction between the NO system and gut microbiota.





6. Conclusions


Many studies have indicated the involvement of the NOS/NO system in kidney physiology and the pathological processes of kidney disease. Our review extends the scope of the NOS/NO system in relation to renal programming and reprogramming so as to provide an innovative strategy in preventing CKD and for advancing global kidney health. Growing evidence shows the pathogenic role of an impaired NOS/NO system in renal programming and in the development of adult kidney disease. Numerous NO-related reprogramming interventions are associated with improved kidney health in preclinical studies. However, there is still little information about the interaction between the NOS/NO system and the other putative mechanisms that are behind renal programming. Additional research is required to determine the optimal dosage and duration of NO-based interventions in the different models of renal programming before clinical translation. Whether these NO-based treatments in pregnancy and lactation add benefit to the ongoing search for the prevention of adult kidney disease in humans is worth investigating in specifically designed trials using pregnant women with risk factors for renal programming.







Author Contributions


Funding acquisition, Y.-L.T. and C.-N.H.; conceptualization, C.-N.H. and Y.-L.T.; data curation, C.-N.H. and Y.-L.T.; writing—original draft, C.-N.H. and Y.-L.T.; writing—review and editing, C.-N.H. and Y.-L.T. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by grants CMRPG8N0171 and CMRPG8M0722 from the Kaohsiung Chang Gung Memorial Hospital, Kaohsiung, Taiwan.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Lozano, R.; Naghavi, M.; Foreman, K.; Lim, S.; Shibuya, K.; Aboyans, V.; Abraham, J.; Adair, T.; Aggarwal, R.; Ahn, S.Y.; et al. Global and regional mortality from 235 causes of death for 20 age groups in 1990 and 2010: A systematic analysis for the Global Burden of Disease Study 2010. Lancet 2012, 380, 2095–2128. [Google Scholar] [CrossRef] [PubMed]

	



Luyckx, V.A.; Bertram, J.F.; Brenner, B.M.; Fall, C.; Hoy, W.E.; Ozanne, S.E.; Vikse, B.E. Effect of fetal and child health on kidney development and long-term risk of hypertension and kidney disease. Lancet 2013, 382, 273–283. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Hsu, C.N. Developmental Origins of Chronic Kidney Disease: Should We Focus on Early Life? Int. J. Mol. Sci. 2017, 18, 381. [Google Scholar] [CrossRef] [PubMed]

	



Chevalier, R.L. Evolution, kidney development, and chronic kidney disease. Semin. Cell Dev. Biol. 2019, 91, 119–131. [Google Scholar] [CrossRef]

	



Hanson, M. The birth and future health of DOHaD. J. Dev. Orig. Health Dis. 2015, 6, 434–437. [Google Scholar] [CrossRef]

	



Kett, M.M.; Denton, K.M. Renal programming: Cause for concern? Am. J. Physiol. Regul. Integr. Comp. Physiol. 2011, 300, R791–R803. [Google Scholar] [CrossRef]

	



Nenov, V.D.; Taal, M.W.; Sakharova, O.V.; Brenner, B.M. Multi-hit nature of chronic renal disease. Curr. Opin. Nephrol. Hypertens. 2000, 9, 85–97. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Joles, J.A. Reprogramming: A preventive strategy in hypertension focusing on the kidney. Int. J. Mol. Sci. 2016, 17, 23. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Tain, Y.L. Adverse Impact of Environmental Chemicals on Developmental Origins of Kidney Disease and Hypertension. Front. Endocrinol. 2021, 12, 745716. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Hsu, C.N. Perinatal Oxidative Stress and Kidney Health: Bridging the Gap between Animal Models and Clinical Reality. Antioxidants 2022, 12, 13. [Google Scholar] [CrossRef]

	



Thompson, L.P.; Al-Hasan, Y. Impact of oxidative stress in fetal programming. J. Pregnancy 2012, 2012, 582748. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.N.; Tain, Y.L. Targeting the renin–angiotensin–aldosterone system to prevent hypertension and kidney disease of developmental origins. Int. J. Mol. Sci. 2021, 22, 2298. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Tain, Y.L. Chronic Kidney Disease and Gut Microbiota: What Is Their Connection in Early Life? Int. J. Mol. Sci. 2022, 23, 3954. [Google Scholar] [CrossRef] [PubMed]

	



Goyal, D.; Limesand, S.W.; Goyal, R. Epigenetic responses and the developmental origins of health and disease. J. Endocrinol. 2019, 242, T105–T119. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.N.; Tain, Y.L. Early-Life Programming and Reprogramming of Adult Kidney Disease and Hypertension: The Interplay between Maternal Nutrition and Oxidative Stress. Int. J. Mol. Sci. 2020, 21, 3572. [Google Scholar] [CrossRef]

	



Racasan, S.; Braam, B.; Koomans, H.A.; Joles, J.A. Programming blood pressure in adult SHR by shifting perinatal balance of NO and reactive oxygen species toward NO: The inverted Barker phenomenon. Am. J. Physiol. Renal Physiol. 2005, 288, F626–F636. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Tain, Y.L. Gasotransmitters for the Therapeutic Prevention of Hypertension and Kidney Disease. Int. J. Mol. Sci. 2021, 22, 7808. [Google Scholar] [CrossRef]

	



Lundberg, J.O.; Weitzberg, E. Nitric oxide signaling in health and disease. Cell 2022, 185, 2853–2878. [Google Scholar] [CrossRef]

	



Piacenza, L.; Zeida, A.; Trujillo, M.; Radi, R. The superoxide radical switch in the biology of nitric oxide and peroxynitrite. Physiol. Rev. 2022, 102, 1881–1906. [Google Scholar] [CrossRef]

	



Carlström, M. Nitric oxide signalling in kidney regulation and cardiometabolic health. Nat. Rev. Nephrol. 2021, 17, 575–590. [Google Scholar] [CrossRef]

	



Kone, B.C. Nitric oxide synthesis in the kidney: Isoforms, biosynthesis, and functions in health. Semin. Nephrol. 2004, 24, 299–315. [Google Scholar] [CrossRef] [PubMed]

	



Baylis, C. Nitric oxide deficiency in chronic kidney disease. Am. J. Physiol. Renal Physiol. 2008, 294, F1–F9. [Google Scholar] [CrossRef] [PubMed]

	



