

[image: image1]
Prolonged maternal exposure to glucocorticoids alters selenoprotein expression in the developing brain









 


	
	
TYPE Brief Research Report
PUBLISHED 24 March 2023
DOI 10.3389/fnmol.2023.1115993






Prolonged maternal exposure to glucocorticoids alters selenoprotein expression in the developing brain

Pamela Toh, Lucia A. Seale, Marla J. Berry and Daniel J. Torres*


Pacific Biosciences Research Center, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa, Honolulu, HI, United States

[image: image2]

OPEN ACCESS

EDITED BY
 Muddanna Sakkattu Rao, Kuwait University, Kuwait

REVIEWED BY
 Stefania Schiavone, University of Foggia, Italy
 Bhagath Kumar Potu, Arabian Gulf University, Bahrain

*CORRESPONDENCE
 Daniel J. Torres, djtorr@hawaii.edu 

SPECIALTY SECTION
 This article was submitted to Brain Disease Mechanisms, a section of the journal Frontiers in Molecular Neuroscience


RECEIVED 04 December 2022
 ACCEPTED 09 March 2023
 PUBLISHED 24 March 2023

CITATION
 Toh P, Seale LA, Berry MJ and Torres DJ and (2023) Prolonged maternal exposure to glucocorticoids alters selenoprotein expression in the developing brain. Front. Mol. Neurosci. 16:1115993. doi: 10.3389/fnmol.2023.1115993

COPYRIGHT
 © 2023 Toh, Seale, Berry and Torres. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.
 

Aberrant activation of the stress-response system in early life can alter neurodevelopment and cause long-term neurological changes. Activation of the hypothalamic–pituitary–adrenal axis releases glucocorticoids into the bloodstream, to help the organism adapt to the stressful stimulus. Elevated glucocorticoid levels can promote the accumulation of reactive oxygen species, and the brain is highly susceptible to oxidative stress. The essential trace element selenium is obtained through diet, is used to synthesize antioxidant selenoproteins, and can mitigate glucocorticoid-mediated oxidative damage. Glucocorticoids can impair antioxidant enzymes in the brain, and could potentially influence selenoprotein expression. We hypothesized that exposure to high levels of glucocorticoids would disrupt selenoprotein expression in the developing brain. C57 wild-type dams of recently birthed litters were fed either a moderate (0.25 ppm) or high (1 ppm) selenium diet and administered corticosterone (75 μg/ml) via drinking water during postnatal days 1 to 15, after which the brains of the offspring were collected for western blot analysis. Glutathione peroxidase 1 and 4 levels were increased by maternal corticosterone exposure within the prefrontal cortex, hippocampus, and hypothalamus of offspring. Additionally, levels of the glucocorticoid receptor were decreased in the hippocampus and selenoprotein W was elevated in the hypothalamus by corticosterone. Maternal consumption of a high selenium diet independently decreased glucocorticoid receptor levels in the hippocampus of offspring of both sexes, as well as in the prefrontal cortex of female offspring. This study demonstrates that early life exposure to excess glucocorticoid levels can alter selenoprotein levels in the developing brain.
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1. Introduction

The hypothalamic–pituitary–adrenal (HPA) axis is responsible for the induction of allostatic processes throughout the body. In response to stressors, the HPA axis activates a biochemical cascade that stimulates the adrenal glands to secrete glucocorticoids (GC). These steroid hormones–primarily cortisol in humans, and corticosterone (CORT) in rodents–go on to regulate a host of systems involved in the stress response (Sapolsky et al., 2000). While basal levels of GCs are necessary for maintaining normal homeostasis (Herman et al., 2016), chronically high levels of circulating GCs have been associated with disrupted energy production (Sapolsky, 1986) and increased disease susceptibility (Conrad, 2008; Shimba and Ikuta, 2020; Grilo et al., 2021). Elevated GC levels in early-life can be particularly harmful, resulting in lasting effects on cognitive function and emotional regulation (Lupien et al., 2009).

