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Abstract

:

The developmental programming hypothesis proposes that adverse environmental insults during critical developmental periods increase the risk of diseases later in life. The kidneys are deemed susceptible to such a process, although the exact mechanisms remain elusive. Many factors have been reported to contribute to the developmental origin of chronic kidney diseases (CKD), among which peri-gestational nutrition has a central role, affecting kidney development and metabolism. Physiologically, the link between malnutrition, reduced glomerular numbers, and increased blood pressure is key in the developmental programming of CKD. However, recent studies regarding oxidative stress, mitochondrial dysfunction, epigenetic modifications, and metabolic changes have revealed potential novel pathways for therapeutic intervention. This review will discuss the role of imbalanced nutrition in the development of CKD.
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1. Introduction


Developmental programming is a mechanism, whereby health complications in adulthood are attributed to physiological stress that occurs during or even before gestation [1,2]. This concept was originally proposed by Barker et al., whose studies showed that infant mortality rates and childhood nutrition in the 1920s correlated significantly with the rate of ischemic heart disease in the 1970s [3,4,5], suggesting that poor nutrition during pregnancy/early life can increase the risk of cardiovascular diseases in the offspring. Since then, extensive evidence supporting the hypothesis has been reported, showing the detrimental effect of different stimuli during gestation, such as stress, smoke exposure, hypertension, and metabolic disorders, on the offspring, which can persist over multiple generations [6,7]. Adverse effects during the perinatal period were also shown to predispose the offspring to a number of metabolic and chronic diseases, such as neurological disorders, fatty liver disease, as well as cardiovascular and chronic kidney diseases (CKDs) [8,9,10,11,12].



CKD is evident in approximately 10% of the global population and characterized by a drop in the estimated glomerular filtration rate (eGFR) below 60 mL/min/1.73 m2 and/or presence of protein in the urine for at least 3 months [13]. Hypertension and diabetes mellitus in combination account for over 50% of kidney failure, suggesting the importance of haemodynamic and metabolic regulation in nephropathy. At the cellular/molecular levels, CKD is driven by dysregulated inflammatory and fibrotic pathways, involving complex crosstalk of injured kidney cells with fibroblasts and immune cells via paracrine and autocrine signalling. Initial protective responses to renal injury can result in irreversible progressive kidney damage if they become sustained and, thus, maladaptive. Recurring oxidative stress and inflammation signals induce renal fibroblasts and epithelial cells to differentiate into myofibroblasts, leading to excessive deposition of extracellular matrix (ECM) proteins, such as fibronectin, elastin, and collagens [14]. As such, functional kidney tissue is replaced by fibrous connective tissue with excessive ECM deposition. The presence of interstitial fibrosis is a histological hallmark of CKD, which closely correlates with functional renal decline [15]. To date, it is still unclear why certain patients are more susceptible or, conversely, resistant to the development of CKD. It is hypothesised that such differences are, at least in part, attributed to factors occurring in utero development.



In humans, nephrogenesis starts from the thỉrd week of embryonic development and is generally completed by week 36 of gestation [16]. Therefore, pre-term birth (<gestational week 37) is associated with a risk of reduced kidney size and nephron number in infants and young children (5–7 years old). Additionally, a low nephron number is a known risk factor for high blood pressure in adults [17]. It was hypothesized by Brenner et al. in the late 19th century that low birth weight contributes to hypertension and susceptibility to CKD in adults [18]. While this concept remains central to the developmental origin of CKD, no clinical studies have unequivocally shown that nephron endowment mediates CKD and hypertension. Meanwhile, other processes, such as metabolic dysregulation, oxidative stress, mitochondrial dysfunction, and, especially, epigenetic modification, have emerged as important pathways in CKD development that can be therapeutically targeted. Herein, we summarise the mainstream concept but will be focusing on these alternative pathways.




