

[image: image1]
Resveratrol ameliorates maternal immune activation-associated cognitive impairment in adult male offspring by relieving inflammation and improving synaptic dysfunction
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Maternal exposure to inflammation may represent a major risk factor for neuropsychiatric disorders with associated cognitive dysfunction in offspring in later life. Growing evidence has suggested that resveratrol exerts a beneficial effect on cognitive impairment via its anti-inflammatory and antioxidant properties and by ameliorating synaptic dysfunction. However, how resveratrol affects maternal immune activation-induced cognitive dysfunction and the underlying mechanisms are unclear. In the present study, pregnant dams were given an intraperitoneal injection of lipopolysaccharide (LPS; 50 μg/kg) on gestational day 15. Subsequently, the offspring mice were treated or not with resveratrol (40 mg/kg) from postnatal day (PND) 60 to PND 88. Male offspring were selected for the evaluation of cognitive function using the Morris water maze test. The hippocampal levels of pro-inflammatory cytokines were examined by ELISA. The mRNA and protein levels of sirtuin-1 (SIRT1), brain-derived neurotrophic factor (BDNF), postsynaptic density protein 95 (PSD-95), and synaptophysin (SYP) were determined by RT-qPCR and western blot, respectively. The results showed that male offspring mice exposed to LPS in utero exhibited learning and memory impairment. Additionally, the levels of interleukin (IL)-1β, IL-6, and tumor necrosis factor-alpha (TNF-α) were increased while those of SIRT1, BDNF, PSD-95, and SYP were decreased in male offspring of LPS-treated mothers. Treatment with resveratrol reversed cognitive impairment and attenuated the increase in the levels of pro-inflammatory cytokines induced by maternal immune activation in the offspring mice. Furthermore, resveratrol reversed the deleterious effects of maternal immune activation on SIRT1, BDNF, PSD-95, and SYP levels in the hippocampus. Collectively, our results suggested that resveratrol can effectively improve learning and memory impairment induced by maternal immune activation via the modulation of inflammation and synaptic dysfunction.
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1 Introduction

Over the past few decades, a growing body of studies has explored the role of the intrauterine environment in structuring fetal development and how it influences the mental and physical health of offspring later in life (O’Donnell and Meaney, 2017). The maternal immune activation hypothesis proposes that pregnant women are susceptible to inflammation owing to physical and psychological factors such as chronic immune disorders, infection, or stress and that maternal inflammation may affect the neurodevelopment of the fetus (Segovia et al., 2017; Osborne et al., 2019; Han et al., 2021). Epidemiological reports have shown that maternal inflammation during pregnancy is a major risk factor for neurological and psychiatric disorders, including cognitive dysfunction, schizophrenia, depression, and autism, later in the life of the offspring, resulting in behavioral abnormalities (Knuesel et al., 2014). Lipopolysaccharide (LPS), found on the outer membrane of Gram-negative bacteria, is commonly used to create models of maternal gestational infection in basic research. Its use has revealed that maternal inflammation leads to cognitive impairment in offspring mice (Kentner et al., 2019; Zhuang et al., 2020; Fernandez de Cossio et al., 2021) and that the underlying mechanisms may be related to pro-inflammatory/anti-inflammatory system imbalance, epigenetic inheritance, and dysregulation of the hypothalamic–pituitary–adrenal axis (Oldenburg et al., 2020; Rahimi et al., 2020). However, the mechanisms involved in how exposure to inflammation during pregnancy subsequently leads to cognitive impairment in offspring remain largely unknown.

Inflammation has been reported to play an essential role in mediating cognitive deficits in offspring exposed to inflammation in utero (Kuypers et al., 2013). In rodents, exposure to LPS during pregnancy stimulates the production of pro-inflammatory cytokines by the mother; these cytokines can cross the placental barrier, leading to an increase in their concentrations in the fetal brain and amniotic fluid, and resulting in impaired fetal neurodevelopment and cognitive behavioral abnormalities in offspring later in life (Kwon et al., 2022). One study demonstrated that the mechanism underlying prenatal inflammation-mediated cognitive dysfunction in elderly offspring mice involves an increase in the levels of the pro-inflammatory cytokines interleukin (IL)-1β, IL-6, and tumor necrosis factor-alpha (TNF-α) (Zhang et al., 2022).

