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Abstract

:

Developmental programming of chronic diseases by perinatal exposures/events is the basic tenet of the developmental origins hypothesis of adult disease (DOHaD). With consumption of fructose becoming more common in the diet, the effect of fructose exposure during pregnancy and lactation is of increasing relevance. Human studies have identified a clear effect of fructose consumption on maternal health, but little is known of the direct or indirect effects on offspring. Animal models have been utilized to evaluate this concept and an association between maternal fructose and offspring chronic disease, including hypertension and metabolic syndrome. This review will address the mechanisms of developmental programming by maternal fructose and potential options for intervention.
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1. Introduction


The developmental origins hypothesis of adult disease (DOHaD) supports that in utero and perinatal events prime risk for the development of chronic disease later in life. While initial DOHaD studies focused on the effect of undernutrition and subsequent low birth weight, there is now an interest in maternal overnutrition given the current prevalence of pre-pregnancy obesity. The impact of maternal obesity and maternal high fat diet exposure has been extensively studied through birth cohorts and animal models. It is clear that maternal high fat diet exposure programs risk the development of a variety of chronic diseases in offspring, including obesity, cardiovascular disease, cancer, and non-alcoholic fatty liver disease. A common component of an obesogenic diet is fructose; however, much less is known about the impact of maternal fructose exposure and the resultant effects on developmental programming in the offspring. This review will focus specifically on the impact of maternal fructose consumption, as developmental programming by maternal overnutrition has been reviewed elsewhere [1,2].




2. Perinatal Fructose Intake and Impact on Pregnancy


A systematic meta-analysis of human studies revealed that fructose consumption was positively associated with increased fasting blood sugar, elevated triglycerides, and elevated systolic blood pressure [3,4]. However, the impact of excessive fructose intake during pregnancy on both fetal and maternal health in humans is largely unknown. In a large prospective cohort study evaluating artificially sweetened and sugar sweetened beverage consumption during pregnancy, an increased risk for preterm delivery was found [5]. It is hypothesized that fructose consumption has deleterious effects on the developing offspring, given the known effects of direct consumption. However, to date, no long-term study has evaluated the effect of perinatal fructose consumption during pregnancy on offspring disease risk.



Given this limitation, much of what is known about maternal fructose consumption is with experimental animal models (Figure 1). In rats, consumption of high fructose (HF) during pregnancy resulted in glucose intolerance and hepatic steatosis in the mother [6]. Maternal fructose consumption also decreased placental vascularization, which may result in impaired perfusion of the developing fetus [7]. There may also be a direct effect of fructose on the fetus, as fructose is transported across the placenta [8]. GLUT9 is the likely mediator of this placental transport [9], in light of prior evidence demonstrating its role in urate transport and metabolism in the enterocyte [10]. Maternal fructose consumption also decreases pregnancy rates and litter sizes in mice [11]. This finding was associated with decreased uterine size and impaired decidualization [11].



It is possible that both effects on the pregnant mother as well as direct transplacental passage of fructose confer indirect and direct metabolic risk to the offspring, respectively. In mice, there is a decrease in fetal weight and fetus/placenta ratio that is associated with increased placental uric acid levels [12]. Maternal treatment with allopurinol reversed the changes in fetal growth that were observed, suggesting that fructose metabolism to uric acid is an important mediator of the direct effects of maternal fructose consumption on offspring. Furthermore, serum levels of fructose significantly correlate with uric acid levels in the villous tree of human placenta [12]. Similar to allopurinol, maternal glutamine supplementation in rats decreased placental uric acid levels induced by fructose consumption and abrogated the decrease in fetal weight and length [13]. Further understanding of how fructose-induced increases in placental uric acid production developmentally program phenotypes in offspring will be essential to define the potential for urate production as a target pathway for preventive therapy.




3. Maternal Fructose Diet and Offspring Hypertension


A primary focus of research related to maternal fructose consumption and developmental programming in the offspring is on hypertension. Several studies in rodent models have identified an association between maternal HF exposure and increased systolic blood pressure in both male and female offspring [14,15,16]. Notably, the offspring develop hypertension despite consuming a standard chow diet. A primary mechanism for increased hypertension in the offspring involves dysregulated activation of the renin angiotensin aldosterone system (RAAS) [14,15]. This includes increased serum levels of renin, angiotensin, and aldosterone. Maternal HF diet also significantly affects the renal transcriptome with 356 differentially expressed genes identified, several of which are associated with hypertension [17].



Seong, et al. demonstrated that developmental programming of hypertension occurs in an intergenerational manner as both F1 and F2 generation offspring developed elevated systolic blood pressure. The effect is not transgenerational, however, as systolic BP normalized in both F3 and F4 generation offspring. Interestingly, F3 generation offspring still had elevated levels of serum renin, so it may be possible that exposure to a hypertension-inducing stimuli may result in a more severe increase in systolic BP in third generation offspring. A potential mechanism for these changes involves epigenetic modifications in the prorenin receptor promoter [18]. Specifically, there are increases in active histone codes, such as H3Ac and H3K4me2, in the PRR promoter. Conversely, there are decreases in repressive histone codes, including H3K9me3 and H3K27me3. These changes are present across three generations of offspring.



