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Abstract

:

The global surge of obesity amongst women of reproductive age has raised concerns surrounding the health consequences for their offspring as there is a formidable link between an obesogenic maternal environment and the developmental programming of metabolic dysfunction in the offspring. Specifically, the offspring of mothers with obesity have a three-fold higher risk of developing metabolic-associated fatty liver disease (MAFLD) compared to the offspring of healthy-weight mothers. Given the burgeoning burden of obesity and its comorbidities, it is essential to focus research efforts on methods to alleviate the intergenerational onset of obesity and MAFLD. This review summarizes the current research surrounding the developmental programming of MAFLD in the offspring of mothers with obesity and examines the potential for weight interventions to prevent such metabolic dysfunction in the offspring. It focuses on the benefits of pre-pregnancy interventional strategies, including dietary and exercise intervention, to ameliorate adverse liver health outcomes in the offspring. The utility and translation of these interventions for humans may be difficult for prospective mothers with obesity, thus the use of pre-pregnancy therapeutic weight loss aids, such as glucagon-like peptide-1 receptor agonists, is also discussed.
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1. Introduction


In recent decades, global obesity rates have grown to pandemic proportions. According to the World Health Organization (WHO), in 2016 over 650 million adults had obesity, defined as a body mass index (BMI) >30 kg/m2 [1]. The rate of maternal obesity is rising in parallel, with data from the US National Health and Nutrition Examination Survey (NHANES) revealing that among American women aged 20–39 years of age, more than 30% have obesity [2]. Maternal obesity influences both maternal and offspring health; it is associated with an increased risk of adverse pregnancy-related conditions including gestational diabetes, pre-eclampsia, and stillbirth, and the offspring born to mothers with obesity have higher rates of obesity from childhood to adulthood [1,3,4]. The burgeoning impact of obesity poses a significant risk for increased morbidity and mortality, particularly in relation to the metabolic complications of obesity, including type 2 diabetes (T2D) and prediabetes, chronic kidney disease (CKD), cardiovascular disease (CVD), and metabolic-associated fatty liver disease (MAFLD) [5].



MAFLD, previously referred to as non-alcoholic fatty liver disease, is a term encompassing a range of diseases caused by the accumulation of lipid products in the liver [6]. MAFLD affects more than a quarter of the global population, with its increase in prevalence being linked to rising rates of obesity [7]. MAFLD is the leading cause of end-stage liver disease, a disastrous consequence that can lead to premature death unless liver transplantation can be achieved [8]. Histologically, MAFLD is characterized by steatosis, which is defined as intrahepatic triglyceride content >5% of the total liver volume [9]. Beyond steatosis, metabolic-associated steatohepatitis (MASH) can develop, manifesting as simple steatosis concurrent with inflammation, oxidative stress, and fibrosis, ultimately leading to cirrhosis, and an increased risk of liver failure and malignancy [10]. Since the early stages of MAFLD commonly show no apparent symptoms, the identification of individuals with a predisposition for MAFLD may enable the intervention and prevention of metabolic liver disease. Maternal obesity has been well established as a risk factor for metabolic dysfunction and obesity in offspring. More recently, its impact on the progression of MAFLD has been elucidated, with several pre-clinical and clinical models linking a maternal obesogenic environment with higher rates of MAFLD in adult offspring [11,12,13,14,15]. Considering the escalating rate of obesity amongst reproductive-age women, it is crucial to devise interventional strategies in the perinatal period to mitigate the established risk of MAFLD for the unborn offspring of mothers with obesity.




2. Molecular Mechanisms of Obesity and Its Influences on Normal Liver Function


Overnutrition, which is characteristic of obesity, promotes lipid storage in adipocytes in the body. When adipose tissue can no longer accommodate the increase in lipid products, it results in adipocyte hypertrophy, leading to a plethora of physiological alterations including systemic fatty acid (FA) flux, adipokine secretion and adipocyte apoptosis [16]. Adipocytes are highly responsive to insulin. In normal physiological conditions, insulin promotes the formation of triglycerides (TGs) from FAs by lipogenesis and inhibits their breakdown by lipolysis. However, in the case of obesity-induced insulin resistance, these cells no longer respond to insulin’s metabolic effects and the systemic FA flux is exacerbated as insulin can no longer inhibit lipolysis. These adaptations to adipose tissue physiology negatively impact the liver as it increases the availability of lipid products in the blood, leading to ectopic fat uptake in the liver. As such, individuals with obesity and MAFLD have high levels of insulin resistance [17].