Early-life stress can result in synaptic dysfunction, which is a major cause of subsequent cognitive impairment (Bock et al., 2015). Postsynaptic density protein 95 (PSD-95) is a represented member of the PSD protein family that contributes to the maintenance of synaptic connectivity and also plays a role in synaptic plasticity (Murack et al., 2023). Synaptophysin (SYP) is a key constituent of the presynaptic vesicle membrane and is involved in the regulation of dendritic and axonal growth and differentiation, and neurotransmitter secretion (Zhang et al., 2014). Both PSD-95 and SYP are specific markers of synapses and are important for proper cognitive function (Liu et al., 2018).

It has been shown that early life stresses, such as maternal lead or alcohol exposure, can lead to decreased levels of synaptic proteins, including PSD-95 and SYP, resulting in impaired synaptic plasticity and changes in the synaptic ultrastructure in the hippocampus, finally leading to cognitive dysfunction in offspring rodents (Elibol-Can et al., 2014; Gąssowska et al., 2016). Brain-derived neurotrophic factor (BDNF), mainly distributed in the central nervous system, functions in the promotion of neuronal growth, neuronal synapse formation and stabilization, and long-term potentiation and is essential for regulating memory-related neuroplasticity (Palasz et al., 2020). Both clinical and basic studies have shown that BDNF levels are significantly reduced in disorders associated with cognitive decline (Liu et al., 2020; Gaitan et al., 2021). Combined, these observations suggest that neuroinflammation and synaptic plasticity-associated proteins, such as PSD-95, SYP, and BDNF, may be involved in the cognitive impairment of offspring induced by maternal inflammation during pregnancy.

Over recent years, resveratrol, a natural sirtuin-1 (SIRT1) agonist mainly derived from peanuts, grapes, and berries, has received attention for its neuroprotective effects (Yang et al., 2021). Resveratrol exerts positive effects on inflammation, synaptic dysfunction, and oxidative stress through the activation of the SIRT1 gene, thus contributing to improving cognitive function (Gomes et al., 2018). Clinical studies have shown that supplementation with this polyphenolic substance can enhance immunity and reduce neuroinflammation, thereby improving cognition and lowering the risk of dementia (Moussa et al., 2017; Pyo et al., 2020; Buglio et al., 2022). Similarly, preclinical studies have shown that resveratrol can ameliorate isoflurane-induced cognitive dysfunction in aged mice by relieving neuroinflammation via the activation of SIRT1 (Li et al., 2014). Meanwhile, resveratrol was reported to attenuate Pb- and Aβ1–42-induced learning memory impairments by activating SIRT1, thus exerting a protective effect on hippocampal synaptic function (Wang et al., 2017, 2021). These observations suggest that resveratrol may have the potential to ameliorate maternal inflammation-induced cognitive deficits in adult offspring by improving neuroinflammation and synaptic dysfunction through the activation of SIRT1.

In the present study, using male C57BL/6 J mice, we explored whether resveratrol exerts ameliorative effects on cognitive impairment in adult offspring induced by prenatal exposure to inflammation and, if so, whether these effects were mediated through the activation of SIRT1.



2 Materials and methods


2.1 Animals

C57BL/6 J mice were purchased from Beijing Vital River Laboratory Animal Device Co., Ltd. and were housed under controlled conditions (relative humidity, 50 ± 5%; temperature, 22–25°C; 12 h light/12 h dark schedule [lights on at 08:00 h]) and had ad libitum access to food and water. Mating was performed at a 1:2 male-to-female ratio. The time of pregnancy was confirmed by the vaginal plug through visual inspection and was identified as day 0. All experimental procedures were approved by the Laboratory Animal Committee of Anhui Medical University.