2. General Models in Developmental Programming


The cumulative stress model is a central concept in the developmental origin of health and disease (DoHaD). It assumes that the adverse intrauterine environment has a cumulative effect on foetal growth and, concomitantly, the risk of chronic diseases in adulthood. This theory emphasizes the importance of cumulative insults, whereby the higher intensity or frequency of the intrauterine stress exposure, the higher risk of developmental and functional incompetency [19]. This is because impairment at critical windows of foetal development can render irreversible structural and functional defects [20] that may be magnified by further insults across the lifespan. For instance, rat offspring exposed to malnutrition, both prenatally and during lactation, had lower body weight and reduced energy intake but higher blood glucose levels than those exposed to malnutrition prenatally only [21]. On the other hand, a postnatal high-fat diet (HFD) exacerbated kidney inflammation and fibrosis in offspring mice born to obese dams [22]. HFD consumption in both F0 and F1 generations cumulatively induces microalbuminuria and kidney fibrosis in female F2 offspring, an effect that was partially attributed to DNA methylation modification [23].



In contrast to the cumulative stress model, the predictive adaptive responses and human evolution models (match–mismatch model) explain how foetuses are programmed according to the prenatal environment in expectation that the postnatal environment will remain unchanged [24]. When an intrauterine nutrition imbalance occurs, developmental plasticity allows foetal metabolism and tissue development to be altered in a way that maximises postnatal survival in the same nutrition conditions as in utero. If the eventual mature environment, whether subject to overnutrition or undernutrition, matches the anticipation, then the risk of chronic diseases later in life is reduced. Conversely, if a mismatch occurs, particularly when the postnatal environment has improved, then all the preconditioned changes to growth and metabolism will backfire, leading to suboptimal responses to the environment (e.g., diet or lifestyle) and, hence, structural/functional disorders. Sheep offspring born to nutrient-restricted dams and then weaned on an obesogenic diet demonstrated a significantly higher level of renal lipid accumulation at 1 year of age [25].



Developmental programming is a highly complex process, and whether it occurs primarily through cumulative stress or predictive adaptive responses depends on various factors, including species (e.g., human vs. rodents), genetic (i.e., different mouse strains), the nature and intensity of insults (i.e., dietary composition and length), tissue type (e.g., liver vs. kidney), and also sex (males vs. females). Rats tend to be more susceptible to obesity than mice [26], and according to our experience, a mixed high-fat, high-fructose diet has a stronger effect on weight gain and diabetes in mice than a pure high-fat diet. Regarding tissue specificity, maternal HFD induced a cumulative effect on offspring kidney injury [22,27] but not fatty liver disease or hypertension [22,27,28].



Sex-dependent differences in developmental programming are a well-recognised phenomenon [29], predominantly as a result of intrauterine undernutrition [21,30,31] but also, to a lesser extent, overnutrition [32]. Regarding the kidneys, females tend to have ~12–17% fewer nephrons than males, likely attributed to the lower birth weight [33]. While foetal growth retardation (FGR) can equally affect both male and female offspring, leading to nephron deficits [34], renal dysfunction was only found in males but not females in adulthood. Furthermore, Ryan et al. demonstrated that, in general, female infants, but not males, exhibited glomerular hypertrophy from mid-gestation to term [16], which can compensate for the lower nephron endowment in females and potentially protect females from future kidney disease. On the other hand, it has been argued that such intrarenal compensation to maintain the normal glomerular filtration rate can lead to systemic and glomerular hypertension and, hence, a higher risk of progressive CKD [35]. Regarding intrauterine overnutrition, a maternal HFD has been shown to induce insulin resistance and pancreatic β-cell dysfunction in male offspring only. Similarly, we also showed that, maternal HFD feeding in mice induced changes in renal lipid metabolism and stress responses that were specific to male offspring [36]. In the same study, male offspring kidneys also showed reduced expression of Sirtuin (SIRT)1, of which the function in DoHaD has been reviewed previously [2]. In rats, a maternal high-fat diet led to glomerulosclerosis and impaired renal function, though only in male offspring [37]. Similarly, renal alterations in female offspring exposed to maternal high-fat diet are less severe compared to males [38]. Overall, male offspring appear to be more susceptible to CKD than female offspring when it comes to the developmental programming effects of maternal obesity [39].