The liver assumes a central metabolic role, acting as an intermediary organ between exogenous and endogenous energy sources. The liver uptakes systemic lipid products in the form of FAs as well as post-prandial non-esterified fatty acids (NEFAs). FAs are also produced in the liver by de novo lipogenesis [18]. These lipid species are then esterified to form TGs and stored transiently in hepatocytes either for downstream energy expenditure via mitochondrial β-oxidation or systemic secretion within very low-density lipoproteins (VLDLs). In the over-satiated state of obesity, the increase in the availability and production of lipid species causes the rate of FA acquisition in the liver to be disproportionately higher than the rate of FA output, driving the accumulation of lipotoxic lipid species which is a key component of steatosis [19]. These adaptations can cause the phenotypic changes of MAFLD (Figure 1).



Hormonal dysregulation is a hallmark feature of obesity. Alongside insulin resistance, alterations in the activity of the adipose tissue-derived hormones, leptin and adiponectin, contribute to metabolic dysfunction in the liver. Leptin mediates FA metabolism and conversely, adiponectin decreases lipogenesis and glucose output in the liver in addition to regulating inflammation [20]. High levels of leptin and low levels of adiponectin are associated with an increased risk of liver damage in individuals with MAFLD.



When obesity goes unmanaged, an intrahepatic inflammatory process begins and the progression from MAFLD to its more serious stage of MASH occurs. Inflammation is an essential immune response that allows the reparation of injured tissues and protection against foreign pathogens [21]. However, the persistent inflammatory response that accompanies obesity can be detrimental in the context of MAFLD, as it can aggravate liver injury. The hypertrophy of adipocytes results in the activation of pro-inflammatory macrophages that secrete cytokines and activate inflammatory pathways making it the predominant source of systemic inflammation [22]. These cytokines also have receptors in liver parenchyma that induce signaling cascades involved in insulin resistance. Inflammation directly influences insulin resistance, and, reciprocally, insulin resistance exacerbates inflammation [23]. The activation of systemic macrophages together with the activation of resident liver macrophages, called Kupffer cells, results in the systemic and intrahepatic accumulation of inflammatory mediators which has deleterious effects on liver function and drives the progression of MASH [24].



Alongside inflammation, mitochondrial dysfunction and resultant oxidative stress contribute to this disease. Oxidative stress arises from a discrepancy between the balance of reactive oxygen species (ROS) generation and antioxidant defenses. Oxidative stress can trigger damage to hepatocytes through the alteration of lipids, proteins, and DNA contents. Oxidative stress, together with inflammation can lead to the progression of liver fibrosis [25]. Fibrosis is the reparative response to chronic liver damage where hepatic stellate cells (HSCs) activate and deposit extracellular matrix proteins, such as collagens, at the site of injury [26]. In a normal setting, fibrosis preserves tissue stability during injury; however, the sustained and progressive fibrosis that is seen in MASH has pathogenic features. Fibrosis distorts the liver’s architecture over time which may lead to cirrhosis and malignancy.




3. Developmental Programming of Metabolic Dysfunction in the Offspring of Mothers with Obesity


The hallmark features of obesity-induced metabolic dysfunction, namely hormonal and lipid dysregulation, are relevant to both mothers with obesity and their offspring, leading to the intergenerational progression of MAFLD and associated liver diseases. Although genetics and postnatal environment play an eminent role in the prediction of long-term health, an obesogenic maternal environment also fosters adverse fetal effects that influence health from birth through to adulthood [27]. This concept is known as the developmental origins of health and disease (DOHaD), suggesting that an adverse intrauterine environment is crucial in shaping an individual’s long-term health [28]. Epidemiological studies have shown that offspring born to mothers with obesity are at risk of increased birth weights, heightened adipose tissue mass, and childhood obesity [29,30]. This risk spans into adulthood, as childhood body weight is positively correlated with adulthood body weight. A high maternal pre-pregnancy BMI is also associated with known constituents of metabolic dysfunction in the offspring, namely increased insulin resistance which can exacerbate adipose tissue lipolysis and increase the hepatic uptake of lipid species [13,14,29,31].