Solhaug, M.J.; Ballèvre, L.D.; Guignard, J.P.; Granger, J.P.; Adelman, R.D. Nitric oxide in the developing kidney. Pediatr. Nephrol. 1996, 10, 529–539. [Google Scholar] [CrossRef]

	



Zullino, S.; Buzzella, F.; Simoncini, T. Nitric oxide and the biology of pregnancy. Vascul. Pharmacol. 2018, 110, 71–74. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.N.; Tain, Y.L. Regulation of Nitric Oxide Production in the Developmental Programming of Hypertension and Kidney Disease. Int. J. Mol. Sci. 2019, 20, 681. [Google Scholar] [CrossRef] [PubMed]

	



Engineer, A.; Saiyin, T.; Greco, E.R.; Feng, Q. Say NO to ROS: Their Roles in Embryonic Heart Development and Pathogenesis of Congenital Heart Defects in Maternal Diabetes. Antioxidants 2019, 8, 436. [Google Scholar] [CrossRef]

	



Silvagno, F.; Xia, H.; Bredt, D.S. Neuronal nitric oxide synthase-μ, an alternatively spliced isoform expressed in differentiated skeletal muscle. J. Biol. Chem. 1996, 271, 11204–11208. [Google Scholar] [CrossRef]

	



Saur, D.; Paehge, H.; Schusdziarra, V.; Allescher, H.D. Distinct expression of splice variants of neuronal nitric oxide synthase in the human gastrointestinal tract. Gastroenterology 2000, 118, 849–858. [Google Scholar] [CrossRef]

	



Wu, G.; Morris, S.M., Jr. Arginine metabolism: Nitric oxide and beyond. Biochem. J. 1998, 336, 1–17. [Google Scholar] [CrossRef]

	



Brosnan, M.E.; Brosnan, J.T. Renal arginine metabolism. J. Nutr. 2004, 134, S2791–S2795. [Google Scholar] [CrossRef]

	



Bode-Böger, S.M.; Scalera, F.; Ignarro, L.J. The L-arginine paradox: Importance of the L-arginine/asymmetrical dimethylarginine ratio. Pharmacol. Ther. 2007, 114, 295–306. [Google Scholar] [CrossRef] [PubMed]

	



Förstermann, U.; Sessa, W.C. Nitric oxide synthases: Regulation and function. Eur. Heart J. 2012, 33, 829–837. [Google Scholar] [CrossRef] [PubMed]

	



Lundberg, J.O.; Weitzberg, E.; Gladwin, M.T. The nitrate-nitrite-nitric oxide pathway in physiology and therapeutics. Nat. Rev. Drug Discov. 2008, 7, 156–167. [Google Scholar] [CrossRef]

	



Baylis, C.; Vallance, P. Measurement of nitrite and nitrate (NOx) levels in plasma and urine; what does this measure tell us about the activity of the endogenous nitric oxide. Curr. Opin. Nephrol. Hypertens. 1998, 7, 59–62. [Google Scholar] [CrossRef] [PubMed]

	



van Faassen, E.E.; Bahrami, S.; Feelisch, M.; Hogg, N.; Kelm, M.; Kim-Shapiro, D.B.; Kozlov, A.V.; Li, H.; Lundberg, J.O.; Mason, R.; et al. Nitrite as regulator of hypoxic signaling in mammalian physiology. Med. Res. Rev. 2009, 29, 683–741. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Hsu, C.N. Toxic Dimethylarginines: Asymmetric Dimethylarginine (ADMA) and Symmetric Dimethylarginine (SDMA). Toxins 2017, 9, 92. [Google Scholar] [CrossRef] [PubMed]

	



Morales, Y.; Cáceres, T.; May, K.; Hevel, J.M. Biochemistry and regulation of the protein arginine methyltransferases (PRMTs). Arch. Biochem. Biophys. 2016, 590, 138–152. [Google Scholar] [CrossRef]

	



Böger, R.H.; Sydow, K.; Borlak, J.; Thum, T.; Lenzen, H.; Schubert, B.; Tsikas, D.; Bode-Böger, S.M. LDL cholesterol upregulates synthesis of asymmetrical dimethylarginine in human endothelial cells: Involvement of S-adenosylmethionine-dependent methyltransferases. Circ. Res. 2000, 87, 99–105. [Google Scholar] [CrossRef]

	



Raijmakers, R.; Zendman, A.J.; Egberts, W.V.; Vossenaar, E.R.; Raats, J.; Soede-Huijbregts, C.; Rutjes, F.P.; van Veelen, P.A.; Drijfhout, J.W.; Pruijn, G.J. Methylation of arginine residues interferes with citrullination by peptidylarginine deiminases in vitro. J. Mol. Biol. 2007, 367, 1118–1129. [Google Scholar] [CrossRef]

	



Chang, B.; Chen, Y.; Zhao, Y.; Bruick, R.K. JMJD6 is a histone arginine demethylase. Science 2007, 318, 444–447. [Google Scholar] [CrossRef]

	



Böttger, A.; Islam, M.S.; Chowdhury, R.; Schofield, C.J.; Wolf, A. The oxygenase Jmjd6—A case study in conflicting assignments. Biochem. J. 2015, 468, 191–202. [Google Scholar] [CrossRef] [PubMed]

	



Teerlink, T.; Luo, Z.; Palm, F.; Wilcox, C.S. Cellular ADMA: Regulation and action. Pharmacol. Res. 2009, 60, 448–460. [Google Scholar] [CrossRef] [PubMed]

	



Rodionov, R.N.; Martens-Lobenhoffer, J.; Brilloff, S.; Hohenstein, B.; Jarzebska, N.; Jabs, N.; Kittel, A.; Maas, R.; Weiss, N.; Bode-Böger, S.M. Role of alanine:glyoxylate aminotransferase 2 in metabolism of asymmetric dimethylarginine in the settings of asymmetric dimethylarginine overload and bilateral nephrectomy. Nephrol. Dial. Transplant. 2014, 29, 2035–2042. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Kao, Y.H.; Hsieh, C.S.; Chen, C.C.; Sheen, J.M.; Lin, I.C.; Huang, L.T. Melatonin blocks oxidative stress-induced increased asymmetric dimethylarginine. Free Radic. Biol. Med. 2010, 49, 1088–1098. [Google Scholar] [CrossRef] [PubMed]

	



Sorrenti, V.; Mazza, F.; Campisi, A.; Vanella, L.; Li, V.G.; Di, G.C. High glucose-mediated imbalance of nitric oxide synthase and dimethylarginine dimethylaminohydrolase expression in endothelial cells. Curr. Neurovasc. Res. 2006, 3, 49–54. [Google Scholar] [CrossRef]