GCs are known to cause cellular damage through multiple mechanisms, one of which involves the dysregulation of mitochondrial activity and the subsequent accumulation of reactive oxygen species (ROS) (Cadenas and Davies, 2000; Du et al., 2009; Morella et al., 2022). The brain is particularly susceptible to oxidative stress (Costantini et al., 2011) and utilizes selenoproteins as a major form of antioxidant defense. Among the most well-studied selenoproteins are several members of the glutathione peroxidase (GPX) sub-family, which is responsible for reducing peroxide species. Selenoproteins incorporate the essential micronutrient, selenium (Se), in the form of a highly reactive selenocysteine residue. The relatively low pKa (~5.2) of this non-standard amino acid allows for selenoproteins to act as particularly effective antioxidant enzymes (Arner, 2010). Due to their role in redox regulation, Se and selenoproteins are critical to brain function and development (Solovyev, 2015; Nicholson et al., 2022; Schweizer and Fabiano, 2022), and expression levels have been shown to be altered by GCs (Mcintosh et al., 1998a; Torres et al., 2021).

Se is critical during neurodevelopment, and Se availability during gestation and early-life is largely dependent on the dietary intake of the mother (Tsuji et al., 2021; Schweizer and Fabiano, 2022). The recommended daily allowance of Se is raised during pregnancy (Monsen, 2000) as maternal Se and GPX activity decrease in response to the redistribution of nutrients and resource demands of a developing fetus (Zachara et al., 1986; Mihailovic et al., 2000; Pieczynska and Grajeta, 2015; Ambroziak et al., 2017; Schomburg, 2021). Lactation also imposes a persistent nutritional demand on maternal Se that has the potential to maintain maternal Se deficiency into postpartum (Varsi et al., 2017). Indeed, both pregnant and nursing mothers, as well as infants, are at risk for Se deficiency, and low maternal Se during pregnancy has been associated with neurodevelopmental deficits in offspring (Varsi et al., 2017). Given the interplay between Se and the energetically demanding landscape of pregnancy and early development, stressors during this vulnerable period may trigger unique biological responses. Given that past literature suggests that GCs can alter selenoprotein expression, this interaction could contribute to the negative impact of elevated GC levels during development. We sought to determine whether the intersection between high GCs and selenoprotein expression occurs in pregnancy by administering CORT to nursing mouse dams and measuring selenoprotein levels in the brains of the offspring.



2. Materials and methods


2.1. Animal care and experimental design

Experiments were approved by the UH Manoa Institutional Animal Care and Use Committee (protocol number 09–871) in compliance with the ARRIVE guidelines and the National Research Council’s Guide for the Care and Use of Laboratory Animals. Wild-type (WT) C57/BL6N mice (RRID:IMSR_JAX:005304) were maintained on a 12/12 h on/off light cycle with ad libitum access to food and water. Mice were fed diets containing either 0.25 ppm (“Moderate selenium”; Envigo, Cat# TD.120504) or 1 ppm sodium selenite (“High selenium,” Envigo, Cat# TD.03249). Nursing dams were given drinking water containing either corticosterone (75 μg/ml) or vehicle control (1% grain alcohol) from postnatal days (PND) 1–15. This method results in excess CORT being delivered to postnatal pups, and via maternal milk (Angelucci et al., 1985). Selenium is also supplied to the offspring through the milk (Hill et al., 2014). Brain tissues were harvested from male and female offspring following CO2 asphyxiation on PND 15 and flash-frozen in liquid nitrogen for protein analysis. Protein levels were quantified for the glucocorticoid receptor (GCR), selenoprotein W (SELENOW), GPX1, and GPX4 in the prefrontal cortex, hypothalamus, and hippocampus. The experimental design is summarized in Figure 1.
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FIGURE 1
 Summary of experimental design. Wild-type C57BL/6 N mice were mated while being fed chow that contained either a moderate selenium (ModSe, 0.25 ppm) or high selenium (HiSe, 1 ppm) content. Following the birth of a litter, on postnatal day 1 (PND1), either corticosterone (CORT, 75 μg/ml), or vehicle control (1% grain alcohol) were added to the drinking water, and replaced twice weekly. On PND15, the entire litter was sacrificed and brain regions were harvested for western blot analysis.