2.2 Treatments

A diagram of the treatment schedule is shown in Figure 1. On day 15 of gestation, pregnant mice received either an intraperitoneal injection of LPS (Abcam LPS, Shanghai Universal Biotech Co., Ltd., China) with a dose of 50 μg/kg or saline. The dose of LPS was chosen based on previous studies by our group (Zhang et al., 2020, 2022). The day of delivery was designated as postnatal day 0 (PND 0). On PND 21, the male offspring were selected by randomly choosing one mouse from each litter and divided into the following groups (n = 8 per group; the offspring mice were randomly selected from each litter): a Control+saline group; a Control+Resveratrol group; an MLPS group, comprising offspring of LPS-treated mothers; and an MLPS + Resveratrol group. At 2 months of age, offspring mice in the Control+saline and MLPS + Resveratrol groups received a daily intraperitoneal injection of resveratrol [40 mg/(kg/day−1)] for 4 weeks. We chose 40 mg/kg/day of resveratrol based on previous studies showing that this dose is the appropriate dose to ameliorate stress-induced hippocampal inflammation and cognitive deficits and to ensure maximal efficacy while decreasing the occurrence of side effects (Shen et al., 2018; Wang F. et al., 2020). Resveratrol was first dissolved in dimethyl sulfoxide (DMSO, Absin, abs9189) and then in a saline solution containing 5% Tween 80 (Abbexa, abx082610). The vehicle consisted of 5% DMSO and 5% Tween 80 in saline. All behavioral experiments were performed between 13:00 and 18:00 h (see Figure 1). All experimental procedures were approved by the Laboratory Animal Committee of Anhui Medical University.
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FIGURE 1
 Experimental protocol. GD, gestational day; LPS, lipopolysaccharide; PND, postnatal day; MWM, Morris water maze; d, days.




2.3 Morris water maze test

The MWM test was performed as previously reported (Zhang et al., 2022). The offspring were trained four times a day for 7 consecutive days, with an interval of 15 min between training sessions. Each trial lasted 60 s and the mice were placed in a different quadrant of the tank for each trial. The latency, distance, and swimming velocity were recorded using a video camera and analyzed using ANY-Maze software (Stoeling, United States). Probe trials, in which the hidden platform was removed, were performed shortly after the end of the training phase on day 7 of the experiment. The mice were placed in the tank and were allowed to freely explore for 60 s. The percentage of time and the distance in the target quadrant were also determined with ANY-Maze software (Stoeling).



2.4 Tissue preparation

After the MWM tests, the offspring mice were deeply anesthetized with 2% sodium pentobarbital. Hippocampal tissue was dissected from the animals and placed at −80°C for enzyme-linked immunosorbent assay (ELISA), western blot, and RT-PCR analysis.



2.5 Elisa

The levels of the pro-inflammatory cytokines IL-1β, TNF-α, and IL-6 in hippocampal tissue were measured using the respective ELISA kits (JYM0531Mo, JYM0218Mo, and JYM0012Mo; Wuhan Colorful Biotechnology Co., Wuhan, China) according to the manufacturer’s instructions.



2.6 Real-time quantitative fluorescence PCR

Total RNA was extracted from the hippocampal tissue using TRIzol reagent following the manufacturer’s instructions. The extracted RNA was reverse transcribed to cDNA using the PrimeScript RT Reagent Kit with gDNA Eraser (Takara, RR047A). The cDNA was used as a template for fluorescence-based qualification. The qPCR cycling conditions were 95°C for 1 min, followed by 40 cycles of 95°C for 20 s and 60°C for 1 min. Relative mRNA levels were quantified using the 2−∆∆Ct method. The primer sequences are shown in Table 1.



TABLE 1 Primer sequences used for RT-PCR.
[image: Table1]



2.7 Western blotting

Hippocampal tissue was homogenized in RIPA lysis buffer and centrifuged at 12,000 rpm for 15 min. The resulting supernatant was mixed with 5× SDS–PAGE protein loading buffer (1:4) and the proteins were denatured in a boiling water bath for 15 min. Subsequently, the proteins were resolved using SDS–PAGE at a constant voltage (80 V) for approximately 1 h, transferred onto PVDF membranes, rinsed, blocked, and incubated with rabbit antibodies against PSD-95 (1:2,000; ab238135, Abcam), SYP (1:1,000; bs-8845R, Bioss), and BDNF (1:1,000; ab108319, Abcam) and a mouse antibody targeting SIRT1 (1,4,000; ab110304, Abcam) overnight at 4°C. The membranes were incubated with a horseradish peroxidase-labeled secondary antibody (120,000; ZB-2301, Zsbio) after washing. The protein bands were quantified by densitometry using ImageJ software (Media Cybernetics, United States).