	



Brands, M.W.; Bell, T.D.; Gibson, B. Nitric oxide may prevent hypertension early in diabetes by counteracting renal actions of superoxide. Hypertension 2004, 43, 57–63. [Google Scholar] [CrossRef]

	



Palm, F.; Onozato, M.L.; Luo, Z.; Wilcox, C.S. Dimethylarginine dimethylaminohydrolase (DDAH): Expression, regulation, and function in the cardiovascular and renal systems. Am. J. Physiol. Heart Circ. Physiol. 2007, 293, H3227–H3245. [Google Scholar] [CrossRef]

	



Kittel, A.; Maas, R.; König, J.; Mieth, M.; Weiss, N.; Jarzebska, N.; Hohenstein, B.; Martens-Lobenhoffer, J.; Bode-Böger, S.M.; Rodionov, R.N. In vivo evidence that Agxt2 can regulate plasma levels of dimethylarginines in mice. Biochem. Biophys. Res. Commun. 2013, 430, 84–89. [Google Scholar] [CrossRef]

	



Tsikas, D. Does the inhibitory action of asymmetric dimethylarginine (ADMA) on the endothelial nitric oxide synthase activity explain its importance in the cardiovascular system? The ADMA paradox. J. Controv. Biomed. Res. 2017, 3, 16–22. [Google Scholar] [CrossRef]

	



Tsikas, D.; Bollenbach, A.; Hanff, E.; Kayacelebi, A.A. Asymmetric dimethylarginine (ADMA), symmetric dimethylarginine (SDMA) and homoarginine (hArg): The ADMA, SDMA and hArg paradoxes. Cardiovasc. Diabetol. 2018, 17, 1. [Google Scholar] [CrossRef]

	



Romero, J.C.; Strick, D.M. Nitric oxide and renal function. Curr. Opin. Nephrol. Hypertens. 1993, 2, 114–121. [Google Scholar] [CrossRef] [PubMed]

	



Tizianello, A.; De Ferrari, G.; Garibotto, G.; Gurreri, G.; Robaudo, C. Renal metabolism of amino acids and ammonia in subjects with normal renal function and in patients with chronic renal insufficiency. J. Clin. Investig. 1980, 65, 1162–1173. [Google Scholar] [CrossRef] [PubMed]

	



Wang, F.; Xiong, R.; Feng, S.; Lu, X.; Li, H.; Wang, S. Association of Circulating Levels of ADMA with Carotid Intima-Media Thickness in Patients with CKD: A Systematic Review and Meta-Analysis. Kidney Blood Press. Res. 2018, 43, 25–33. [Google Scholar] [CrossRef] [PubMed]

	



Schlesinger, S.; Sonntag, S.R.; Lieb, W.; Maas, R. Asymmetric and Symmetric Dimethylarginine as Risk Markers for Total Mortality and Cardiovascular Outcomes: A Systematic Review and Meta-Analysis of Prospective Studies. PLoS ONE 2016, 11, e0165811. [Google Scholar] [CrossRef]

	



Wang, T.; Inglis, F.M.; Kalb, R.G. Defective fluid and HCO3− absorption in proximal tubule of neuronal nitric oxide synthase-knockout mice. Am. J. Physiol. Renal Physiol. 2000, 279, F518–F524. [Google Scholar] [CrossRef]

	



Sogawa, Y.; Nagasu, H.; Itano, S.; Kidokoro, K.; Taniguchi, S.; Takahashi, M.; Kadoya, H.; Satoh, M.; Sasaki, T.; Kashihara, N. The eNOS-NO pathway attenuates kidney dysfunction via suppression of inflammasome activation in aldosterone-induced renal injury model mice. PLoS ONE 2018, 13, e0203823. [Google Scholar] [CrossRef]

	



Muller, V.; Tain, Y.L.; Croker, B.; Baylis, C. Chronic nitric oxide deficiency and progression of kidney disease after renal mass reduction in the C57Bl6 mouse. Am. J. Nephrol. 2010, 32, 575–580. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Freshour, G.; Dikalova, A.; Griendling, K.; Baylis, C. Vitamin E reduces glomerulosclerosis, restores renal neuronal NOS, and suppresses oxidative stress in the 5/6 nephrectomized rat. Am. J. Physiol. Renal Physiol. 2007, 292, F1404–F1410. [Google Scholar] [CrossRef]

	



Erdely, A.; Freshour, G.; Tain, Y.L.; Engels, K.; Baylis, C. DOCA/NaCl-induced chronic kidney disease: A comparison of renal nitric oxide production in resistant and susceptible rat strains. Am. J. Physiol. Renal Physiol. 2007, 292, F192–F196. [Google Scholar] [CrossRef]

	



Radi, R. Oxygen radicals, nitric oxide, and peroxynitrite: Redox pathways in molecular medicine. Proc. Natl. Acad. Sci. USA 2018, 115, 5839–5848. [Google Scholar] [CrossRef]

	



Wilcox, C.S. Oxidative stress and nitric oxide deficiency in the kidney: A critical link to hypertension? Am. J. Physiol. Regul. Integr. Comp. Physiol. 2005, 289, R913–R935. [Google Scholar] [CrossRef] [PubMed]

	



Krause, B.J.; Hanson, M.A.; Casanello, P. Role of nitric oxide in placental vascular development and function. Placenta 2011, 32, 797–805. [Google Scholar] [CrossRef] [PubMed]

	



Purcell, T.L.; Given, R.; Chwalisz, K.; Garfield, R.E. Nitric oxide synthase distribution during implantation in the mouse. Mol. Hum. Reprod. 1999, 5, 467–475. [Google Scholar] [CrossRef] [PubMed]

	



Seligman, S.P.; Buyon, J.P.; Clancy, R.M.; Young, B.K.; Abramson, S.B. The role of nitric oxide in the pathogenesis of preeclampsia. Am. J. Obstet. Gynecol. 1994, 171, 944–948. [Google Scholar] [CrossRef]

	



Huang, L.T.; Hsieh, C.S.; Chang, K.A.; Tain, Y.L. Roles of nitric oxide and asymmetric dimethylarginine in pregnancy and fetal programming. Int. J. Mol. Sci. 2012, 13, 14606–14622. [Google Scholar] [CrossRef]

	