2.2. Gel electrophoresis and Western blotting

Dissected brain parts were pulverized on dry ice and protein was extracted from the homogenized powder using CelLytic MT Mammalian Tissue Lysis Buffer (Sigma, Cat# C3228) containing 1:100 protease inhibitor cocktail (Cell Signaling, Cat# 5872). Following sonication, samples were centrifuged and the supernatant collected for western blot analysis. 80 μg of protein were separated via electrophoresis on 4–20% gradient polyacrylamide TGX gels (BIO-RAD, Cat# 5671094), and then transferred to Immobilon-FL polyvinylidene difluoride membrane with 0.45 μm pore size (Millipore, Cat# IPFL00010). Membranes incubated in Intercept (PBS) Blocking Buffer (LI-COR, Cat# 927–70,001), after which target proteins were detected using primary antibodies and infrared fluorescent secondary antibodies. The Odyssey XF Imaging System (LI-COR) was used to image the blots and data were analyzed using Image Studio software (LI-COR, RRID:SCR_015795).

The following primary antibodies were used: anti-Glucocorticoid receptor monoclonal antibody [BuGR2] (1:1,000; ThermoFisher Scientific, Cat# MA1-510, RRID:AB_325427), anti-Glutathione peroxidase 1 polyclonal antibody (1:2,000; R&D Systems, Cat# AF3798, RRID:AB_2112108), anti-Glutathione peroxidase 4 monoclonal antibody [EPNCIR144] (Epitomics, Cat# ab125066, RRID:AB_10973901), anti-Selenoprotein W polyclonal antibody (1:1,000; Rockland, Cat# 600-401-A29, RRID:AB_2285666), and anti-β-actin monoclonal antibody [8H10D10] (1:5,000; Cell Signaling, Cat# 3700, RRID:AB_2242334). Secondary antibodies used were highly cross-adsorbed IRDye conjugated secondary antibodies from LI-COR: 800CW donkey anti-goat (1:10,000; Cat# 926–32,214, RRID:AB_621846), 800CW donkey anti-mouse (1:10,000; Cat# 926–32,212, RRID:AB_621847), 680LT donkey anti-mouse (1,10,000; Cat# 926–68,022, RRID:AB_10715072), and 680LT donkey anti-rabbit (1,10,000; Cat# 926–68,023, RRID:AB_10706167).



2.3. Statistical analysis

Western blot data were normalized to the control condition, moderate selenium-fed, vehicle treated, and displayed as a percent change from baseline. Data were analyzed using 2-way ANOVA, followed by Tukey’s multiple comparisons post-hoc, to test for effects of both selenium diet and corticosterone treatment. Comparisons were made within individual brain regions and within a single sex. The following criteria were used for significance: at p < 0.05 (*), p < 0.01 (**), p < 0.001 (***), and p < 0.0001 (****). All statistical analysis was performed using GraphPad Prism 8 software (RRID:SCR_002798). Sample sizes were determined by the number of neonates in each litter. A single litter was used for each experimental group.




3. Results

This study tested the hypothesis that GC consumption by lactating dams can alter selenoprotein expression in the brains of offspring. Lactating dams consumed CORT in the drinking water beginning at PND 1 and the brains of the pups were dissected at PND 15. Western blot analysis revealed that maternal CORT consumption significantly decreased GCR protein levels in the hippocampus of male offspring (Figure 2A). Interestingly, maternal consumption of high selenium chow had an independent negative effect on GCR expression in the hippocampus. The levels of SELENOW were increased by CORT in the male offspring hypothalamus, with the biggest difference observed within the offspring44 of high Se-fed mothers (Figure 2B). The administration of CORT had the most profound effects on the expression of the GPXs. Protein levels of GPX1 were higher in all three brain regions, the prefrontal cortex, hypothalamus, and hippocampus, of male offspring of CORT-exposed mothers, compared to their vehicle control counterparts (Figure 2C). Maternal high Se consumption significantly increased GPX1 in the hippocampus compared to moderate Se consumption, but not in the prefrontal cortex or hypothalamus. GPX4 levels were also significantly elevated by CORT in all brain regions measured (Figure 2D). Unexpectedly, GPX4 was found to be decreased by high Se in the prefrontal cortex of male offspring.
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FIGURE 2
 Western blot analysis of the prefrontal cortex (PFC), hypothalamus (HYP), and hippocampus (HPC) of male mice on either a moderate (ModSe) or high selenium (HiSe) diet being treated with either CORT or vehicle control (VEH). (A) Percentage change in glucocorticoid receptor (GCR) protein levels. HPC: CORT and HiSe consumption both independently decreased GCR levels [pCORT = 0.0018, F(1,9) = 15.15. pSeDiet = 0.0077, F(1,9) = 11.68]. HiSe diet without CORT decreased GCR to the level of CORT-exposed ModSe mice, and GCR expression in both groups was significantly lower than the ModSe/VEH group (B) Percentage change in SELENOW protein levels. HYP: CORT increased SELENOW levels [pCORT = 0.0178, F(1,9) = 8.378], particularly within HiSe offspring. (C) Percentage change in GPX1 protein levels. CORT significantly increased GPX1 levels in the PFC [pCORT = 0.0060, F(1,9) = 12.79], HYP [pCORT = 0.0015, F(1,9) = 20.28] and HPC [pCORT = <0.0001, F(1,9) = 63.59]. HiSe diet consumption increased GPX1 in the HPC: pSeDiet = 0.0147, F(1,9) = 9.052. GPX1 reached the highest levels within the HiSe/CORT condition as this group was significantly higher than the ModSe/CORT group. (D) Percentage change in GPX4 protein levels. GPX4 was elevated in response to CORT in all brain regions: PFC [pCORT = 0.0238, F(1,9) = 7.372], HYP [pCORT = 0.0045, F(1,9) = 14.08], and HPC [pCORT = 0.0037, F(1,9) = 15.15]. Unexpectedly, maternal Se intake negatively impacted GPX4 levels in the PFC: pSeDiet = 0.0253, F(1,9) = 7.171. Individual data points are shown and bars indicate the mean ± standard error of the mean. All comparisons were made within each brain region for each protein via 2-way ANOVA, where # indicates a significant effect of CORT and % a significant effect of Se diet, with Tukey’s multiple comparisons used as a post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001. N = 3, 3, 3, 4 indicated in graph.