Evidence for an Association between Maternal Obesity and an Increased Risk of MAFLD in Offspring


Although discerning the impact of developmental programming and post-natal environment is difficult in human studies, several longitudinal cohort studies have linked maternal pre-pregnancy BMI with MAFLD risk in the offspring. The Raine cohort study found an association between a maternal pre-pregnancy BMI >30 kg/m2 with an increased risk of MAFLD in the offspring at 14 years of age [32]. Similarly, data from the ESPRESSO cohort study found a three-fold higher risk of MAFLD in the offspring of mothers with obesity compared to the offspring of mothers with a healthy body weight [11]. Other cohort studies found that maternal pre-pregnancy obesity was strongly associated with increased hepatic steatosis in adolescent offspring, independent of childhood or adolescent adiposity [33,34].



There is also overwhelming evidence of the developmental programming of MAFLD in offspring in preclinical animal studies. In a model of maternal obesity in Japanese Macaques, fetal hepatic steatosis was higher in late gestation in the offspring of mothers fed a high-fat diet (HFD) compared to the offspring of lean mothers, implicating maternal overnutrition in fetal hepatic fat accumulation [13]. Further, the elevation of expression of genes involved in lipid homeostasis, namely sterol regulatory element-binding protein-1c (SREBP-1c), was observed in offspring of HFD-fed mothers, and this was further increased when offspring were exposed to postnatal HFD [12]. Insulin activates hepatic SREBP-1c to regulate de novo lipogenesis in the liver and its heightened expression is indicative of steatosis [35]. In this same model, the offspring also had primed expression of genes involved in oxidative stress and inflammation. Furthermore, a model of maternal obesity in C57Bl/6J mice demonstrated that exposure to perinatal HFD increased the expression of profibrotic genes in the liver of offspring that were fed a postnatal low-fat diet [36]. It was found that fibrosis was accelerated in the offspring of mothers with obesity when the offspring were reared on a postnatal HFD [37].



The developmental programming of MAFLD in the offspring of mothers with obesity is thought to be attributed to changes in epigenetic profiles in the placenta and the liver of the offspring. The epigenome refers to DNA and histone modifications that alter genetic transcription and cellular function [38]. MicroRNAs (miRNAs) are epigenetic regulators that have been shown to alter the expression of genes involved in lipid metabolism, oxidative stress, and inflammation in the liver of humans [39,40]. Furthermore, a study assessing the impact of an obesogenic western-style diet (WSD) in baboons found that at late gestation, the mRNA expression of miR-182-5p and miR-183-5p was downregulated in the placenta of mothers fed WSD, concomitant with alterations in pathways involved in lipid metabolism and inflammation [41]. In a mouse model of maternal obesity, the newborn offspring of mothers with obesity had upregulated levels of the miRNA Let-7 in the liver, which regulates hepatic AMP-activated protein kinase a2 (AMPKa2) protein expression [42]. A knockout mouse model of AMPKα2 was shown to have significantly increased hepatic steatosis, inflammation, and fibrosis [43]. Hence, the upregulation of Let-7 may be implicated in the progression of MAFLD through the AMPKa2 pathway [44]. Furthermore, a mouse model of maternal obesity concluded that the programming of liver perturbations in the offspring may be catalyzed by DNA hypermethylation, an epigenetic alteration that results in the downregulation of gene expression. In this study, maternal obesity resulted in the hypermethylation and downregulation of the zinc finger transcription factor, Miz1, in the fetal liver [45], which has been shown to reduce hepatocyte inflammation [46]. Given the clear evidence of the adverse liver health outcomes catalyzed by the epigenetic modifications induced by maternal obesity, the optimization of maternal health in the perinatal period may be beneficial to mitigate this risk for the offspring.





