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The Antidepressant Effect of Deoiled Sunflower Seeds on Chronic Unpredictable Mild Stress in Mice Through Regulation of Microbiota–Gut–Brain Axis
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Objectives: Sunflower seeds provide tryptophan-rich proteins with the potential to protect against depression. Tryptophan is a precursor of serotonin and a substrate for the production of indole derivatives by gut microbiota. This study aimed to investigate the association between the depression-alleviating effects of deoiled and dechlorogenic sunflower seeds (DSFS) and regulation of gut microbiota.

Materials and Methods: Male C57BL/6J mice were fed a diet comprising a source of soy protein (normal and model control), DSFS or whey protein concentrate (positive control) for 7 weeks, and chronic stress-induced depression was induced.

Results: Feeding the DSFS diet prevented depression-like behaviors, intestinal barrier damage, elevated plasma corticosterone, and reduced hippocampal serotonin levels in mice. Meanwhile, Feeding the DSFS diet significantly altered the gut microbiota structure, characterized by elevated relative abundances of Ileibacterium valens, Ruminococcus flavefaciens, Clostridium scindens, and Olsenella massiliensis, which were inversely associated with depressive behaviors and markers of mucosal barrier damage. DSFS also altered the gut metabolite profile, prevented depression-induced gut L-tryptophan depletion, and upregulated its metabolite indoleacetaldehyde.

Conclusion: Feeding the DSFS diet prevented depression in mice by remodeling the gut microbiota and bacterial tryptophan metabolism.
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INTRODUCTION

Depression is a complex psychiatric and emotional disorder, that generally results in a range of symptoms, such as low mood, anhedonia, lack of attention, sleep disorders, loss of interest, and a low-level of general vigor (1). Depression affects nearly 350 million people worldwide and contributes to a heavy economic burden and tremendous pressure on families and society (2). Although many types of antidepressant drugs have been developed to treat depression, most have limitations and adverse side effects (3).

Recently, the relationship between a high tryptophan (Trp) diet or Trp metabolism and depression has been widely studied. A single dose of Trp can produce a dose-dependent antidepressant effect, which mainly depends on the efficiency of Trp conversion into 5-hydroxytryptamine (5-HT) (4). Dietary interventions rich in Trp have also demonstrated good antidepressant/anxiolytic effects. Certain natural products such as deoiled gourd seeds (Trp: 22 mg/g protein) in combination with glucose can improve individual social anxiety and achieve clinical effects similar to those of medical-grade Trp (5). Compared with other food protein sources, whey protein or whey-derived protein contains a relatively high concentration of Trp, which is superior in relieving stress (6). A whey protein diet has been reported to enhance 5-HT synthesis, reverse behavioral disorders in stressed mice, and reduce the cortisol response and anxiety state of stressed subjects (7, 8). Sunflower seeds are a high-Trp/protein food. The Trp content is 1.75 g/100 g protein, second only to milk and sesame (9). Our study confirmed that deoiled sunflower seeds high in Trp levels can improve the utilization of Trp and promote the synthesis of 5-HT in the brain, thereby improving behavioral disorders and depression in stressed mice (10). However, the specific mechanisms involved require further investigation.

Tryptophan in the gastrointestinal tract is metabolized by the gut microbiota into indole derivatives, such as indole-3-acetic acid and indole-3-propionic acid (11). These metabolites cross the blood-brain barrier and activate aryl hydrocarbon receptors in astrocytes and microglia (12). The activation of aryl hydrocarbon receptors (AhR) can inhibit the pro-inflammatory transcription factor nuclear factor-κB pathway, which prevents the production of pro-inflammatory cytokines and contributes to maintaining integrity of the intestinal mucosal barrier (13). The severity of intestinal mucosal barrier injury has been reported to be positively correlated with the degree of depression (14).