Overall, the brains of female offspring were affected similarly to males, with some noted differences. GCR levels were decreased by both CORT and high Se in the hippocampus of female offspring (Figure 3A). The reducing effect of high maternal Se consumption on GCR levels was also observed in the female prefrontal cortex. SELENOW levels were augmented by CORT in the hypothalamus, as well as by high Se in the prefrontal cortex (Figure 3B). Administration of CORT increased the levels of both GPX1 and GPX4 in all brain regions of female offspring (Figures 3C,D). High Se only impacted GPX1 levels, however, in both the prefrontal cortex and hippocampus.
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FIGURE 3
 Western blot analysis in the prefrontal cortex (PFC), hypothalamus (HYP), and hippocampus (HPC) of female mice on a moderate (ModSe) or high selenium (HiSe) diet being treated with either CORT or vehicle control (VEH). (A) Percentage change in glucocorticoid receptor (GCR) protein levels. CORT significantly reduced GCR in the HPC [pCORT = 0.0002, F(1,11) = 28.70]. As with male offspring, maternal consumption of HiSe decreased GCR levels in the HPC [pSeDiet = 0.0040, F(1,11) = 13.14], however this effect was also observed in the PFC[pSeDiet = 0.0269, F(1,11) = 6.514]. (B) Percentage change in SELENOW protein levels. CORT significantly increased SELENOW levels in the HYP: pCORT = 0.0118, F(1,11) = 9.075. HiSe also increased SELENOW in the PFC: pSeDiet = 0.0415, F(1,11) = 5.322. (C) Percentage change in GPX1 protein levels. CORT increased GPX1 levels in all three brain regions: PFC [pCORT = 0.0022, F(1,10) = 16.68], HYP [pCORT = 0.0010, F(1,11) = 19.78], and HPC [pCORT = 0.0032, F(1,11) = 14.02]. HiSe increased GPX1 in both the PFC [pSeDiet = 0.0244, F(1,10) = 7.009] and the HPC [pSeDiet = 0.0094, F(1,11) = 9.852]. (D) Percentage change in GPX4 protein levels. CORT elevated GPX4 levels in all brain regions: PFC[pCORT = 0.0170, F(1,10) = 8.175], HYP[pCORT = 0.0001, F(1,11) = 34.09], and HPC[pCORT = 0.0032, F(1,11) = 14.03]. All comparisons were made within each brain region for each protein via 2-way ANOVA, where # indicates a significant effect of CORT and % a significant effect of Se diet, with Tukey’s multiple comparisons used as a post-hoc test: *p < 0.05, **p < 0.01, ***p < 0.001. N = 4, 4, 3, 4 indicated in graph.