2.8 Statistical analyses

The results of this research were analyzed in GraphPad Prism 8.0. Differences in markers of inflammation and synaptic plasticity were analyzed using a two-way analysis of variance (ANOVA) followed by Tukey’s post-hoc test. The significance of the MWM test results was assessed using repeated measures ANOVA followed by Tukey’s post-hoc test. Pearson’s correlation coefficient was used to assess correlations. p < 0.05 was considered significant.




3 Results


3.1 Resveratrol improved learning and memory impairment in offspring mice of LPS-treated mothers

The effects of resveratrol on LPS-induced learning and memory impairment were assessed on PND 90 using the MWM test. In the acquisition phase, repeated measures ANOVA showed significant effects of treatment and time for both the escape latency and the distance swam (escape latency: F(3,28) = 20.08, p < 0.01; distance: F(3,28) = 13.84, p < 0.01; Figures 2A,B). However, no effect was observed for the interaction between time and treatment (escape latency: F(18,168) = 1.10, p > 0.05; distance: F(18,168) = 0.76, p > 0.05; Figures 2A,B). Post-hoc comparisons indicated that, compared with the Control group, the escape latency and the distance swam were markedly increased in the MLPS group; however, this spatial memory deficit was significantly reversed by resveratrol treatment. No difference in swimming velocity was found among the four groups (Figure 2C).

[image: Figure 2]

FIGURE 2
 The effects of resveratrol (Res) on maternal lipopolysaccharide (LPS) exposure-induced spatial learning and memory deficits of offspring mice in the Morris water maze test. (A) Escape latency for each group of mice in the seven training days. (B) Distance swam for each group of mice in the seven training days. (C) Swimming velocity for each group of mice in the seven training days. (D) The percentage of time in the target quadrant for each group of mice during the probe test. (E) The percentage of distance in the target quadrant for each group of mice during the probe test. **p < 0.01 compared to the Control + saline group; $$p < 0.01 compared to the Control + Res group; #p < 0.05 compared to the maternal LPS exposure (MLPS) + saline group.


In the retention phase, the time and distance percent in the target quadrant differed significantly among the four groups (time percent: F(3,28) = 6.36, p < 0.01; distance percent: F(3,28) = 6.94, p < 0.01; Figures 2D,E). Further analysis revealed that the percentage of the time and distance in the target quadrant in the MLPS group was decreased compared with that seen in the Control or Resveratrol groups. However, these negative effects caused by LPS exposure were improved by resveratrol treatment. Together, these results indicated that resveratrol treatment can ameliorate LPS-induced learning and memory impairment.



3.2 Resveratrol inhibited the LPS-induced pro-inflammatory response in the hippocampus of offspring mice

To evaluate the potential of resveratrol in ameliorating the maternal LPS exposure-induced inflammatory response in offspring mice, we measured the levels of various pro-inflammatory cytokines (IL-1β, IL-6, and TNF-α) in the hippocampus. The concentrations of the three cytokines were different among the four groups (IL-1β: F(3,28) = 12.20, p < 0.01; IL-6: F(3,28) = 8.46, p < 0.01; TNF-α: F(3,28) = 13.49, p < 0.01; Figures 3A–C). The post-hoc analysis showed that maternal LPS exposure increased the hippocampal levels of IL-1β, IL-6, and TNF-α in offspring mice (Ps < 0.05), whereas resveratrol treatment suppressed this effect (Ps < 0.05).
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FIGURE 3
 The effect of resveratrol (Res) on the IL-1β, IL-6, and TNF-α in the hippocampus of offspring mice exposed to lipopolysaccharide (LPS) in utero. (A) The level of IL-1β. (B) The level of IL-6. (C) The level of TNF-α. *p < 0.05, **p < 0.01 compared to the Control + saline group; $$p < 0.01 compared to the Control + Res group; #p < 0.05 compared to the maternal LPS exposure (MLPS) + saline group.


In summary, these findings confirmed that resveratrol can greatly inhibit the maternal LPS exposure-induced pro-inflammatory response in the hippocampus of offspring mice.