Bavoux, F.; Georges, P.; Bouy, M.; Leroy, B. Growth retardation and amino acids. Analysis of maternal plasma and amniotic fluid. J. Gynecol. Obstet. Biol. Reprod. 1977, 6, 931–940. [Google Scholar]

	



Kim, Y.J.; Park, H.S.; Lee, H.Y.; Ha, E.H.; Suh, S.H.; Oh, S.K.; Yoo, H.S. Reduced L-arginine level and decreased placental eNOS activity in preeclampsia. Placenta 2006, 27, 438–444. [Google Scholar] [CrossRef]

	



Pettersson, A.; Hedner, T.; Milsom, I. Increased circulating concentrations of asymmetric dimethyl arginine (ADMA), an endogenous inhibitor of nitric oxide synthesis, in preeclampsia. Acta Obstet. Gynecol. Scand. 1998, 77, 808–813. [Google Scholar]

	



Braekke, K.; Ueland, P.M.; Harsem, N.K.; Staff, A.C. Asymmetric dimethylarginine in the maternal and fetal circulation in preeclampsia. Pediatr. Res. 2009, 66, 411–415. [Google Scholar] [CrossRef]

	



Noris, M.; Todeschini, M.; Cassis, P.; Pasta, F.; Cappellini, A.; Bonazzola, S.; Macconi, D.; Maucci, R.; Porrati, F.; Benigni, A.; et al. L-arginine depletion in preeclampsia orients nitric oxide synthase toward oxidant species. Hypertension 2004, 43, 614–622. [Google Scholar] [CrossRef]

	



Little, M.H.; McMahon, A.P. Mammalian kidney development: Principles, progress, and projections. Cold Spring Harb. Perspect. Biol. 2012, 4, a008300. [Google Scholar] [CrossRef] [PubMed]

	



Luyckx, V.A.; Brenner, B.M. The clinical importance of nephron mass. J. Am. Soc. Nephrol. 2010, 21, 898–910. [Google Scholar] [CrossRef]

	



Hartman, H.A.; Lai, H.L.; Patterson, L.T. Cessation of renal morphogenesis in mice. Dev. Biol. 2007, 310, 379–387. [Google Scholar] [CrossRef] [PubMed]

	



Shah, M.M.; Sampogna, R.V.; Sakurai, H.; Bush, K.T.; Nigam, S.K. Branching morphogenesis and kidney disease. Development 2004, 131, 1449–1462. [Google Scholar] [CrossRef] [PubMed]

	



Murugapoopathy, V.; Gupta, I.R. A primer on congenital anomalies of the kidneys and urinary tracts (CAKUT). Clin. J. Am. Soc. Nephrol. 2020, 15, 723–731. [Google Scholar] [CrossRef]

	



Bertram, J.F.; Douglas-Denton, R.N.; Diouf, B.; Hughson, M.; Hoy, W. Human nephron number: Implications for health and disease. Pediatr. Nephrol. 2011, 26, 1529–1533. [Google Scholar] [CrossRef]

	



Luyckx, V.A.; Brenner, B.M. Birth weight, malnutrition and kidney-associated outcomes—A global concern. Nat. Rev. Nephrol. 2015, 11, 135–149. [Google Scholar] [CrossRef]

	



White, S.L.; Perkovic, V.; Cass, A.; Chang, C.L.; Poulter, N.R.; Spector, T.; Haysom, L.; Craig, J.C.; Salmi, I.A.; Chadban, S.J.; et al. Is low birth weight an antecedent of CKD in later life? A systematic review of observational studies. Am. J. Kidney Dis. 2009, 54, 248–261. [Google Scholar] [CrossRef]

	



Hsu, C.W.; Yamamoto, K.T.; Henry, R.K.; de Roos, A.J.; Flynn, J.T. Prenatal risk factors for childhood CKD. J. Am. Soc. Nephrol. 2014, 25, 2105–2111. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Luh, H.; Lin, C.Y.; Hsu, C.N. Incidence and risks of congenital anomalies of kidney and urinary tract in newborns: A population-based case-control study in Taiwan. Medicine 2016, 95, e2659. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Lee, C.T.; Chan, J.Y.; Hsu, C.N. Maternal melatonin or N-acetylcysteine therapy regulates hydrogen sulfide-generating pathway and renal transcriptome to prevent prenatal N(G)-Nitro-L-argininemethyl ester (L-NAME)-induced fetal programming of hypertension in adult male offspring. Am. J. Obstet. Gynecol. 2016, 215, 636. [Google Scholar] [CrossRef] [PubMed]

	



Almeida, L.F.; Tofteng, S.S.; Madsen, K.; Jensen, B.L. Role of the renin-angiotensin system in kidney development and programming of adult blood pressure. Clin. Sci. (Lond.) 2020, 134, 641–656. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Lee, W.C.; Wu, K.L.; Leu, S.; Chan, J.Y. Targeting arachidonic acid pathway to prevent programmed hypertension in maternal fructose-fed male adult rat offspring. J. Nutr. Biochem. 2016, 38, 86–92. [Google Scholar] [CrossRef] [PubMed]

	



Paixão, A.D.; Alexander, B.T. How the kidney is impacted by the perinatal maternal environment to develop hypertension. Biol. Reprod. 2013, 89, 144. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Hsu, C.N.; Chan, J.Y.H. PPARs Link Early Life Nutritional Insults to Later Programmed Hypertension and Metabolic Syndrome. Int. J. Mol. Sci. 2016, 17, 20. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Lee, W.C.; Hsu, C.N.; Lee, W.C.; Huang, L.T.; Lee, C.T.; Lin, C.Y. Asymmetric dimethylarginine is associated with developmental programming of adult kidney disease and hypertension in offspring of streptozotocin-treated mothers. PLoS ONE 2013, 8, e55420. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Huang, L.T.; Chan, J.Y.; Lee, C.T. Transcriptome analysis in rat kidneys: Importance of genes involved in programmed hypertension. Int. J. Mol. Sci. 2015, 16, 4744–4758. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Hsu, C.N.; Chan, J.Y.; Huang, L.T. Renal Transcriptome Analysis of Programmed Hypertension Induced by Maternal Nutritional Insults. Int. J. Mol. Sci. 2015, 16, 17826–17837. [Google Scholar] [CrossRef]

	



Tomat, A.L.; Veiras, L.C.; Aguirre, S.; Fasoli, H.; Elesgaray, R.; Caniffi, C.; Costa, M.Á.; Arranz, C.T. Mild zinc deficiency in male and female rats: Early postnatal alterations in renal nitric oxide system and morphology. Nutrition 2013, 29, 568–573. [Google Scholar] [CrossRef]