3. Foetal Growth and Kidney Development


There are approximately 1 million nephrons in normal human kidneys [40]. This number can vary, but a low nephron number is associated with glomerular hypertrophy in certain ethnic groups, such as Australian Aborigines and White Americans [41]. As the nephron number is determined before birth, kidney underdevelopment can have a significant impact on kidney pathophysiology. This topic has been reviewed extensively in the past [33,42,43], and, overall, the evidence demonstrates that developmental programming of CKD and hypertension in preterm and low-birth-weight (LBW) infants is mediated, at least in part, by reduced nephron endowment [33,42,43]. LBW, small for gestational age (SGA), and preterm birth have been associated with an odds ratio for CKD of 1.72, 1.79, and 1.48, respectively, according to a recent meta-analysis involving 2,663,010 Norwegians after a mean follow-up of 26 years [12]. Meanwhile, uteroplacental insufficiency or foetal growth retardation (FGR) has been shown to increase the risk of microalbuminuria, eGFR decline, and kidney failure by 81%, 79%, and 58%, respectively [44]. eGFR but not albuminuria in childhood significantly correlated with maternal protein intake, particularly from vegetables, during the first trimester [45]. Increased incidence of focal segmental glomerulosclerosis (FSGS) was also reported in association with LBW and premature birth [46].



In animals, offspring born to dams fed a protein restriction diet showed a significant reduction in the number of nephrons, coupled with hypertension and glomerular hypertrophy in adulthood [47,48]. In addition, renal apoptosis was found to be upregulated in newborn mice due to maternal food restriction during gestation [49], potentially contributing to the reduced nephron number. In association with the upregulation of proapoptotic genes, maternal protein deficiency also resulted in the downregulation of ciliogenesis factors and cilial elongation in renal tubular epithelial cells in foetal rats [50], which is considered a marker of tubular injury. Although nutrient deprivation is generally considered to be the cause of FGR, maternal obesity has also been associated with higher levels of stillbirth and severe FGR [51,52]. A study in Indigenous Australians, who are twice as likely to develop CKD compared to non-indigenous Australians, showed that babies of obese mothers tend to have reduced kidney size relative to their body weight [53].




4. Metabolic Programming


Offspring metabolism is greatly impacted by maternal nutritional status [54,55]. In particular, maternal obesity is one of the strongest risk factors for childhood obesity and comorbidities in the offspring, leading to a vicious cycle that is worsening the global obesity pandemic [56]. Increased levels of glucose and lipids in the maternal bloodstream have been shown to induce metabolic pressure, lipotoxicity, oxidative stress, inflammation, and vasculopathy in the foetal placental unit [57,58,59,60]. The selectivity of the blood–placental barrier was impaired due to maternal obesity together with the upregulation of glucose and fatty acid transporters, leading to an excess of nutrients, metabolic hormones, and proinflammatory cytokines that predispose offspring to metabolic disorders [59,61]. Hyperinsulinaemia and insulin resistance were also induced in the offspring, hence an increased risk for type 2 diabetes and diabetic kidney disease [28,62]. Additionally, higher pre-pregnancy body mass index has been associated with an increased risk for hypertension in the offspring, which can contribute to CKD, although the effect appears to be primarily driven by the offspring nutritional status [63,64].



Maternal obesity is also associated with increased leptin concentration and leptin resistance in the offspring, coupled with dysregulation in appetite control, food preference, and overfeeding. We have also observed that mouse offspring born to HFD-fed dams showed increased milk intake, glucose intolerance, and hyperlipidaemia [28,62]. The hypothalamus, the brain region controlling appetite, showed altered levels of appetite-regulating hormones and neuropeptide receptors [65]. Increased levels of the Melanocortin-4 receptor (Mc4r) in the paraventricular nucleus of the hypothalamus have been shown to mediate hypertension in the offspring born to obese mothers [66]. In the same study, pharmacological inhibition or genetic deletion of Mc4r in the PVH led to the suppression of renin and angiotensin in the renal cortex and reduced blood pressure in the offspring, while restoration of this gene reversed the effect, suggesting interplay between central and renal sympathetic nerve activity and a key role of the brain–kidney axis in the maternal obesity-induced programming of hypertension and CKD. In another study, maternal HFD was associated with baroreflex dysfunction and activation of angiotensin II, leading to hypertension in adult offspring [67]. These programmed changes may serve as the origins of CKD. Indeed, mouse offspring born to HFD-fed dams showed an upregulation in the expression of oxidative stress and inflammatory and fibrotic markers in the kidney [22].