3.3 Resveratrol elevated the expression of BDNF, SIRT1, PSD-95, and SYP in the hippocampus

We investigated the effect of resveratrol and maternal LPS treatment on BDNF, SIRT1, PSD-95, and SYP levels in the hippocampus of offspring mice. One-way ANOVA identified a significant effect of treatment on the expression levels of BDNF, SIRT1, PSD-95, and SYP in the hippocampus (mRNA: BDNF: F(3,28) = 25.35, p < 0.01; SIRT1: F(3,28) = 27.69, p < 0.01; PSD-95: F(3,28) = 23.21, p < 0.01; SYP: F(3,28) = 12.10, p < 0.01; Figures 4A–D; protein: BDNF: F(3,20) = 30.69, p < 0.01; SIRT1: F(3,20) = 35.95, p < 0.01; PSD-95: F(3,20) = 38.91, p < 0.01; SYP: F(3,20) = 26.82, p < 0.01; Figures 5A–E). Post-hoc analysis demonstrated that the learning and memory impairment induced by in-utero exposure to LPS (MLPS group) resulted in decreased mRNA and protein levels of BDNF, SIRT1, PSD-95, and SYP (Ps < 0.05); however, this effect was not detected with resveratrol treatment (Ps < 0.05).
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FIGURE 4
 The effects of resveratrol (Res) on the mRNA levels of SIRT1, BDNF, PSD-95, and SYP in the hippocampus of offspring mice of mothers exposed to lipopolysaccharide (LPS) during pregnancy. Heat map of the mRNA levels of SIRT1, BDNF, PSD-95, and SYP (A–D) in the hippocampus.


[image: Figure 5]

FIGURE 5
 The effects of resveratrol (Res) on the protein expression levels of SIRT1, BDNF, PSD-95, and SYP in the hippocampus of offspring mice exposed to lipopolysaccharide (LPS) in utero. (A) Representative western blots of SIRT1, BDNF, PSD-95, and SYP in the hippocampus: band 1, Control+saline group; band 2, Control+Res group; band 3, MLPS+saline group; band 4, MLPS+Res group. (B) Quantitative analysis of SIRT1 levels. (C) Quantitative analysis of BDNF levels. (D) Quantitative analysis of PSD-95 levels. (E) Quantitative analysis of SYP levels. **p < 0.01 compared to the Control + saline group; $$p < 0.01 compared to the Control + Res group; #p < 0.05, ##p < 0.01 compared to the maternal LPS exposure (MLPS) + saline group.




3.4 Correlations between cognitive impairment-like behaviors and hippocampal expression levels of pro-inflammatory cytokines

In the acquisition phase of the MWM test, the hippocampal IL-1β, IL-6, and TNF-α were positively correlated with the distance swam and the latency in the four groups (Ps < 0.05; Table 2). In the retention phase, the time and distance percent in the target quadrant were negatively correlated with the hippocampal levels of the three pro-inflammatory factors in the four groups (Ps < 0.05; Table 2).



TABLE 2 Correlations between the performance in the Morris water maze test and the hippocampal levels of IL-1β, IL-6, and TNF-α [r (p)].
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3.5 Correlations between cognitive impairment-like behaviors and expression levels of BDNF, SIRT1, PSD-95, and SYP


3.5.1 Correlations with the mRNA levels of BDNF, SIRT1, PSD-95, and SYP

The correlation analysis revealed that the escape latency and the distance swam in the acquisition phase of the MWM assay were negatively correlated with the hippocampal mRNA levels of BDNF, SIRT1, PSD-95, and SYP in the four groups (Ps < 0.05; Table 3). Additionally, the time and distance percent in the target quadrant in the retention phase of the test exhibited negative correlations with the levels of BDNF, SIRT1, PSD-95, and SYP mRNA in the four groups (Ps < 0.05; Table 3).



TABLE 3 Correlations between the performance in the Morris water maze test and the hippocampal mRNA levels of SIRT1, BDNF, PSD-95, and SYP [r (p)].
[image: Table3]



3.5.2 Correlations with BDNF, SIRT1, PSD-95, and SYP protein levels

In the acquisition phase of the MWM test, the protein levels of BDNF, SIRT1, PSD-95, and SYP were negatively correlated with the latency and distance in the four groups (Ps < 0.05; Table 4). In the retention phase, the percent distance swam and the percent time spent in the target quadrant were positively correlated with the hippocampal levels of the four proteins in the four groups (Ps < 0.05; Table 4).



TABLE 4 Correlations between the performance in the Morris water maze test and the hippocampal levels of synaptic proteins [r (p)].
[image: Table4]





4 Discussion

In this work, we found that maternal exposure to LPS on GD15 resulted in significant learning and memory deficits in offspring mice. These effects were accompanied by neuroinflammation and synaptic dysfunction, which may be associated with SIRT1/BDNF pathway dysregulation; however, resveratrol treatment ameliorated these negative effects of LPS, likely by upregulating SIRT1 expression.