	



Alves, G.M.; Barão, M.A.; Odo, L.N.; Nascimento Gomes, G.; Franco Md Mdo, C.; Nigro, D.; Lucas, S.R.; Laurindo, F.R.; Brandizzi, L.I.; Zaladek Gil, F. L-Arginine effects on blood pressure and renal function of intrauterine restricted rats. Pediatr. Nephrol. 2002, 17, 856–862. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Hsieh, C.S.; Lin, I.C.; Chen, C.C.; Sheen, J.M.; Huang, L.T. Effects of maternal L-citrulline supplementation on renal function and blood pressure in offspring exposed to maternal caloric restriction: The impact of nitric oxide pathway. Nitric Oxide 2010, 23, 34–41. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Huang, L.T.; Hsu, C.N.; Lee, C.T. Melatonin therapy prevents programmed hypertension and nitric oxide deficiency in offspring exposed to maternal caloric restriction. Oxid. Med. Cell Longev. 2014, 2014, 283180. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Hsu, C.N.; Lee, C.T.; Lin, Y.J.; Tsai, C.C. N-Acetylcysteine prevents programmed hypertension in male rat offspring born to suramin-treated mothers. Biol. Reprod. 2016, 95, 8. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Huang, L.T.; Lee, C.T.; Chan, J.Y.; Hsu, C.N. Maternal citrulline supplementation prevents prenatal N(G)-nitro-L-arginine-methyl ester (L-NAME)-induced programmed hypertension in rats. Biol. Reprod. 2015, 92, 7. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Hou, C.Y.; Chang-Chien, G.P.; Lin, S.; Tzeng, H.T.; Lee, W.C.; Wu, K.L.H.; Yu, H.R.; Chan, J.Y.H.; Hsu, C.N. Reprogramming Effects of Postbiotic Butyrate and Propionate on Maternal High-Fructose Diet-Induced Offspring Hypertension. Nutrients 2023, 15, 1682. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Hou, C.Y.; Chang-Chien, G.P.; Lin, S.; Chan, J.Y.H.; Lee, C.T.; Tain, Y.L. Maternal resveratrol therapy protected adult rat offspring against hypertension programmed by combined exposures to asymmetric dimethylarginine and trimethylamine-N-oxide. J. Nutr. Biochem. 2021, 93, 108630. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.N.; Yang, H.W.; Hou, C.Y.; Chang-Chien, G.P.; Lin, S.; Tain, Y.L. Maternal Adenine-Induced Chronic Kidney Disease Programs Hypertension in Adult Male Rat Offspring: Implications of Nitric Oxide and Gut Microbiome Derived Metabolites. Int. J. Mol. Sci. 2020, 21, 7237. [Google Scholar] [CrossRef]

	



Sato, S.; Mukai, Y.; Norikura, T. Maternal low-protein diet suppresses vascular and renal endothelial nitric oxide synthase phosphorylation in rat offspring independent of a postnatal fructose diet. J. Dev. Orig. Health Dis. 2011, 2, 168–175. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Sheen, J.M.; Chen, C.C.; Yu, H.R.; Tiao, M.M.; Kuo, H.C.; Huang, L.T. Maternal citrulline supplementation prevents prenatal dexamethasone-induced programmed hypertension. Free Radic. Res. 2014, 48, 580–586. [Google Scholar] [CrossRef]

	



Tsai, W.L.; Hsu, C.N.; Tain, Y.L. Whether AICAR in Pregnancy or Lactation Prevents Hypertension Programmed by High Saturated Fat Diet: A Pilot Study. Nutrients 2020, 12, 448. [Google Scholar] [CrossRef]

	



Uson-Lopez, R.A.; Kataoka, S.; Mukai, Y.; Sato, S.; Kurasaki, M. Melinjo (Gnetum gnemon) Seed Extract Consumption during Lactation Improved Vasodilation and Attenuated the Development of Hypertension in Female Offspring of Fructose-Fed Pregnant Rats. Birth Defects Res. 2018, 110, 27–34. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Lin, Y.J.; Sheen, J.M.; Yu, H.R.; Tiao, M.M.; Chen, C.C.; Tsai, C.C.; Huang, L.T.; Hsu, C.N. High fat diets sex-specifically affect the renal transcriptome and program obesity, kidney injury, and hypertension in the offspring. Nutrients 2017, 9, 357. [Google Scholar] [CrossRef] [PubMed]

	



Woodman, A.G.; Mah, R.; Keddie, D.L.; Noble, R.M.N.; Holody, C.D.; Panahi, S.; Gragasin, F.S.; Lemieux, H.; Bourque, S.L. Perinatal iron deficiency and a high salt diet cause long-term kidney mitochondrial dysfunction and oxidative stress. Cardiovasc. Res. 2020, 116, 183–192. [Google Scholar] [CrossRef] [PubMed]

	



Singh, R.R.; Easton, L.K.; Booth, L.C.; Schlaich, M.P.; Head, G.A.; Moritz, K.M.; Denton, K.M. Renal Nitric Oxide Deficiency and Chronic Kidney Disease in Young Sheep Born with a Solitary Functioning Kidney. Sci. Rep. 2016, 6, 26777. [Google Scholar] [CrossRef]

	



Gwathmey, T.M.; Shaltout, H.A.; Rose, J.C.; Diz, D.I.; Chappell, M.C. Glucocorticoid-induced fetal programming alters the functional complement of angiotensin receptor subtypes within the kidney. Hypertension 2011, 57, 620–626. [Google Scholar] [CrossRef]

	



Sengupta, P. The laboratory rat: Relating its age with human’s. Int. J. Prev. Med. 2013, 4, 624–630. [Google Scholar]

	



Koeners, M.P.; Braam, B.; van der Giezen, D.M.; Goldschmeding, R.; Joles, J.A. Perinatal micronutrient supplements ameliorate hypertension and proteinuria in adult fawn-hooded hypertensive rats. Am. J. Hypertens. 2010, 23, 802–808. [Google Scholar] [CrossRef]

	