Furthermore, the gut microbiota affects the modulation of brain function via the microbiota–gut–brain axis. Many researchers have suggested that gut microbiota disorders are strongly highly related to the occurrence of depression (15). Numerous animal models of depression have demonstrated that the gut microbiota is disordered (16). The gut microbiota can alter the behavior and function of the central nervous system by regulating gut barrier integrity and the development of inflammation, thereby stimulating the immune system and enhancing the secretion of neurotransmitters (17). Crucially, increased gut permeability and perturbed gut microbiota are believed to be related to the development of many neuropsychiatric disorders (18). However, the mechanisms underlying gut microbiota disorders that promote the development of depression and their effects on the host, are not fully understood.

An imbalance in redox homeostasis is the main cause of depression (19). Chronic mild stress induces oxidant production and disturbs the activities of superoxide dismutase and catalase, which may cause oxidative stress, thereby contributing to the development of depression (20). Additionally, increased oxidative stress activates pro-inflammatory signaling pathways that can lead to depression (21). Inflammatory cells produce reactive oxygen species (ROS), which in turn promote the expression of pro-inflammatory genes (19). Furthermore, the antidepressant response involves in changes in oxidative and inflammatory markers. High levels of ROS and inflammatory biomarkers in patients with depression, along with activated stress kinases, promote further oxidative stress and neuroinflammation, leading to cell death, all of which might contribute to depression (22).

Hence, we hypothesized that deoiled and dechlorogenic sunflower seeds (DSFS) may prevent depression by regulating gut microbiota metabolism and improving the intestinal mucosal barrier. This study aimed to estimate the effect of DSFS (Trp: 2.35/100 g protein) on chronic unpredictable mild stress (CUMS)-induced depression-like states in C57BL/6J mice. We explored the effects of DSFS on the intestinal mucosal barrier, oxidative stress, gut microbiota, and metabolic profiles.



MATERIALS AND METHODS


Preparation of DSFS

Sunflower seeds were provided by Qiaqia Food Co. Ltd. (Hefei, China). Whey protein concentrate (WPC) and soy protein were purchased from Qinuo Food Co. Ltd. (Zhengzhou, China) and Jiangsu Fu Shing Tak Biological Engineering Co. Ltd. (Nanjing, China), respectively. Sunflower seeds were deoiled by cold pressing to prevent oxidation and loss of Trp. Sunflower seeds contain many polyphenol compounds, especially chlorogenic acid, which accounts for up to 70% of total polyphenols. Chlorogenic acid readily interacts with polar groups, resulting in difficult absorption of the protein (23). Ultrasonic-assisted ethanol extraction was used to remove chlorogenic acid to obtain DSFS. Amino acid levels of the three proteins were measured according to the method described by Ren et al. (24). Supplementary Table 1 presents the amino acid compositions identified.



Animals

Forty male C57BL/6J mice (6-weeks old, weighing 18–21 g) were kept in the Experimental Animal Center of Jiangnan University under standard laboratory conditions of a natural 12 h light and dark cycle, at a constant temperature (23 ± 2°C), and under constant humidity (60 ± 5%). The mice were free to eat and drink ad libitum. All experimental procedures were approved by Jiangnan University Animal Care and Use Ethics Committee (JN. No20181230c0480710 [281]) and were performed according to the National Guidelines for Ethical Review of Experimental Animal Welfare.

After 7 days of acclimatization, mice were randomly assigned to four groups (n = 10 per group): CON, which was not subjected to any stress and received a soy protein diet; the other three groups were subjected to CUMS induction and received a soy protein diet (MOD), a DSFS diet and a WPC diet. Diets were prepared for AIN-93M diet formulation (Supplementary Table 2; 25). After 28 days of dietary intervention, the mice were maintained separately and subjected to CUMS for 21 days. Figure 1 presents the detailed experimental procedures.
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FIGURE 1. Schedule of the animal experiment. CUMS, chronic unpredictable mild stress; TST, tail suspension test; EPM, elevated plus maze test. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group (n = 10 per group).