Similar to maternal overnutrition, maternal undernutrition during gestation and lactation has been shown to alter central leptin signalling and the response of Proopiomelanocortin neurons to changes in the energy status. It also increases food intake in adult rats, hence increasing the risk for obesity and related disorders [68,69]. Importantly, caloric restriction during different periods of gestation can lead to different metabolic outcomes in the offspring. While maternal exposure to food restriction during the first half of pregnancy predisposed offspring to a higher risk of obesity, exposure from the third trimester to birth reduced the risk for obesity but increased the incidence of type 2 diabetes mellitus [70]. Such an example demonstrates the complexity in metabolic programming, which contributes to the varied susceptibility to CKD development later in life. As maternal smoking is known to induce FGR, its combination with maternal obesity was shown to exacerbate adiposity and metabolic disorders in male offspring [71], which further predispose them to CKD.




5. Oxidative Stress and Mitochondrial Dysfunction


Oxidative stress is a central pathological pathway of many chronic diseases, which is characterised by an overproduction of reactive oxygen species (ROS) and/or a reduction in antioxidant capacity. Such an imbalance increases the level of oxidative damage to cellular components, such as DNA, proteins and lipids, cell cycle arrest, or cell dysfunction [72]. As ROS are by-products of the oxidative phosphorylation process during ATP synthesis by mitochondria, mitochondria are typically vulnerable to oxidative insults. As foetal mitochondria together with mitochondrial DNA are maternally inherited, oxidative damage induced to oocyte mitochondrial DNA can be transmitted to the foetus, initiating disease programming at the very first stage of foetal life. Oxidative stress and/or mitochondrial dysfunction have been implicated in the developmental programming of kidneys in offspring born of dams exposed to diverse conditions inducing nutrition imbalances, such as caloric restriction [73,74], low-protein diet [75], maternal diabetes [76,77], and HFD [22,27,28]. Particularly, oxidative stress and inflammation can occur in reproductive organs due to maternal obesity and hyperglycaemia [78], disturbing oogenesis and leading to poor-quality oocytes [79,80,81,82], which, if fertilised, will likely affect foetal development [83]. Similarly, maternal undernutrition also increased ovarian oxidative stress and reduced ovarian follicle number in adult rat offspring [84], suggesting that the programming effects on reproduction can be transgenerational. In regards to kidney programming, we have demonstrated that mouse and rat offspring exposed to maternal obesity showed higher levels of oxidative stress markers in the kidney at weaning and early adulthood [22]. Similar findings have been reported by other researchers [85,86,87,88,89]. In addition, oxidative disorders were also evident in offspring tissues, including the liver [90,91] and heart [92].



Dietary supplementation of antioxidants has shown protective effects against oxidative stress in offspring due to developmental programming. The supplementation of resveratrol, a naturally occurring antioxidant, in pregnancy partially prevented maternal protein-restriction-induced oxidative stress and metabolic dysfunction in their offspring’s liver in a sex-specific manner [93]. The antioxidant potential of resveratrol is largely mediated by SIRT1, a master regulator of stress responses and senescence [94,95]. The overexpression or pharmacological activation of SIRT1 in the offspring partially reversed metabolic programming from maternal obesity, reflected by lower body weight and fat mass, improved glucose tolerance, and liver damage in the offspring [28,62], which were associated with a reduction in renal oxidative stress and inflammation markers in the offspring [22]. Conversely, early postnatal overfeeding by reducing litter size in mice was found to decrease the expression of SIRT1 and increase cellular senescence in the kidney at weaning [96]. SIRT1 and SIRT3 are also important regulators of mitochondrial function, as they deacetylate and activate peroxisome proliferator-activated receptor-gamma coactivator PGC-1a, a marker of mitochondrial biogenesis, as well as modulating the transcription of other metabolic markers. As SIRTs are therapeutically targetable, this leads to an intervention for renal oxidative stress and mitochondrial dysfunction due to developmental programming.