4. Discussion

The observations described herein demonstrate that the consumption of exogenous CORT by nursing dams can influence the neurobiology of the offspring, including by altering the GCR protein content of three glucocorticoid-sensitive brain regions. Chronic overactivation of the HPA axis is known to have a dampening effect on the negative feedback loop that limits glucocorticoid secretion (Conrad, 2008; Godoy et al., 2018). This regulatory loop involves brain-resident GCR and in the present study, maternal CORT exposure caused a downward trend in brain GCR levels that was statistically significant in the hippocampus of offspring of both sexes. This finding is consistent with past literature on the negative regulatory effect of GCs on hippocampal GCR (Conrad, 2008). This phenomenon is hypothesized to be a protective adaptation as GCs can increase the risk of glutamate excitotoxicity in the hippocampus (Stein-Behrens et al., 1994; Treccani et al., 2014). Overall, these results reflect the vulnerability of the hippocampus, which contains the highest density of GCR expression at baseline amongst all major regions of the rodent brain (Mcewen et al., 1968; Mcewen, 2007). Although GCR expression trended downward in the hypothalamus, the command center of the HPA axis, the data did not reach statistical significance. This outcome is congruent with previous work that found that CORT administered to adult mice via drinking water for 21 days markedly decreased hippocampal GCR levels while causing a statistically non-significant downward trend in the hypothalamus (Angoa-Perez et al., 2021). Thus, our findings in regard to GCR expression in the brains of offspring of CORT-exposed dams are consistent with the observed effects of excess GCs on the adult rodent brain.

Although the maternal consumption of a high selenium diet did not modify the influence of CORT on brain GCRs in the offspring, it did have an independent effect on GCR levels, lowering them in the hippocampus of both sexes and the prefrontal cortex of females. Multiple groups have reported on the ability of selenium to “normalize” the HPA axis in rodents under stress conditions, including preventing the downregulation of GCR in the brain (Torres et al., 2021). In one of these studies, performed on mice undergoing acute-restraint stress, selenium by itself caused an increase in GCR levels in the prefrontal cortex and a non-significant upward trend in the hippocampus of non-stressed control animals, in juxtaposition with our data (Casaril et al., 2019). This study utilized a synthetic organo-compound that contains selenium, however, and although it has known antioxidant properties (Casaril et al., 2017), the selenium residue is likely not metabolized and utilized for selenoprotein expression in the same manner as the naturally-occurring selenium contained within food. Moreover, the GCR upregulation was an acute result of a singular injection of the seleno-compound, as opposed to the long-term result of dietary selenium intake, as in our study.

A review of the literature produces few reports of the effects of selenium on the GCR. One study found that the consumption of high amounts of selenomethionine reduced GCR gene expression in the livers of white sturgeon fish (Patterson et al., 2017). Although the concentration of selenomethionine used is thought to be toxic, GCR transcripts also trended downward, albeit non-significantly, in response to lower selenomethionine doses. The authors hypothesized that the decrease in GCR mRNA may have been an adaptation to elevated GCR protein levels, but did not measure the amount of protein present. Another report described the ability of selenite to directly inhibit the ligand-binding ability of the rat liver GCR in vitro (Tashima et al., 1989). To our knowledge, ours is the first report of an effect of dietary selenium consumption on GCR levels in the brain. Multiple lines of evidence suggest that the functionality of the GCR is affected by redox balance on numerous levels (Tanaka et al., 1999), as oxidative conditions seem to inhibit GCR activity (Okamoto et al., 1998, 1999). One potential explanation for the decrease in brain GCR in the offspring of high selenium-fed dams may be that a greater availability of selenium creates a redox environment that promotes GCR functionality. Perhaps GCR protein levels are consequently reduced as an adaptation to prevent cellular over-sensitization to GCs. Further investigation into the influence of dietary selenium on the GCR is warranted as our findings indicate that selenium status may alter the response of the developing brain to GCs.