Koeners, M.P.; van Faassen, E.E.; Wesseling, S.; Sain-vander Velden, M.; Koomans, H.A.; Braam, B.; Joles, J.A. Maternal supplementation with citrulline increases renal nitric oxide in young spontaneously hypertensive rats and has long-term antihypertensive effects. Hypertension 2007, 50, 1077–1084. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Lin, Y.J.; Lu, P.C.; Tain, Y.L. Maternal Resveratrol Therapy Protects Male Rat Offspring against Programmed Hypertension Induced by TCDD and Dexamethasone Exposures: Is It Relevant to Aryl Hydrocarbon Receptor? Int. J. Mol. Sci. 2018, 19, 2459. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Hou, C.Y.; Chang-Chien, G.P.; Lin, S.; Hsu, C.N. Perinatal Garlic Oil Supplementation Averts Rat Offspring Hypertension Programmed by Maternal Chronic Kidney Disease. Nutrients 2022, 14, 4624. [Google Scholar] [CrossRef]

	



Tai, I.H.; Sheen, J.M.; Lin, Y.J.; Yu, H.R.; Tiao, M.M.; Chen, C.C.; Huang, L.T.; Tain, Y.L. Maternal N-acetylcysteine therapy regulates hydrogen sulfide-generating pathway and prevents programmed hypertension in male offspring exposed to prenatal dexamethasone and postnatal high-fat diet. Nitric Oxide 2016, 53, 6–12. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Lin, Y.J.; Yu, H.R.; Lin, I.C.; Sheen, J.M.; Huang, L.T.; Tain, Y.L. Protection of Male Rat Offspring against Hypertension Programmed by Prenatal Dexamethasone Administration and Postnatal High-Fat Diet with the Nrf2 Activator Dimethyl Fumarate during Pregnancy. Int. J. Mol. Sci. 2019, 20, 3957. [Google Scholar] [CrossRef] [PubMed]

	



Wu, Z.; Siuda, D.; Xia, N.; Reifenberg, G.; Daiber, A.; Münzel, T.; Förstermann, U.; Li, H. Maternal treatment of spontaneously hypertensive rats with pentaerythritoltetranitrate reduces blood pressure in female offspring. Hypertension 2015, 65, 232–237. [Google Scholar] [CrossRef] [PubMed]

	



Wesseling, S.; Essers, P.B.; Koeners, M.P.; Pereboom, T.C.; Braam, B.; van Faassen, E.E.; Macinnes, A.W.; Joles, J.A. Perinatal exogenous nitric oxide in fawn-hooded hypertensive rats reduces renal ribosomal biogenesis in early life. Front. Genet. 2011, 2, 52. [Google Scholar] [CrossRef] [PubMed]

	



Gokce, N. L-Arginine and hypertension. J. Nutr. 2004, 134, 2807S–2811S. [Google Scholar] [CrossRef] [PubMed]

	



Romero, M.J.; Platt, D.H.; Caldwell, R.B.; Caldwell, R.W. Therapeutic use of citrulline in cardiovascular disease. Cardiovasc. Drug Rev. 2006, 24, 275–290. [Google Scholar] [CrossRef]

	



Beltowski, J.; Kedra, A. Asymmetric dimethylarginine (ADMA) as a target for pharmacotherapy. Pharmacol. Rep. 2006, 58, 159–178. [Google Scholar]

	



Wang, K.; Wang, Y.; Zhang, H.; Li, X.; Han, W. A Review of the Synthesis of Nitric Oxide Donor and Donor Derivatives with Pharmacological Activities. Mini. Rev. Med. Chem. 2022, 22, 873–883. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Yang, H.W.; Hou, C.Y.; Chang-Chien, G.P.; Lin, S.; Hsu, C.N. Anti-Hypertensive Property of an NO Nanoparticle in an Adenine-Induced Chronic Kidney Disease Young Rat Model. Antioxidants 2023, 12, 513. [Google Scholar] [CrossRef]

	



Bonini, M.G.; Stadler, K.; Silva, S.O.; Corbett, J.; Dore, M.; Petranka, J.; Fernandes, D.C.; Tanaka, L.Y.; Duma, D.; Laurindo, F.R.; et al. Constitutive nitric oxide synthase activation is a significant route for nitroglycerin-mediated vasodilation. Proc. Natl. Acad. Sci. USA 2008, 105, 8569–8574. [Google Scholar] [CrossRef]

	



Liu, T.; Schroeder, H.; Power, G.G.; Blood, A.B. A physiologically relevant role for NO stored in vascular smooth muscle cells: A novel theory of vascular NO signaling. Redox Biol. 2022, 53, 102327. [Google Scholar] [CrossRef] [PubMed]

	



Chien, S.J.; Lin, K.M.; Kuo, H.C.; Huang, C.F.; Lin, Y.J.; Huang, L.T.; Tain, Y.L. Two different approaches to restore renal nitric oxide and prevent hypertension in young spontaneously hypertensive rats: L-Citrulline and nitrate. Transl. Res. 2014, 163, 43–52. [Google Scholar] [CrossRef] [PubMed]

	



Marrocco, I.; Altieri, F.; Peluso, I. Measurement and Clinical Significance of Biomarkers of Oxidative Stress in Humans. Oxid. Med. Cell Longev. 2017, 2017, 6501046. [Google Scholar] [CrossRef] [PubMed]

	



Gubler, M.C.; Antignac, C. Renin–angiotensin system in kidney development: Renal tubular dysgenesis. Kidney Int. 2010, 77, 400–406. [Google Scholar] [CrossRef] [PubMed]

	



Yosypiv, I.V. Renin-angiotensin system in mammalian kidney development. Pediatr. Nephrol. 2020, 36, 479–489. [Google Scholar] [CrossRef]

	



Benigni, A.; Cassis, P.; Remuzzi, G. Angiotensin II revisited: New roles in inflammation, immunology and aging. EMBOMol. Med. 2010, 2, 247–257. [Google Scholar] [CrossRef]

	



Schulman, I.H.; Zhou, M.S.; Raij, L. Interaction between nitric oxide and angiotensin II in the endothelium: Role in atherosclerosis and hypertension. J. Hypertens. 2006, 24, S45–S50. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Hsu, C.N.; Lin, C.Y.; Huang, L.T.; Lau, Y.T. Aliskiren prevents hypertension and reduces asymmetric dimethylarginine in young spontaneously hypertensive rats. Eur. J. Pharmacol. 2011, 670, 561–565. [Google Scholar] [CrossRef]

	



Jansson, T.; Powell, T.L. Role of placental nutrient sensing in developmental programming. Clin. Obstet. Gynecol. 2013, 56, 591–601. [Google Scholar] [CrossRef]

	