6. Epigenetic Modification


Epigenetic modification plays a central role in developmental programming. DNA methylation, histone acetylation, and micro RNAs can modify chromatin structure and accessibility to transcription factor binding sites, thereby modulating gene expression without changing the DNA sequence per se. As epigenetic factors are influenced by the environment, this allows adverse changes in the utero environment to program gene expression in the foetus. Epigenetic modification is a dynamic, reversible process. Epigenetic changes during a critical window of foetal development may initiate a vicious cycle of dysregulation in the cellular structure and function, increasing the likelihood of disorders later in life. It can also induce “permanent” changes that persist into adulthood and pass down to future generations [97]. In animals, intrauterine overnutrition can result in metabolic dysregulation, tissue inflammation, and mitochondrial impairment in the third generation, even though the second generation was not fed an HFD [55,98,99], suggesting the likelihood of germ cell programming.



6.1. DNA Methylation


Among the three main types of epigenetic modifications, DNA methylation is the most stable and, hence, the most studied in disease programming. DNA methylation can either occur passively or actively via the action of DNA methyl transferases Dnmt1, Dnmt3a, and Dnmt3b [100]. While Dnmt1 is responsible for maintaining the original epigenome during cell division, Dnmt3a and 3b induce de novo methylation to DNA. Premature and extreme-birth-weight human newborns have been reported to have an increased level of global DNA methylation that is associated with increased adiposity later in life [101]. This was consistent with our study, which showed increased expression of DNA methyl transferase Dnmt1 and Dnmt3b in adult offspring born to HFD-fed dams [102]. Dnmt1 and the histone methylation marker (H3K27me3) have been implicated in the self-renewal and differentiation of nephron progenitor cells (NPCs) [103]. Dnmt1 has also been suggested to be the key regulator of prenatal renal programming in offspring exposed to maternal protein deficiency [104]. This represents a fundamental link between nephron number, the renin–angiotensin system (RAS), and the intrauterine environment.



In utero exposure to an HFD was associated with hepatic hypermethylation and gene dysregulation with relevance to the development of metabolic syndrome in male mice [105]. Differences in DNA methylation of 3360 loci were identified in this study, among which a great number were associated with transcriptional changes that were maintained into adulthood. In humans, genome-wide correlation of cord blood samples from mother–child pairs led to the identification of specific methylation sites in the offspring of obese mothers that persisted until adulthood [106]. On the other hand, specific changes in DNA methylation profiles from blood and kidney tissue in patients with CKD have been identified in recent studies [107,108,109]. Regarding the developmental programming of CKD, altered methylation of angiotensin receptor 1 (AGTR1) has been shown to mediate the effect of prenatal famine exposure on eGFR decline across consecutive generations in humans [110]. In hypertensive rats, it was demonstrated that maternal protein deficiency in addition to a high-salt diet in the offspring resulted in hypertension that was associated with hypermethylation of prostaglandin E receptor 1 (PTGER1) and hypomethylation of angiotensin II receptor type 2 (AGTR2), respectively, in the kidney [111,112]. Further, AGTR1 hypomethylation in the blood was shown to predict CKD progression in HFD-fed mice in adulthood [113], supporting an important role for the DNA methylation of angiotensin receptors and the developmental origin of CKD. In a different study, FGR was found to downregulate the expression of 11β-Hydroxysteroid dehydrogenase type 2 (11beta-HSD2) in the kidney by altering the binding of transcriptional factor to promoter and DNA/histone methylation [114]. As 11beta-HSD2 regulates renal steroid sensitivity, its suppression has been shown to induce hypertension in both animals and humans [115].



As offspring DNA methylation can be modified, this opens opportunities for targeted therapies to reverse these epigenetic abnormalities. Indeed, it has been shown in stroke-prone spontaneously hypertensive rats that a postnatal high-protein diet can reverse early changes in DNA methylation in offspring due to maternal protein restriction [116]. Collectively, this stresses the important role of DNA methylation in developmental programming due to adverse maternal nutrition.