Maternal consumption of CORT caused a robust augmentation of GPX1 expression in all three brain regions. Through its reduction of hydrogen peroxide, GPX1 plays a central role in preventing oxidative stress (Handy and Loscalzo, 2022). Considering that elevated GCs can make neurons more vulnerable to oxidative damage by raising basal reactive oxygen species (ROS) levels (Mcintosh and Sapolsky, 1996; Behl et al., 1997; Spiers et al., 2014), the increase in GPX1 may be a protective adaptation. Glucocorticoids are known to impair antioxidant enzymes throughout the body (Dougall and Nick, 1991; Asayama et al., 1992; Kratschmar et al., 2012; An et al., 2016), including in the brain (Mcintosh et al., 1998a,b). Past studies have produced contrasting data on the effects of GCs on GPX1. Acute (up to 24 h) GC application was shown to decrease GPX1 transcript and activity levels in cultured rat hippocampal cells (Patel et al., 2002; You et al., 2009), and two weeks of in vivo CORT injections reduced hippocampal GPX1 activity in rats (Sato et al., 2010). Additionally, while immobilization stress decreased GPX1 activity, cold-induced stress elevated GPX1 activity in the brains of rats (Sahin and Gumuslu, 2004). None of these studies reported on the amount of selenium used in their experimental designs, however, and the expression of GPX1 is highly dependent on selenium availability (Handy and Loscalzo, 2022). Indeed, we found that high maternal selenium consumption independently raised GPX1 protein content in the hippocampus of both sexes and in the female prefrontal cortex. Moreover, GPX1 increased severalfold in response to CORT in the hippocampus, and to a significantly higher level in high selenium compared to moderate selenium subjects. This demonstrates that the CORT-induced GPX1 increases are likely limited by the amount of selenium available.

Maternal CORT exposure also elevated GPX4 in all three brain regions, albeit not on the same order of magnitude as for GPX1. Highly expressed in the brain (Sasuclark et al., 2019), GPX4 is essential for neuronal health (Ursini et al., 2022) and primarily targets lipid hydroperoxides for reduction. Constitutive knockout of the GPX4 gene in mice is embryonically lethal (Imai et al., 2003; Yant et al., 2003) and the induction of brain-specific deletion causes neuronal death and severe neurological deficits (Seiler et al., 2008). GPX4 has gained increasing attention in recent years for its major role in preventing ferroptotic cell death (Stockwell, 2022). Several recent papers have reported on the ability of the synthetic glucocorticoid dexamethasone to promote ferroptosis in various models (Yang et al., 2021; Miao et al., 2022; Sun et al., 2022; Von Massenhausen et al., 2022). Thus, a generation of pro-ferroptotic conditions on the part of maternal CORT consumption may explain the increase in brain GPX4 levels observed in our study. This potential scenario is supported by a study demonstrating that ferroptotic stimuli induce a transcriptional response in neurons that involves the upregulation of several selenoproteins, including GPX4 and GPX1 (Alim et al., 2019). Taken together with the concurrent increase in GPX1, these results further suggest the possibility that administration of exogenous CORT to lactating dams can create a pro-oxidative environment in GC-responsive brain regions of the offspring.

We also observed that maternal CORT consumption increased SELENOW protein, but this effect was only seen in the hypothalamus. SELENOW is abundantly expressed in the brain of both rodents and humans (Whanger, 2009; Raman et al., 2013; Sasuclark et al., 2019). Although it does contain a thioredoxin-like motif (Zhang et al., 2019), a specific mechanism of action has yet to be uncovered, and very little is known about its function in the brain. Even less is known regarding the potential role of SELENOW in the hypothalamus. However, one study on goldfish did note that selenow mRNA levels decreased by food deprivation and were restored by refeeding (Chen et al., 2015). A prominent role for selenium and selenoproteins in hypothalamic function has begun to come to light, particularly in regards to the regulation of energy homeostasis (Gong et al., 2018). The fact that maternal CORT exposure increased SELENOW in the hypothalamus of offspring, but not in the other regions, suggests that the underlying mechanism differs from that for the increases in GPX1 and GPX4. Although each brain region was analyzed separately, we did not notice a stronger expression level of SELENOW in the hypothalamus compared to the hippocampus and prefrontal cortex. It is worth noting that the high selenium diet increased SELENOW levels in the prefrontal cortex of female, but not male, offspring.