Chronic Unpredictable Mild Stress

The CUMS model, a well-validated rodent model of depression, is based on a series of unpredictable mild stressors to simulate the social stress experienced by humans in daily life (26). Long-term exposure to stress can lead to anhedonia, changes in behavioral activities, and deterioration in appearance, which eventually evolve into various mental illnesses or emotional disorders such as depression and anxiety (27). In summary, mice were exposed to any two unpredictable stressors each day (28): 2 h of approximately 45° tilted cages, 3 min of tail pinching, 4 h of bedding removal, 3 h of cage breeding (five per cage), 12 h of food and water deprivation, 3 h of exposure to rat feces, 3 h of bedding removal and addition of water to a depth of 0.25 inches, and a reversal of the diurnal cycle (12/12 h light/dark).



Behavioral Tests


Tail Suspension Test

The tail suspension test (TST) was performed to measure the total immobility time (28). Mice were hung 20 cm above the floor by taping the tail to a stabilizer bar for 6 min, and the immobility time was recorded over the last 4 min. Mice were considered immobile only when they hung vertically and motionlessly.



Elevated Plus Maze

The elevated plus maze (EPM) test was performed to assess anxiety. The instrument contained two open and two closed arms (50 cm × 5 cm). They were joined together by a central area (5 cm × 5 cm) and placed 45 cm above the floor. The closed arm was enclosed by an opaque 30 cm wall. The mice were placed in the center and allowed to explore freely for 5 min.



Open Field Test

The open field test (OFT) was used to measures depression/anxiety-like behavior. In the dark room, mice were housed in a topless box (40 cm by 40 cm by 30 cm). A camera is mounted above the box, and a maze video tracking system is used to track and record the mice activity. In the system, the bottom part of the box is divided into 16 small square grids (10 cm × 10 cm). The four-square grids of the central region are defined as the central region. The mice were placed in the central area of the device and allowed to explore freely for 30 min.




Sample Collection

After the behavioral tests, mice were sacrificed using the cervical dislocation method. Blood was collected and centrifuged (4,000 × g, 10 min, 4°C). The liver was rapidly homogenized to determine ROS levels. The colon was collected for RNA extraction, and the content was frozen for subsequent 16S ribosomal gene sequencing and metabolic profiling.



Biochemical Analysis

Plasma corticosterone, endotoxin (ET), diamine oxidase (DAO) and 5-HT levels were determined using enzyme-linked immunosorbent assay (ELISA) kits, according to the manufacturer’s instructions (Jiangsu Meimian Industrial Co. Ltd., Yancheng, China).



Measurement of Oxidative Stress Levels

Liver superoxide dismutase (SOD), glutathione peroxidase (GSH-Px), catalase (CAT), and malondialdehyde (MDA) levels were quantified using ELISA kits (Nanjing Jiancheng Bioengineering Institute, Nanjing, China). ROS levels were measured as described by Kobayashi et al. (29).



Histopathological Analysis of Ileum Tissue

The ileum tissue was first fixed with paraformaldehyde, then dehydrated, embedded, sectioned, and stained with hematoxylin and eosin (H&E).



Real Time qPCR Analysis

Total RNA was extracted using Trizol (Biomiga, Shanghai, China), purity was determined by measuring the A260/A280 ratio, and the quality was assessed by agarose gel electrophoresis. Total RNA was then reverse-transcribed using a Moloney Murine Leukemia Virus Reverse Transcriptase kit (MultiScribe Reverse Transcriptase; Applied Biosystems). mRNA expression was quantified by qPCR using the following thermocycling conditions: 1 cycle at 95°C for 5 min; 40 cycles at 95°C for 20 s, 60°C for 30 s, and 72°C for 20 s, and one cycle at 72°C for 2 min (Monad Biotech Co., Ltd., Suzhou, China). PCR primer sequences are listed in Supplementary Table 3. Gene expression was calculated as a relative value using β-actin as a reference, according to the comparative threshold cycle (Ct) method (30).