4. Maternal Weight Management to Mitigate Adverse Health Outcomes in Offspring


Clinical studies focusing on maternal weight management during pregnancy have yielded poor results regarding offspring health outcomes. Both the LIMIT and UPBEAT trials investigated the benefits of lifestyle modification during pregnancy, finding no effect of gestational weight management programs on neonatal outcomes [47,48]. There are known benefits of pre-conception weight management for maternal health, fertility, and pregnancy outcomes [49]; however, whether or not these benefits extend to the offspring is largely unexplored.



In contrast to human studies, some preclinical investigations have found a benefit of pre-pregnancy weight management in models of maternal obesity that demonstrate beneficial effects on offspring health. A rodent study investigating maternal pre-pregnancy exercise improved insulin resistance in male offspring [50]. Similarly, a study examining pre-pregnancy and during-pregnancy exercise intervention found that offspring born to exercised mothers had less susceptibility to insulin-resistant diseases compared to those born to sedentary mothers [51].



More specifically, preclinical models have proven the efficacy of maternal pre-pregnancy weight loss via lifestyle changes in improving metabolic liver health in their offspring (Table 1). Briefly, in a model of maternal obesity in Japanese Macaques, dietary intervention 9 weeks prior to conception reduced lipogenic gene expression and oxidative stress in the fetal liver in the third trimester. Interestingly, a study comparing the timing of dietary intervention in a mouse model of maternal obesity found that dietary intervention only 1 week prior to conception did not alleviate the risks associated with maternal obesity for the offspring as they exhibited disrupted insulin sensitivity in hepatocytes, increased hepatic expression of SREBP-1c and hepatic steatosis, like the offspring of mothers with obesity. However, similar to the study in Japanese macaques, this was avoided in the offspring of mothers with dietary intervention 9 weeks prior to conception, suggesting that early maternal dietary intervention is effective in reducing the risk of MAFLD in the offspring of mothers with obesity [52]. Animal studies investigating maternal exercise in the prenatal period have yielded similar results; maternal exercise prior to conception in rodent mothers with obesity was shown to reduce hepatic fibrosis and regulate the expression of genes involved in β-oxidation and lipogenesis in the liver of the offspring [53,54].



Ultimately by reducing the transgenerational risk of obesity via maternal weight management in the prenatal period, the burden of obesity-related metabolic conditions could be reduced in the offspring. From the pre-clinical evidence of improved metabolic liver health in the offspring, it is plausible that pre-conception lifestyle interventions are necessary to reduce the risk of MAFLD and its precursors in the offspring of mothers with obesity, highlighting that the method and timing of the intervention have a great impact on health outcomes.



4.1. Challenges for Maternal Weight Modification Via Lifestyle Interventions


Women with obesity are advised to attempt a reduction of 5–7% of body weight prior to conception [56]. Importantly, lifestyle modification typically requires 6–12 months to reduce body weight by 5–10%, however, survey data revealed that more than 80% of overweight and obese women are unwilling to postpone pregnancy plans longer than 3 months to achieve such weight reductions [57]. Furthermore, sustaining weight loss beyond initial loss is challenging, and weight regain is commonly experienced by many people undertaking weight loss intervention [58]. It was found that pre-pregnancy lifestyle intervention in women with obesity produced modest weight reductions incongruous with the recommended weight loss levels from key international guidelines [59]. As such, they led to minimal benefit on perinatal outcomes. In contrast, nutritional deficiencies from severe dietary restriction to achieve pre-pregnancy weight loss can have lasting negative impacts on offspring health. For example, offspring born to mothers during the Dutch famine, and the offspring of mothers who had bariatric surgery within 1 year of pregnancy have an increased risk of poor perinatal outcomes with adverse neonatal health outcomes [60,61].