There are some important factors to keep in mind regarding the experimental design of our study. The consumption of GCs by nursing dams via the drinking water has been demonstrated to cause the delivery of excess GCs to the offspring via the lactating dam’s milk (Angelucci et al., 1985). One major benefit of this is that CORT levels can be elevated in the offspring without physically disturbing the animals, thereby isolating the effects of GC activity (Catalani et al., 1993). Although we were unable to confirm the elevation of CORT levels in the bloodstream of offspring in our study due to technical limitations, the reduction in GCR levels we observed in the brains of the offspring is consistent with excessive GC exposure. Still, the potential contribution of other factors, such as the influence of maternal behavior changes caused by CORT consumption, cannot be discounted. A weakness of delivering GCs through drinking water is the inability to control the total amount of GCs being delivered as it depends on the overall water consumption of each individual dam. Oral administration of CORT in rodents is often used to model a common GC prescription regimen (Wray et al., 2019), and avoids the additional stress caused by daily injections and surgical implants. Importantly, cortisol levels in maternal plasma and breast milk are closely correlated in humans (Patacchioli et al., 1992), and breast milk GCs have been shown to influence behavioral and metabolic programming in human and rodent offspring (Hollanders et al., 2017). It must also be noted that since entire litters received one experimental treatment, the potential for inter-litter variability to have affected out results cannot be ruled out.

Our experimental design targeted PND 1–15, a time period during which the brain growth spurt (BGS) occurs in mice. This key stage of neurodevelopment that involves intense levels of cell proliferation and differentiation, synaptogenesis, and myelination of key structures (Semple et al., 2013; Chen et al., 2017) begins during the third trimester in humans (Dobbing and Sands, 1979), and researchers, therefore, often target this postnatal age range in mice to model the exposure to harmful stimuli during the BGS in humans (Workman et al., 2013). Thus, our data could have some relevance to the neurodevelopmental effects of maternal GC consumption during the later third trimester in humans. Synthetic GCs are commonly prescribed for their anti-inflammatory properties, including during pregnancy which is known to increase the risk for a variety of adverse developmental effects (Bandoli et al., 2017). Moreover, increased oxygen demand during pregnancy increases ROS production (Mihailovic et al., 2000; Pieczynska and Grajeta, 2015). Finally, the model of exposing neonates to excess GCs through maternal milk has been used in studies on the neurological impact of early life stress (ELS) events (Catalani et al., 2011). To our knowledge, there has been no previous report of a direct relationship between selenium status and the long-term neurological effects of ELS. Future studies will, therefore, include the longitudinal analysis of the behavioral outcomes of the offspring of CORT-exposed dams fed varying levels of dietary selenium. It is important to remember, however, that although there are some similarities in the progression of neurodevelopmental events between rodents and humans, they are not totally congruent and further investigation is needed to dissect the molecular processes involved.

Our results indicate that excess GC exposure can alter the expression of antioxidant selenoproteins in the developing brain. There are a very limited number of previous reports discussing the ability of GCs to regulate selenoproteins. One study conducted with human HEK-293 cells, revealed that activation of the GCR can prevent the transactivation of the Selenop gene (Rock and Moos, 2009). A separate study using various human lung cancer cell lines found that GCs can increase the gene expression of Gpx3, and gene analysis techniques identified a pair of glucocorticoid response elements (GREs) in the downstream regulatory region (An et al., 2016). We did not measure GPX3 levels in our study, however, since it is mainly present in the bloodstream as a secreted enzyme and is expressed in very low levels in the brain (Sasuclark et al., 2019). Degradation of the ER-resident Selenoprotein S was shown to be elevated in response to dexamethasone in human 3 T3-L1 cells undergoing differentiation into adipocytes (Kim and Kim, 2013). Finally, a recent study was conducted by Wray et al. in which adult mice were administered CORT via drinking water for 4 weeks (Wray et al., 2019). RNAseq analysis of the arcuate nucleus of the hypothalamus revealed an upregulation of SELENOP and the thyroid hormone-regulating selenoprotein deiodinase 2 (DIO2), as well as a downregulation of the selenium metabolism enzyme selenocysteine lyase. Considering that SELENOP serves to distribute selenium throughout the body, including to the brain (Schomburg, 2022), this could suggest an increase in brain selenium content, and is an interesting parallel to our data showing increases in GPX1, GPX4, and SELENOW in the offspring of CORT-consuming dams. Could chronic elevation of GCs induce oxidative stress in the brain that results in the body redistributing selenium towards the brain? Such a phenomenon would have particularly important implications for both pregnant and lactating individuals as they are more prone to selenium deficiency (Varsi et al., 2017; Schomburg, 2021). Further work with animal models will help answer these questions and help guide studies in humans. In conclusion, we have confirmed that early-life exposure to exogenous GCs can alter selenoprotein levels in the brain, warranting further elucidation of the underlying mechanisms.
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