Measurement of Short-Chain Fatty Acids

Colon contents were homogenized and centrifuged. The supernatant was mixed with an internal standard, ether and sulfuric acid (50%). Finally, the solution was centrifuged and the supernatant was used to quantify short-chain fatty acids (SCFA). SCFAs were detected using a gas chromatography-mass spectrometer (Agilent 8890) equipped with an Agilent 19091N-133I column (30 m × 250 μm × 0.25 μm). The detection parameters are: injection volume 1 μL; inlet temperature 250°C; ion source temperature 230°C; transfer line temperature 250°C, quadrupole temperature 150°C; split ratio 10:1; heating program: initial temperature 60°C, hold for 5 min, ramp to 110°C at 10°C/min, then ramp to 250°C at 35°C/min, hold for 1 min; carrier gas (helium) flow rate 1 mL/min.



16S rDNA Amplicon Sequencing Analysis of Colonic Microbiota

The procedures for total DNA extraction, amplification, sequencing of the V3-V4 region of the 16S rRNA gene, and construction of a sequencing library are illustrated in the Supplementary Methods. Downstream amplicon bioinformatic analyses were performed using EasyAmplicon v.1.023, as described by Qi et al. (31). Non-redundant sequences were de-noised into ASVs via the-unoise3 command of USEARCH (v.10.0). ASVs were classified using the Bayesian lowest common ancestor (BLCA) at the species level. Minimum count and low variance were used to filter the sequencing data. Principal coordinate analysis (PCoA) was performed to assess differences between groups using the analysis of similarity (ANOSIM) tool. Microbial gene pathways were predicted using the Phylogenetic Investigation of Communities by Reconstruction of Unobserved States 2 (PICRUSt2) pipeline v.2.3.0-b with default parameters. Differential abundance analysis of PICRUSt2-inferred MetaCyc pathways and microbial communities at the species level were performed using STAMP v.2.1.3 with a two-sided Welch’s t-test.



Ultra-Performance Liquid Chromatography-Tandem Mass Spectrometry of Colon Content

Sample preparation, ultra-performance liquid chromatography-tandem mass spectrometry (UPLC-MS/MS) spectral acquisition conditions, and data analysis methods were as described in our previous study (10).



Statistical Analysis

Data were statistically analyzed using IBM SPSS Statistics v.20.0 (Chicago, IL, United States). Results are expressed as means ± standard error of the mean (SEM). Differences between groups were compared using one-way analysis of variance (ANOVA), followed by Duncan’s test (equal variances assumed) or the Mann–Whitney U–test (equal variance not assumed). Differences was were considered statistically significant when P-value was ≤0.05.




RESULTS


Effects of DSFS on Immobility Duration in Tail Suspension Test

Compared to the CON group, a longer immobility duration was observed in the MOD group (P < 0.05, Figure 2A). DSFS and WPC administration markedly decreased the immobility duration relative to the MOD group (P < 0.05).
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FIGURE 2. Effect of DSFS on tail suspension test (TST), elevated plus maze test (EPM), and open field test (OFT). (A) Immobility time of TST; (B) total number; (C) frequency of open arm entries; (D) time in open arm; (E) percentage of time in open arm; (F) total travel distance in open field; (G) travel distance in the central area of OFT; (H) frequency of reaching the central area of the open field; (I) time spent in the central area of the open field. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.




Effects of DSFS on Anxiety-Like Behavior in an Elevated Plus-Maze Test

No statistical difference was observed in the total number of the elevated plus-maze in the CON and MOD groups, while the frequency of open arm entries, time in open arm, and percentage of time in open arm were lower in the MOD group than in the CON group (P < 0.05, Figure 2). These parameters were significantly improved after DSFS and WPC treatments.