In addition to programming hypertension in adult offspring at baseline, exposure to maternal HF diet worsens high-salt intake-induced hypertension in offspring. Male rat offspring of dams fed a 60% HF diet during pregnancy and lactation developed more severe hypertension after high salt diet feeding compared to offspring from control dams [15]. Increased systolic blood pressure levels were associated with altered expression of factors involved in the renin-angiotensin system, as well as sodium transporters in the kidney.



Several approaches have been evaluated to target the developmental programming of hypertension by maternal fructose. Trimethylamine is a gut microbial metabolite that is linked to hypertension [19,20]. 3,3-dimethyl—butanol inhibits TMA formation and reduces maternal fructose-driven hypertension in offspring [21]. Short chain fatty acids may also be involved as treatment with acetate decreased plasma TMA and protected offspring from maternal fructose-induced hypertension. Another approach to treatment may include targeting of the microbiome with pre- and/or pro-biotics. Maternal treatment with Lactobacillus casei or inulin resulted in a significant improvement in maternal HF-induced hypertension [22]. Both treatments modulated serum levels of SCFAs. Lactobacillus casei decreased acetate, whereas inulin increased propionate. Both treatments also significantly increased the abundance of Akkermansia muciniphila. The abundance of Akkermansia has been linked to improvements in blood pressure, and direct Akkermansia administration improved several metabolic parameters in a randomized, double-blind, placebo-controlled pilot study in overweight/obese, insulin-resistant volunteers [23,24].



Given the noted alterations in the offspring RAAS after maternal HF diet exposure, compounds that can modify this system could be beneficial. Treatment of offspring with the renin antagonist aliskiren between 2 and 4 weeks of age attenuated the increase in blood pressure induced by maternal HF [25]. Aliskiren increased protein levels of ACE2 and MAS1 receptor in female offspring, suggesting a sex-specific effect on the ACE2/Angiotensin-(1-7)/MAS Axis of the Renin-Angiotensin System. Treatment with prenatal metformin also downregulates the RAAS and prevents maternal fructose-induced hypertension in the offspring [26]. Prenatal metformin decreased markers of renal oxidative stress and serum levels of uric acid in offspring. Maternal metformin may also improve glucose tolerance in offspring [27].




4. Maternal Fructose and Offspring Glucose and Lipid Metabolism


Direct exposure to fructose has a well-described effect on hepatic metabolism and the development of hepatic steatosis (reviewed in [28]). There is also an impact of maternal fructose consumption on hepatic lipid metabolism in the offspring. Ten-day-old rat offspring of dams exposed to HF diet exhibit increased hepatic triglyceride levels and changes in the expression of genes involved in beta-oxidation [29]. Seven-month-old adult offspring also exhibit increased steatosis, intrahepatic triglyceride content, and serum transaminases [30]. Altered expression of several clock genes is present in liver of maternal HF offspring [29]. Markers of hepatic inflammation also increase in offspring following maternal HF diet exposure [31]. Similarly, HF feeding in guinea pigs prior to—and during—pregnancy resulted in offspring with significantly altered serum free fatty acids, and increased levels of uric acid and triglycerides, all of which developed before weaning [32].



While it is clear that maternal HF diet affects hepatic lipid metabolism in rodent offspring, the mechanism for this developmental programming has yet to be defined. One potential link may be via altered uric acid metabolism due to maternal fructose consumption. As noted above, maternal fructose increases placental uric acid and fructose transport via GLUT9. GLUT9 knockout in enterocytes induces hyperuricemia, which is associated with the development of increased hepatic triglycerides in mice [10]. This increase in hepatic TG was attenuated by treatment with allopurinol. If maternal fructose exposure increases offspring uric acid levels, this could be a pathway to developing steatosis in offspring. Further understanding of how maternal fructose consumption affects offspring uric acid metabolism is required to directly define any links between developmentally programmed uric acid metabolism and hepatic steatosis in offspring.



Maternal fructose programming of offspring metabolism may occur in a sex-specific manner, with male sex as an apparent predisposing factor to maternally derived metabolic disease. For example, fructose exposure during pregnancy leads to hyperinsulinemia, impaired insulin signaling, and low adiponectin levels in male—but not female—offspring [33]. Furthermore, insulin resistance occurs in male offspring only after maternal fructose consumption [34]. Cholesterol metabolism is also affected in a sex-dependent manner as well, which is likely due to epigenetic regulation of Lxra [35]. Promoter methylation at this gene is increased in male offspring, whereas it is decreased in female offspring after maternal fructose exposure. Lxra expression may also be affected by maternal fructose-induced changes in miR-206 expression in offspring liver [36].