Tain, Y.L.; Hsu, C.N. Interplay between oxidative stress and nutrient sensing signaling in the developmental origins of cardiovascular disease. Int. J. Mol. Sci. 2017, 18, 841. [Google Scholar] [CrossRef]

	



Grahame Hardie, D. AMP-activated protein kinase: A key regulator of energy balance with many roles in human disease. J. Intern. Med. 2014, 276, 543–559. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Hsu, C.N. AMP-Activated Protein Kinase as a Reprogramming Strategy for Hypertension and Kidney Disease of Developmental Origin. Int. J. Mol. Sci. 2018, 19, 1744. [Google Scholar] [CrossRef] [PubMed]

	



Fleming, I. Molecular mechanisms underlying the activation of eNOS. Pflugers. Arch. 2010, 459, 793–806. [Google Scholar] [CrossRef]

	



Parsamanesh, N.; Asghari, A.; Sardari, S.; Tasbandi, A.; Jamialahmadi, T.; Xu, S.; Sahebkar, A. Resveratrol and endothelial function: A literature review. Pharmacol. Res. 2021, 170, 105725. [Google Scholar] [CrossRef] [PubMed]

	



Tain, Y.L.; Lin, Y.J.; Sheen, J.M.; Lin, I.C.; Yu, H.R.; Huang, L.T.; Hsu, C.N. Resveratrol prevents the combined maternal plus postweaning high-fat-diets-induced hypertension in male offspring. J. Nutr. Biochem. 2017, 48, 120–127. [Google Scholar] [CrossRef] [PubMed]

	



Rakhshandehroo, M.; Knoch, B.; Müller, M.; Kersten, S. Peroxisome proliferator-activated receptor α target genes. PPAR Res. 2010, 2010, 612089. [Google Scholar] [CrossRef]

	



Feliers, D.; Lee, H.J.; Kasinath, B.S. Hydrogen sulfide in renal physiology and disease. Antioxid. Redox Signal. 2016, 25, 720–731. [Google Scholar] [CrossRef]

	



Cirino, G.; Vellecco, V.; Bucci, M. Nitric oxide and hydrogen sulfide: The gasotransmitter paradigm of the vascular system. Br. J. Pharmacol. 2017, 174, 4021–4031. [Google Scholar] [CrossRef]

	



Zhong, G.; Chen, F.; Cheng, Y.; Tang, C.; Du, J. The role of hydrogen sulfide generation in the pathogenesis of hypertension in rats induced by inhibition of nitric oxide synthase. J. Hypertens. 2003, 21, 1879–1885. [Google Scholar] [CrossRef]

	



Yuan, S.; Patel, R.P.; Kevil, C.G. Working with nitric oxide and hydrogen sulfide in biological systems. Am. J. Physiol. Lung Cell. Mol. Physiol. 2015, 308, L403–L415. [Google Scholar] [CrossRef]

	



Szabo, C. Hydrogen sulfide, an enhancer of vascular nitric oxide signaling: Mechanisms and implications. Am. J. Physiol. Cell Physiol. 2017, 312, C3–C15. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Tain, Y.L. Preventing Developmental Origins of Cardiovascular Disease: Hydrogen Sulfide as a Potential Target? Antioxidants 2021, 10, 247. [Google Scholar] [CrossRef]

	



Hobby, G.P.; Karaduta, O.; Dusio, G.F.; Singh, M.; Zybailov, B.L.; Arthur, J.M. Chronic kidney disease and the gut microbiome. Am. J. Physiol. Renal Physiol. 2019, 316, F1211–F1217. [Google Scholar] [CrossRef]

	



Arrieta, M.C.; Stiemsma, L.T.; Amenyogbe, N.; Brown, E.M.; Finlay, B. The intestinal microbiome in early life: Health and disease. Front. Immunol. 2014, 5, 427. [Google Scholar] [CrossRef] [PubMed]

	



Sarkar, A.; Yoo, J.Y.; Valeria Ozorio Dutra, S.; Morgan, K.H.; Groer, M. The Association between Early-Life Gut Microbiota and Long-Term Health and Diseases. J. Clin. Med. 2021, 10, 459. [Google Scholar] [CrossRef] [PubMed]

	



Hsu, C.N.; Hou, C.Y.; Chang-Chien, G.P.; Lin, S.; Tain, Y.L. Maternal Garlic Oil Supplementation Prevents High-Fat Diet-Induced Hypertension in Adult Rat Offspring: Implications of H2S-Generating Pathway in the Gut and Kidneys. Mol. Nutr. Food Res. 2021, 65, e2001116. [Google Scholar] [CrossRef] [PubMed]

	



Pluznick, J.L. Microbial short-chain fatty acids and blood pressure regulation. Curr. Hypertens. Rep. 2017, 19, 25. [Google Scholar] [CrossRef]

	



Hsu, C.N.; Hou, C.Y.; Hsu, W.H.; Tain, Y.L. Cardiovascular Diseases of Developmental Origins: Preventive Aspects of Gut Microbiota-Targeted Therapy. Nutrients 2021, 13, 2290. [Google Scholar] [CrossRef]

	



Morikawa, A.; Sugiyama, T.; Koide, N.; Mori, I.; Mu, M.M.; Yoshida, T.; Hassan, F.; Islam, S.; Yokochi, T. Butyrate enhances the production of nitric oxide in mouse vascular endothelial cells in response to gamma interferon. J. Endotoxin Res. 2004, 10, 32–38. [Google Scholar] [CrossRef]

	



Gao, B.; Jose, A.; Alonzo-Palma, N.; Malik, T.; Shankaranarayanan, D.; Regunathan-Shenk, R.; Raj, D.S. Butyrate producing microbiota are reduced in chronic kidney diseases. Sci. Rep. 2021, 11, 23530. [Google Scholar] [CrossRef]








[image: Antioxidants 12 01629 g001] 





Figure 1. The NOS/NO system and the potential effects of NO on kidney functions: NO is generated from the NOS-dependent or -independent pathways. NO bioactivity has been associated with several effects in kidney function, mainly via cGMP-dependent mechanisms, although cGMP-independent mechanisms have also been reported. NOS can be inhibited by asymmetric dimethylarginine (ADMA). ADMA is generated by protein arginine methyl transferases (PRMTs). Dimethylarginine dimethylaminohydrolase-1 (DDAH-1) and -2 (DDAH-2), and alanine-glyoxylate aminotransferase 2 (AGXT2) can metabolize ADMA. NOS uncoupling contributes to reactive oxygen species (ROS) generation. Both ROS and reactive nitrogen species (RNS) can inhibit NO-mediated kidney effects. 
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Figure 2. Schema outlining the putative mechanisms of the renal programming linked to the NOS/NO system. 
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Table 1. Animal models of NO-associated renal programming.
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	Animal Models
	Species/

Gender
	Age at Measure (Weeks)
	NOS/NO System
	Renal Programming
	Ref.