Pharmacotherapy may achieve weight loss that is intermediate between lifestyle modification and severe caloric restriction and/or surgical intervention. It has the potential to assist pre-pregnancy weight loss whilst maintaining nutritional requirements and is potentially a valuable adjunct to lifestyle modification for women with obesity attempting pre-pregnancy weight loss. As some medications have contraindications during pregnancy, this review will assess pharmacotherapy for weight loss prior to conception.




4.2. Pharmacotherapy for Pre-Pregnancy Weight Management


While there are several weight loss drugs currently available, there is little research on the effects of such drugs in the context of pre-pregnancy weight management, or the outcomes of subsequent pregnancies. It is essential to explore the effects of these drugs on maternal health and weight stability, as well as to assess suitable wash-out periods to avoid teratogenic effects on the developing fetus. Furthermore, whether pre-pregnancy weight loss with pharmacotherapy reduces the risk for the developmental programming of metabolic dysfunction and MAFLD is largely unknown.



Glucagon-like peptide-1 (GLP-1) receptor agonists are a class of drugs with great effects on appetite and metabolism. By potentiating the effects of endogenous GLP-1, a key incretin hormone, they limit postprandial glucose levels by potentiating the glucose-dependent insulin secretion from pancreatic β-cells [62]. By acting centrally GLP-1 also reduces hunger and promotes satiety [63]. Given that GLP-1RAs stimulate insulin production from the pancreas, influencing the metabolic function of the liver whilst promoting weight loss, GLP-1 receptor agonists are of interest as a pharmacotherapeutic strategy to improve maternal liver health and induce meaningful pre-pregnancy weight loss [64]. The LEAN clinical trial demonstrated the efficacy of the GLP-1RA liraglutide in MAFLD treatment; specifically, liraglutide induced the resolution of MASH in 39% of patients compared with 9% in the placebo group [65]. In addition, when liraglutide was given to mice prior to pregnancy, it induced weight loss and improved metabolic function in mothers, whilst improving their fertility rates [49]. Its preconception usefulness of preventing adverse fetal programming of metabolic health, including liver health in the offspring, has not yet been reported.



Following the clinical success of GLP-1RAs as weight loss agents, synergistic drug combinations have been trialed to further improve their efficacy. The glucose-dependent insulinotropic polypeptide (GIP), which is another incretin hormone, regulates energy balance through cell-surface receptor signaling in the brain and adipose tissue. There is promising clinical data from co-agonists that allow for the concurrent activation of the GLP-1 and GIP known as GLP-1/GIP co-agonists. Recently, the GLP-1/GIP co-agonist, tirzepatide, was approved by the US Food and Drug Administration (FDA) for use in patients with obesity after it was found to induce substantial weight loss in the SURMOUNT-1 trial, inducing a 19.5% reduction in weight loss compared to a 3.1% reduction in patients receiving a placebo [66]. GLP-1 receptor agonists and GLP-1/GIP co-agonists are promising weight loss agents that could be valuable for pre-conception weight reduction to improve fertility and pregnancy outcomes and extend these benefits to the health of their offspring.