Effects of Depression/Anxiety-Like Behavior in Open Field Tests

The total distance of mice moving in the open field can reflect the autonomous activity of mice. The distance in the central area, the time and times of entering the central area not only reflect the autonomous exploration activities of mice, but also indirectly reflect the anxiety state of mice. As shown in Figures 2F–I, the total distance in the open field and the distance into the central field of the mice in the CON, DSFS, and WPC groups were not significantly different from those in the MOD group (P > 0.05). The number and time of entering the central area in the MOD groups were significantly lower than those in the CON group (P < 0.05). Compared with the MOD group, the DSFS and WPC group significantly increased the number and time of stress mice entering the central area (P < 0.05).



Effects of DSFS on Oxidative Stress in Liver

Figure 3 shows the influence of DSFS on the liver redox state. In contrast to the CON group, GSH-Px, SOD, and CAT activities were lower in the MOD group (P < 0.05). However, elevated levels of MDA and ROS were found in the MOD group compared with those in the CON group (P < 0.05). In contrast, both DSFS and WPC diets elevated GSH-Px, SOD, and CAT activities, and restored MDA and ROS to normal levels relative to the MOD group (P < 0.05).
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FIGURE 3. Effects of DSFS on a redox state in liver. (A) glutathione peroxidase (GSH-Px) activity levels; (B) superoxide dismutase (SOD) activity levels; (C) catalase (CAT) activity levels; (D) malondialdehyde (MDA) levels; (E) reactive oxygen species (ROS) levels. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.




Effects of DSFS on Plasma Corticosterone and Hippocampal 5-Hydroxytryptamine Levels

Plasma corticosterone levels were increased in the MOD group (P < 0.05) and found to be decreased after DSFS and WPC administration (P < 0.05, Figure 4A).
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FIGURE 4. Effects of DSFS on corticosterone (CORT) (A) levels in plasma and 5-hydroxytryptamine (5-HT) (B) levels in the hippocampus. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


Long-term stress led to a decrease in 5-HT levels in the MOD group relative to those in the CON group (P < 0.05, Figure 4B). 5-HT level in the DSFS and WPC groups were higher than those in the MOD group (P < 0.05).



Effects of DSFS on Intestinal Mucosal Barrier Function Histology

As shown in Figures 5A,B, chronic stress induced a significant increase in DAO and ET levels in MOD mice compared with CON mice (P < 0.05). In addition, the DSFS and WPC diets downregulated DAO and ET levels compared to those in MOD mice (P < 0.05).
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FIGURE 5. Effects of DSFS on plasma diamine oxidase (DAO) (A), endotoxin (ET) (B), and the histology of the ileum (C) in stressed mice. Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


The intestinal villi were dense and well-arranged in CON mice (Figure 5C). In contrast, their tissue morphology was visibly disrupted, and the villi were fractured in MOD mice. The cells showed local dissolution, and the nuclei were wrinkled, deformed, and deeply stained in stressed mice. Furthermore, villi were dense and well-arranged after DSFS and WPC administration.



Effects of DSFS on mRNA Expression in Colon

Compared with the CON group, the relative mRNA expression of IL-1β, IL-6, and cyclooxygenase-2 genes was significantly increased in the MOD group (P < 0.05, Figure 6A), whereas a significant downregulation in IL-10 mRNA expression was found in the MOD group (P < 0.05). Moreover, DSFS and WPC diets reversed the effects induced by chronic stress.
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FIGURE 6. Effects of DSFS on the expression of inflammatory cytokines (A) and colonic tight junction proteins (B). Data are expressed as mean ± SEM (n = 10 per group). The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


In addition, we measured the expression of mucosal barrier-related genes (Figure 6B). Compared to the CON group, downregulation of zonula occludens (ZO) 1, ZO-2, and occludin mRNA expression was observed in stressed mice (P < 0.05), whereas claudin-2 mRNA expression was upregulated in stressed mice (P < 0.05), indicating increased intestinal permeability in these mice. Compared with stressed mice, these changes were restored in the DSFS and WPC groups.