	Maternal zinc deficiency during gestation and lactation
	Wistar rat/M and F
	3
	↓ Renal NOS activity
	↓ Nephron number and glomerular hypertrophy
	[89]



	Maternal caloric restriction during gestation and lactation
	SD rat/M and F
	8
	↓ Urinary NOx level
	↑ BP and ↓ GFR
	[90]



	Maternal caloric restriction during gestation and lactation
	SD rat/M
	12
	↑ ADMA, ↓ AAR
	↓ Nephron number,

↑ tubulointerstitial

injury, ↑ BP and glomerular

hypertrophy,
	[91,92]



	Streptozotocin-induced

maternal diabetes
	SD rat/M
	12
	↑ ADMA, ↓ AAR
	↓ nephron number, ↑

tubulointerstitial injury and ↑ BP
	[86]



	Maternal suramin

exposure during gestation and lactation
	SD rat/M
	12
	↑ ADMA, ↓ AAR
	↑ BP
	[93]



	Maternal L-NAME

administration during gestation and lactation
	SD rat/M
	12
	↓ Renal NO, ↓ urinary cGMP level
	↑BP, ↑ renal NHE3 protein level, and altered renal transcriptome
	[81,94]



	Maternal high-fructose diet during gestation and lactation
	SD rat/M
	12
	↑ ADMA, ↓ L-arginine, and ↓ AAR
	↑ BP and altered renal transcriptome
	[83,95]



	Maternal ADMA administration in gestation
	SD rat/M
	12
	↓ L-arginine and ↓ AAR
	↑ BP
	[96]



	Maternal TMAO administration in gestation
	SD rat/M
	12
	↓ L-arginine
	↑ BP and ↑ plasma Cr concentration
	[96]



	Maternal CKD
	SD rat/M
	12
	↑ ADMA, ↓ AAR
	↑ BP and renal hypertrophy
	[97]



	Maternal low-protein diet during gestation and lactation
	Wistar rat/M
	14
	↓ Renal eNOS phosphorylated protein level and ↓ urinary NOx level
	↑ BP
	[98]



	Prenatal dexamethasone

administration at gestational days 15 and 16
	SD rat/M
	16
	↑ ADMA, ↓ renal NO
	↑ BP and renal hypertrophy
	[99]



	Maternal high-fat diet during gestation and lactation
	SD rat/M
	16
	↓ L-arginine and ↓ AAR
	↑ BP
	[100]



	Maternal high-fructose diet in gestation
	Wistar rat/F
	17
	↓ Renal eNOS protein level
	↑ BP
	[101]



	Maternal high-fat diet during gestation and lactation
	SD rat/M
	24
	↑ ADMA and ↑ SDMA
	↑ Plasma Cr concentration
	[102]



	Maternal iron deficiency diet in pregnancy
	SD rat/M
	24
	↓ Renal NO
	↑ BP, ↑ renal collagen deposition, and glomerular hypertrophy
	[103]



	Fetal unilateral nephrectomy model
	Sheep/M and F
	24
	↓ Urinary NOx level
	↑ BP and ↓ GFR
	[104]



	Prenatal betamethasone

exposure at gestational

days 80 and 81
	Sheep/M

and F
	72
	↓ NO
	↑ BP
	[105]







Studies that were tabulated based on animal species and age at evaluation. SD = Sprague–Dawley; cGMP = cyclic guanosine monophosphate; ADMA = asymmetric dimethylarginine; SDMA = symmetric dimethylarginine; NOx = nitrite + nitrate; Cr = creatinine; NHE3 = type 3 sodium hydrogen exchanger; M = male; F = female; NO = nitric oxide; BP = blood pressure; and GFR = glomerular filtration rate; ↑ = increase; ↓ = decrease.
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	Interventions
	Animal Models
	Species/

Gender
	Age at Measure (Weeks)
	Protective Effect
	Ref.





	L-arginine + antioxidants
	Genetic hypertension
	FHH/M and F
	36
	Prevented high BP, proteinuria, and glomerulosclerosis
	[107]



	L-citrulline
	Streptozotocin-induced

maternal diabetes
	SD rat/M
	12
	Prevented kidney damage and high BP and protected against reduced nephron number
	[86]



	L-citrulline
	Maternal caloric restriction
	SD rat/M
	12
	Prevented kidney damage and protected against reduced nephron number
	[91]



	L-citrulline
	Maternal L-NAME

administration
	SD rat/M
	12
	Prevented high BP
	[94]



	L-citrulline
	Prenatal dexamethasone

exposure
	SD rat/M
	12
	Prevented high BP and protected against reduced nephron number
	[99]



	L-citrulline
	Genetic hypertension
	SHR/M and F
	50
	Prevented high BP
	[108]



	Melatonin
	Maternal caloric restriction
	SD rat/M
	12
	Prevented high BP
	[92]



	Resveratrol
	Prenatal dexamethasone plus TCDD exposure
	SD rat/M
	12
	Prevented high BP
	[109]



	Garlic oil
	Maternal CKD
	SD rat/M
	12
	Prevented high BP
	[110]



	Butyrate
	Maternal high-fructose diet
	SD rat/M
	12
	Prevented high BP
	[95]



	N-acetylcysteine
	Prenatal dexamethasone plus postnatal high-fat diet
	SD rat/M
	16
	Prevented high BP
	[111]



	Dimethyl fumarate
	Prenatal dexamethasone plus postnatal high-fat diet
	SD rat/M
	16
	Prevented high BP
	[112]



	Pentaerythritol tetranitrate
	Genetic hypertension
	SHR/M and F
	24
	Prevented high BP
	[113]



	Molsidomine
	Genetic hypertension
	FHH/M and F
	42
	Prevented high BP
	[114]



	Melinjo (Gnetum gnemon) seed extract
	Maternal high-fructose diet
	Wistar rat/F
	17
	Prevented high BP
	[101]







Studies tabulated based on the types of reprogramming intervention and animal models. SD = Sprague–Dawley; M = male; F = female; and BP = blood pressure.
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