4.1 Resveratrol improved learning and memory impairment induced by maternal immune activation

The perinatal period is a critical window in the development of mammals, including humans and mice, but it is also when early development is most susceptible to interference by external environmental factors (Goldstein et al., 2020; Gyllenhammer et al., 2022). Studies have found that maternal infection with bacteria, viruses, or other pathogenic microorganisms during pregnancy exposes the embryo to an inflammatory environment, leading to behavioral abnormalities in offspring from an early age (Wang X. et al., 2020; Ni et al., 2022; Zhang et al., 2022). LPS, a component of the cell wall of Gram-negative bacteria, can elicit inflammatory responses and is commonly used to generate models of maternal immune activation (Fernandez de Cossio et al., 2021). One study showed that offspring Sprague–Dawley rats exposed to LPS in utero on GDs 8, 10, and 12 displayed spatial learning and memory deficits in the MWM test (Hao et al., 2010). Meanwhile, a different study demonstrated that object recognition performance was poor in the offspring of LPS-challenged Long–Evans dams (Paris et al., 2011). In the current study, we found that offspring C57BL/6 J mice exposed to LPS prenatally took significantly longer and swam significantly longer distances to locate the hidden platform during the learning phase of the MWM test; in the memory phase of the trial, meanwhile, mice in the MLPS group displayed a decrease in the distance swam and time spent percent in the target quadrant, indicating that maternal immune activation resulted in cognitive deficits. This result is consistent with our previous study, in which we showed that aged offspring CD-1 mice of LPS-treated mothers exhibited cognitive impairment, as determined in the MWM test (Zhang et al., 2020).

Resveratrol has been reported to exert a protective effect against cognitive dysfunction in several animal models of neuropsychiatric disorders. For instance, resveratrol was shown to ameliorate short-term cognitive impairment in aged mice following surgery under local anesthesia (Wang et al., 2018). Additionally, the cognitive deficits induced by the anesthetic isoflurane in aged mice were abolished by pretreatment with resveratrol (Li et al., 2014). In full agreement with our previous studies, our current results indicated that resveratrol effectively improved maternal LPS exposure-induced learning and memory impairment in offspring mice as evidenced by the shortened latency and reduced distance in the trial phase of the MWM test and the increase in the time and distance percent in the target quadrant in the retention phase of the test among mice in the MLPS + Res group relative to that seen in animals of the MLPS group.



4.2 Resveratrol improved the response to inflammation induced by maternal immune activation

Elevated pro-inflammatory cytokine levels in the hippocampus were closely associated with cognitive impairment. Maternal exposure to LPS during the late stages of gestation led to an increase in inflammatory cytokine concentrations through a series of downstream signaling pathways. These cytokines could cross the maternal–placenta barrier and induce an inflammatory response in the fetus (Hisada et al., 2023). Previous studies have demonstrated that maternal exposure to LPS induced the activation of microglia/macrophages and stimulated the release of inflammatory cytokines such as IL-1β, IL-6, and TNF-α in the brains of offspring (Dominguez Rubio et al., 2017; Rahimi et al., 2020). Our recent work suggested that maternal exposure to LPS significantly upregulated inflammatory cytokine levels in the blood, which was accompanied by cognitive decline in the offspring (Ni et al., 2022; Zhang et al., 2022). In the current study, compared with the Control group, the hippocampal levels of IL-1β, IL-6, and TNF-α were increased in the MLPS group, which likely contributed to the cognitive impairment induced by maternal LPS exposure. Moreover, it has been reported that environmental enrichment could ameliorate the inflammatory response induced by maternal immune activation, as well as reverse the consequent cognitive impairment (Zhao et al., 2020). Resveratrol was effective in mitigating the cognitive decline in aging rats by inhibiting the production of pro-inflammatory cytokines (Gocmez et al., 2016). Here, we found that resveratrol reversed the increase in pro-inflammatory cytokine concentrations induced by prenatal exposure to LPS, suggesting that resveratrol treatment improved the inflammatory response caused by maternal immune activation.