Effects of DSFS on Short-Chain Fatty Acids in Colon Content

Compared with CON mice, valeric acid levels were lower in MOD mice (P < 0.05, Figure 7). In contrast, butyric and valeric acid levels were markedly elevated after DSFS treatment (P < 0.05). Additionally, increased levels of butyric acid were observed in WPC mice compared to those in MOD mice (P < 0.05).
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FIGURE 7. Effects of DSFS on SCFA in the colon content. (A) acetic acid levels; (B) propionic acid levels; (C) isobutyric acid levels; (D) butyric acid levels; (E) valeric acid levels; (F) isovaleric acid levels. Data are expressed as mean ± SEM (n = 10 per group). CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group. The values with different superscript letters in a column are significantly different (P < 0.05). The letter is the same, indicating no significant difference.




DSFS Modulates Gut Microbiota Structure in Mice

To further assess the effects of DSFS on gut microbiota structures in mice, we measured the gut microbiota in terms of colon content by 16S rDNA PCR amplicon sequencing. Figures 8A–C illustrates the α diversity of the colonic microbiota. Differences in the Chao 1, Shannon, and Simpson indexes were not significant in the CON, MOD, and DSFS groups (P > 0.05, Figures 8A–C). Additionally, the Chao 1 and Shannon indexes in the WPC group were notably lower than those in the other three groups, suggesting that species richness and diversity were decreased by WPC treatment. Furthermore, chronic stress induced a significant increase in the ratio of Bacteroidetes to Firmicutes, which was remarkably attenuated by DSFS and WPC supplementation (Figure 8D). The dendrogram of the hierarchical clustering analysis suggested that the microbiome in each group was relatively similar, and the differences between the MOD and DSFS groups were significant (Figure 8E). The PCoA of β diversity, based on a Bray–Curtis similarity matrix, demonstrated that different gut microbiota structures existed among the four groups (ANOSIM, P < 0.05, Figure 8F). This change suggested that chronic stress disturbs gut microflora. Moreover, the gut microbiota of DSFS- and WPC-treated mice differed from that of the stressed mice.
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FIGURE 8. Effects of DSFS on gut microbiota structure in stressed mice. (A–C) α diversity. (D) The ratio of Bacteroidetes to Firmicutes. (E) Dendrogram of Hierarchical clustering analysis with distance measures based upon the Bray–Curtis index. (F) β diversity, the principal coordinate analysis (PCoA) was performed based on OTUs using the analysis of similarity (ANOSIM) tool, based upon a Bray–Curtis similarity matrix. (G) Profile of dominant species (The relative abundance in at least one sample is greater than 1%) and the FDR adjusted P-value of inter group difference analysis based on two sided Welch’s t-test. Data are expressed as mean ± SEM (n = 5 per group). *P < 0.05, **P < 0.01, compared with the CON group; ##P < 0.01, compared with the MOD group. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


As shown in Figure 8G, CUMS significantly increased the relative contents of intestinal Pseudoflavonifractor phocaeensis (P < 0.05) and Eubacteium coprostanoligenes (P < 0.01), while the DSFS and WPC-treated groups significantly decreased relative to the MOD group (FDR < 0.05). Limosilactobacillus reuteri was significantly up-regulated (P < 0.05) in the MOD group, and relatively down-regulated (P < 0.05) in the DSFS-treated group. CUMS caused a significant down-regulation of intestinal I. valens (P < 0.05), which was significantly up-regulated in DSFS and WPC-treated mice relative to MOD mice (P < 0.05). Meanwhile, both treatments significantly up-regulated Olsenella massiliensis and down-regulated the relative content of Parabacteroides merdae (P < 0.05). DSFS treatment also specifically up-regulated the relative content of Clostridium massiliensis, Turicimonas muris and Merdimonas faecis (P < 0.05).