5. Maternal Fructose Effect on Offspring Cognition and Retinopathy


Another area of interest is the effect of maternal fructose consumption of cognitive function in the offspring. Female offspring exposed to maternal fructose had impaired spatial learning and memory [37]. This was associated with decreased hippocampal brain-derived neurotrophic factor (BDNF), and an increase in histone deacetylase 4 (HDAC4) in the nucleus of hippocampal neurons. Stimulation through enriched housing resolved the noted impairments and attenuated the differences observed in hippocampal BDNF levels and HDAC4 distribution [37]. Hippocampal inflammation is also induced in female offspring exposed to maternal fructose via the PPARγ-induced suppression of NFkB signaling [38]. PPARγ also has a role in regulating the maternal fructose-induced suppression of hippocampal astrocyte glycolytic capacity and mitochondrial respiration [39]. These findings suggest that PPARγ may be a target for maternal fructose-induced cognitive deficits. Maternal fructose also alters brain mitochondrial function, notably reducing phosphorylation efficiency [40]. Epigenetic modifications in the hippocampus have been reported following maternal fructose exposure. DNA methylation in the Cat promoter is increased in the hippocampus of offspring exposed to maternal HF, with an associated decrease in catalase protein levels [41]. Similarly, maternal HF increased DNA methylation in the promoter of two oxidative stress-associated genes, Ucp5 and Tfam [42]. Further studies will be important to identify additional epigenetic modifications in the brain after maternal HF.



In addition to an effect on neurodevelopment, maternal HF diet may program early-onset retinopathy in offspring. HF consumption during pregnancy and lactation in rats led to an altered electroretinogram in three-month-old female offspring [43]. In particular, the b wave amplitude was decreased with an associated decrease in retinal synaptic plasticity. Interestingly, both changes were prevented by maternal consumption of coenzyme Q10 via an improvement in mitochondrial biogenesis and bioenergetics [43].




6. Maternal Fructose Diet and Offspring Microbiome


Another potential mechanism for the transmission of phenotypes driven by maternal diet is though vertical transmission of an altered microbiome. The initial colonizers of the offspring gut are related to the maternal microbiome as the offspring are exposed during delivery and during the lactation period. The metabolic significance of a “healthy” microbiome in the perinatal period has been well described (reviewed in [44]). HF diet feeding significantly alters the composition and metabolic profile of the gut microbiome in mice [45]. These changes are detectable as early as 7 days of HF diet feeding. It is also evident that the maternal microbiome changes after fructose exposure. The addition of 10% fructose to the drinking water of female rats before and during pregnancy significantly altered the maternal microbiome [46]. Notably, there was a significant reduction in Lactobacillus and Bacteroides. This finding was associated with a reduction in the expression of genes linked to gut barrier integrity in the offspring; however, the offspring microbiome was not assessed.



Similarly, maternal HF diet also alters the microbiome in rat offspring. Hsu et. al. showed that maternal HF diet exposure was associated with significantly decreased abundance of genus Alkaliphilus and increased abundance of genus Lactobacillus [22]. At the species level, Bacteroides acidifaciens was increased in maternal HF-exposed offspring. Notably, these changes were normalized by treatment with prebiotics (inulin) or probiotics (Lactobacillus casei). A follow-up study identified that maternal fructose is associated with decreased alpha-diversity in the offspring microbiome, a decrease in the abundance of Lactobacillus, and increased abundance of Akkermansia [47].




7. Areas for Future Study


With an increase in the consumption of fructose in the diet, understanding the impact of such exposure in the perinatal period has clearly become important. Current studies show a link between maternal fructose exposure and the development of hypertension, metabolic liver disease, and altered cognition in the offspring. While some studies have provided evidence for this mechanism via epigenetic modifications and alterations of the offspring microbiome, there is an opportunity and need for further analysis of the mechanism to define how maternal fructose consumption drives phenotypes in the offspring. There are several other areas for future study as the field moves forward. Very little is known about the developmental programming impact of paternal fructose consumption. Fructose consumption does have a clear impact on sperm production and testicular development during puberty [48]. This exposure may also alter the epigenetic architecture of sperm DNA, which could have consequences for future offspring. Whereas most studies have explored the effect of fructose exposure during pregnancy, it is unclear if there is an impact of preconception fructose consumption. It will be important to identify if fructose consumption has an effect on oocyte development and whether there is an induction of epigenetic changes in the oocyte. At this point, most studies evaluating the effect of maternal fructose exposure have only examined the first generation. Understanding the inter- and trans-generational effect of this perinatal exposure will likely provide evidence for lasting epigenetic changes. Lastly, while some studies have begun to evaluate potential interventions for phenotypes induced by perinatal fructose exposure, deeper mechanistic studies, using the described experimental models, will identify novel targets to evaluate.
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Figure 1. Mechanisms of developmental programming of offspring phenotypes by maternal fructose exposure and potential options for preventive interventions. TMA—trimethylamine; SCFA—short chain fatty acids; LxrA—Liver-X-receptor alpha. 
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