5. Conclusions and Future Directions


Both clinical and preclinical models of maternal obesity show that an obesogenic maternal environment fosters the progression of hepatic steatosis in the offspring, with an increased risk for MAFLD in adulthood. It is important that new interventional strategies are devised in the face of the obesity pandemic to improve intergenerational health outcomes. As the global rate of MAFLD rises, reducing levels of maternal obesity may be an effective strategy to lessen the burden of this disease. Pre-clinical models of maternal obesity have shown the promising potential of early pre-pregnancy weight modulation to reduce obesity rates and resultant MAFLD risk in adult offspring, but the current weight loss methods that are available for prospective mothers fall short. GLP-1RAs and GLP-1/GIP/glucagon have well-established weight loss benefits and could be considered for use in the context of maternal obesity, so long as there is sufficient time to induce weight loss, followed by a wash-out period prior to conception to avoid potential teratogenic effects if continued during gestation. The physiological effects of these drugs in a clinical setting of maternal obesity are inherently complex and thus, it is essential to discern their benefits in the context of pre-pregnancy weight modulation to reduce the intergenerational effects of maternal obesity on MAFLD in the offspring.
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Figure 1. Obesity induces adipocyte dysfunction leading to an increased flux of systemic lipid products which is worsened by insulin resistance. Further, adipose tissue dysfunction causes hormonal dysregulation of leptin, adiponectin, and the activation of inflammatory pathways. The increase in systemic lipid availability causes the ectopic uptake of fats by the liver, and insulin resistance stimulates de novo lipogenesis, together causing steatosis, characteristic of MAFLD. Lipotoxicity in the liver causes mitochondrial dysfunction and oxidative stress which progressively leads to the onset of fibrosis in the liver, characteristic of MASH. NEFA, non-esterified fatty acids; FA, fatty acids; DNL, de novo lipogenesis; TG, triglycerides; VLDL; very low-density lipoproteins; MAFLD, metabolic-associated fatty liver disease; MASH, metabolic-associated steatohepatitis; ROS, reactive oxygen species. An increase is indicated by green arrows and a decrease is indicated by red arrows. 
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Table 1. Preclinical models of pre-pregnancy lifestyle modifications to improve liver health outcomes in offspring exposed to maternal obesity.
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	Ref
	Authors
	Year
	Animal Species
	Animal Model
	Key Study Findings





	[55]
	Wesolowski et al.
	2018
	Japanese macaque
	Maternal diet: chow (CON) or western-style (OB-WSD). A subset of OB-WSD mothers were switched to CON (OB-DR) approx. 9 weeks prior to and throughout pregnancy.



Offspring age: Late third trimester fetuses
	The offspring of OB-WSD mothers had increased hepatic steatosis, oxidative stress and expression of key regulators of de novo lipogenesis compared to the fetuses of CON mothers.



Lipogenic gene expression and oxidative stress was reduced in fetuses of OB-DR mothers, although pre-pregnancy dietary switch did not induce complete normalization in the liver of fetuses.



	[52]
	Zhou et al.
	2020
	Mice (mixed background)
	Maternal diet: normal-fat (NF) or high-fat diet (HFD). A subset of HFD mothers were switched to NF diet 9 weeks (H9N) or 1 week (H1N) prior to pregnancy.



Offspring age and diet: Postnatal week 12, weaned to HFD.
	The offspring of HFD and H1N mothers had increased hepatic steatosis, insulin resistance and expression of key regulators of de novo lipogenesis than the offspring of NF mothers.



The offspring of H9N mothers had similar phenotypes to the offspring of NF mothers.



	[53]
	Hinrichs et al.
	2023
	C57Bl/6J mice
	Maternal diet: CON or high-fat, fructose, cholesterol diet (HFFC). A subset had an exercise wheel introduced 2 weeks prior to pregnancy to allow for voluntary exercise (HFFC-Run).



Offspring age and diet: Postnatal week 7, weaned to a HFFC diet.
	The offspring of HFFC mothers had increased hepatic steatosis and fibrosis compared to the offspring of CON mothers.



Hepatic fibrosis was reduced in the offspring of HFFC-Run mothers. Pre-pregnancy maternal exercise had no effect on hepatic steatosis in the offspring.



	[54]
	Kasper et al.
	2021
	C57BL/6N mice
	Maternal diet: CON or WSD. A subset of WSD mothers had an exercise wheel introduced 2 weeks prior to pregnancy to allow for voluntary exercise (WSD-Run).



Offspring age and diet: Postnatal week 3 (at weaning), or postnatal week 14, weaned to CON, but switched to WSD at postnatal week 5.
	The offspring of WSD mothers had increased hepatic steatosis compared to the offspring of CON mothers.



At postnatal week 3, the offspring of WSD-Run mothers had increased expression of regulators involved in hepatic energy metabolism compared to the offspring of WSD mothers. At postnatal week 14, the offspring of WSD-Run mothers had increased expression of key regulators of ß-oxidation, and inhibition of key regulators of lipogenesis in the liver compared to the offspring of WSD mothers.
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