6.2. Histone Acetylation


Histone acetylation is another epigenetic mechanism that is likely involved in developmental programming because it alters DNA coiling and, hence, gene transcription. The foetuses of HFD-fed dams demonstrated histone modifications in the liver that were persistent at postnatal week 5, independent of postnatal feeding [117]. Maternal HFD has been shown to increase foetal hepatic H3K14 acetylation in association with a downregulation of SIRT1 and reduced in vitro deacetylase activity in non-human primates [118]. The effect of maternal undernutrition on histone acetylation and SIRTs in the offspring kidney has not been studied, although, in the liver, uteroplacental insufficiency was shown to alter DNA methylation and histone acetylation in FGR rats [119]. In low-birthweight rat offspring, the postnatal expression of SIRT1 was reduced in association with increased lipogenesis and decreased lipolysis, despite upregulation during the prenatal period [120]. As such, SIRTs are deemed to play a central role in the integrative regulation of metabolic dysregulation, mitochondrial dysfunction, and epigenetic programming [2]. Collectively, the above studies demonstrate a role for in utero metabolic programming. The proposed mechanisms are described in Figure 1.




6.3. MicroRNAs


MicroRNAs (miRNAs) are small noncoding RNAs that regulate gene expression through translational repression and mRNA destabilization. Changes in the composition of the miRNA profile are associated with the modulation of diverse biological processes. Particularly, dysregulation of miRNA expression has been implicated in the pathogenesis of developmental kidney diseases [121]. In human, changes in miRNAs involved in oxidative stress, inflammation, and metabolic metabolism were found in the blood of mothers with obesity and gestational diabetes compared to those with normal weight [122]. Similarly, the levels of miRNAs in the placenta and amnion of obese mothers have been shown to be predictors of lower birth weight and increased postnatal weight gain [123,124]. Pathway analysis indicated that these miRNAs were related to insulin signalling and cell proliferation. Consistently, in animals, changes in hepatic and circulating miRNA expression in association with lipid metabolism, insulin signalling, and inflammation due to maternal HFD consumption have been reported [125,126,127]. Rat offspring of HFD-fed dams developed cardiac hypertrophy and increased extracellular matrix deposition in the heart compared to those exposed to a chow diet [128]. These changes were associated with a downregulation of a subset of miRNAs involved in TGFβ.



Regarding the developmental origin of CKD, miRNAs such as miRNA-128 have been shown to induce apoptosis in human embryonic kidney cells [124]. On the other hand, maternal protein restriction altered miRNA expression in foetal and offspring kidneys in rats in association with reduced nephron numbers [129]. Particularly, miR-192 and miR-200 family expression was upregulated in the kidney of rat adult male offspring in association with increased expression of markers of epithelial-to-mesenchymal transition and kidney fibrosis including TGF-β [130,131]. The role of miRNA in maternal obesity-induced kidney programming has not been studied. This clinical and preclinical evidence supports the role of miRNAs in metabolic programming and kidney development, which are important factors for future kidney diseases.





7. Conclusions


This review summarized evidence and concepts surrounding the DoHaD theory, which highlights how adverse environmental factors during gestation and lactation can predispose offspring to chronic diseases, particularly CKD later in life. We found that, at the population level, broad mechanisms, such as cumulative stress, predictive adaptive responses, and sex differences, likely formulate the overall developmental programming response of the impacted cohort. At individual and physiological levels, the link between birth weight, glomerular endowment, and hypertension remains the most recognised pathway for the future development of CKD. At the cellular and molecular levels, mechanisms, such as metabolic programming, oxidative stress, mitochondrial dysfunction, and epigenetic modification, are of increasing interest due to their therapeutic targetability. Although a number of studies in animals demonstrate that intervention during gestation, for example, maternal supplementation of antioxidants, can reduce the adverse effects on kidneys and prevent the future development of CKD in the offspring, it remains unclear whether these approaches are beneficial in humans. Due to the chronic nature of CKD, validating these effects in humans requires longitudinal, multi-institutional, and multigenerational studies, which are highly resource-demanding, yet the only option to confirm and intervene in the vicious cycle of metabolic and kidney diseases due to nutrition and developmental programming.
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