4.3 Resveratrol improved the synaptic dysfunction induced by maternal immune activation

Hippocampal synaptic plasticity is a key biological mechanism underpinning learning and memory at the cellular level (Fuchsberger and Paulsen, 2022). Synaptic plasticity-associated proteins, including BDNF, PSD-95, and SYP, play an essential role in the regulation of dendrite growth and synaptic vesicle release (Chen et al., 2018; Liu et al., 2023). Animal experiments have suggested that maternal LPS exposure can disrupt synaptic pruning, neural circuit formation, and synaptic plasticity in the hippocampus (Xiao et al., 2021). Baharnoori et al. (2009) reported that dendritic spine numbers and dendritic length were decreased in the brains of offspring of mothers exposed to LPS during pregnancy. Meanwhile, Hao et al. (2010) revealed that maternal LPS exposure downregulated the expression of SYP and increased that of glial fibrillary acidic protein (GFAP) in the hippocampal CA1 region of offspring mice (Hao et al., 2010). SIRT1, a member of the class III family of histone acetylases, is known to positively regulate the expression of BDNF by restricting miR-134 levels via a repressor complex containing the transcription factor YY1, and its activity is also related to cognitive function (Gao et al., 2010). The downregulation of SIRT1 and BDNF expression was reported to impair cognitive function in a rat model of schizophrenia (Niu et al., 2020). The results of the current study showed that maternal LPS treatment significantly decreased the expression levels of SIRT1, BDNF, PSD-95, and SYP in the offspring, suggesting that impaired synaptic plasticity may underlie the cognitive deficits induced by maternal immune activation, likely due to SIRT1/BDNF signaling dysregulation. Furthermore, consistent with its function as an effective SIRT1 activator, resveratrol reversed the decrease in SIRT1, BDNF, PSD-95, and SYP expression levels and alleviated the learning and memory impairment caused by maternal LPS treatment. These results are in accordance with those of previous research that showed that resveratrol treatment reversed chronic unpredictable mild stress-induced cognitive impairment in rats by modulating the SIRT1/BDNF pathway in the hippocampus (Shen et al., 2018).



4.4 Correlations between the parameters of the MWM test and the markers of inflammation response and synaptic plasticity

A large body of evidence suggests that the levels of pro-inflammatory cytokines and synaptic plasticity-associated proteins in the hippocampus are closely related to learning and memory function. Elevated pro-inflammatory cytokine counts in peripheral blood have been correlated with cognitive dysfunction in aging mice that were subjected to LPS exposure in utero (Ni et al., 2022). Here, we found that hippocampal pro-inflammatory cytokine levels were positively correlated with the latency and distance in the training phase and negatively correlated with the time spent and distance percent in the probe trial in the MWM test, suggestive of a link between central inflammation and maternal LPS exposure-induced learning and memory impairment. In our previous study, using a mouse model of maternal sleep deprivation, we revealed that reduced levels of BDNF, PSD-95, and SYP in the hippocampus were strongly correlated with cognitive impairment (Zhang et al., 2023). Here, our results suggested that the maternal LPS exposure-induced decrease in the levels of SIRT1, BDNF, PSD-95, and SYP were correlated with the parameters of the MWM test.

Our study had several limitations. Firstly, we only examined the effects of maternal LPS exposure on male offspring and did not investigate whether maternal exposure to inflammation exerts sex-dependent behavioral effects. Secondly, we did not assess whether SIRT1 mediates the protective effect of resveratrol on cognition. Thirdly, we did not directly evaluate the effects of resveratrol treatment on dendrite morphology (dendritic density and dendrite length) or synaptic plasticity following exposure to LPS. Fourthly, we did not use immunohistochemical techniques to localize synaptic proteins (PSD-95, SYP, and BDNF) in different regions of the hippocampus. Finally, we performed only the MWM test and no other hippocampus-dependent cognitive tests.




5 Conclusion

Collectively, our findings demonstrated that resveratrol administration considerably improved learning and memory impairment in offspring mice of mothers exposed to LPS during gestation. A decrease in pro-inflammation cytokine concentrations and an increase in the expression levels of SIRT1, BDNF, PSD-95, and SYP in the hippocampus following resveratrol treatment contributed to reducing the cognitive deficits in offspring mice resulting from maternal immune activation. Our results suggest that resveratrol has potential as a treatment for cognitive impairment.
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