Furthermore, we observed that the MetaCyc gene pathways were significantly different between the groups (FDR-adjusted P-value < 0.05, Figure 9). Ten pathways were identified for comparison between the CON and MOD groups, including Bifidobacterium shunt, peptidoglycan biosynthesis IV (Enterococcus faecium), inosine-5’-phosphate biosynthesis III, and the superpathway of L-tyrosine biosynthesis. The mean proportion of the eight pathways was significantly increased, while that of the two pathways was significantly decreased in the MOD group relative to the CON group. Nine pathways were significantly altered in the DSFS group compared to the MOD group, with three pathways being significantly increased (1,4-dihydroxy-6-naphthoate biosynthesis II, 1,4-dihydroxy-6-naphthoate biosynthesis II, myo-, chiro-, and scillo-inositol degradation) and six pathways being decreased (guanosine nucleotide degradation III, adenosine nucleotides degradation II, L-rhamnose degradation I, pyrimidine deoxyribonucleotides biosynthesis from CTP, superpathway of fucose, and rhamnose degradation).
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FIGURE 9. Significant differences (FDR-adjusted P-value < 0.05) between groups in MetaCyc gene pathways predicted by PICRUSt2. CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.




DSFS Modulates Metabolites of Colon Contents

Principal component analysis (PCA), partial least squares discriminant analysis (PLS-DA), and orthogonal PLS-DA (OPLS-DA) models were established to explore the metabolic characteristics of the mice (Figure 10). The PCA plot showed that the samples in the MOD group were significantly separated from the remaining three cohorts, suggesting that there were differences between MOD-treated animals and the remaining three groups. In addition, there was a partial overlap between the sample points of the DSFS, WPC, and CON groups, indicating that DSFS and WPC were able to restore metabolic disorders to a normal state. The PLS-DA plot further verified that the MOD group was significantly different from the other three groups, and the permutation verification plot demonstrated that the model verification was reasonable.


[image: image]

FIGURE 10. Extensive targeted metabolome and multivariate statistical analysis in colon content. (A) PCA plot (R2X = 0.925, Q2 = 0.507). (B) PLS-DA plot (R2X = 0.908, R2Y = 0.987, Q2 = 0.774). (C) PLS-DA validation plot. (D,F,H) OPLS-DA plot [(D): R2X = 0.691, R2Y = 0.932, Q2 = 0.572, (F): R2X = 0.558, R2Y = 0.974, Q2 = 0.878, (H): R2X = 0.532, R2Y = 0.985, Q2 = 0.713]. (E,G,I) S-plot (n = 5 per group). CON, normal control group; MOD, model control group; DSFS, deoiled and dechlorogenic acid sunflower seeds group; WPC, whey protein group.


Furthermore, the OPLS-DA models revealed significant differences between the MOD group and the other three groups. The corresponding S-plot was used to screen for potential biomarkers. Table 1 presents detailed information regarding the differential metabolites (VIP > 1.00 and P < 0.05).


TABLE 1. Effect of DSFS on metabolites of colon content in mice.

[image: Table 1]
Fifteen metabolites were significantly altered in the MOD group compared to those in the CON group, with nine metabolites being downregulated and six being upregulated (Table 1). These metabolites were mainly represented by significantly lower concentrations of L-trp, L-leucine, L-valine, L-tyrosine, trans-3-indoleacrylic acid, methoxyindoleacetic acid, 7-methylguanine and 6-methylmercaptopurine, and significantly higher concentrations of 1, 4-dihydro-1-methyl-4-oxo-3-pyridinecarboxamide, 2, 6-dihydroxypurine, uracil, and azelaic acid. Compared with the MOD group, 15 and 12 metabolites were significantly altered in the DSFS and WPC groups, respectively. The DSFS intervention significantly reduced 2, 6-dihydroxypurine, hypoxanthine, uracil, thymine, azelaic acid, hydrocinnamic acid, and thiamine levels in stressed mice and increased 7-methylguanine, 6-methylmercaptopurine, L-leucine, and indoleacetaldehyde levels. These endogenous metabolites are mainly involved in 16 metabolic pathways, including Trp metabolism; aminoacyl-tRNA biosynthesis; valine, leucine and isoleucine biosynthesis; phenylalanine, tyrosine, and Trp biosynthesis; and thiamine metabolism.



Correlation Analysis of Gut Microbiota and Biochemical Indicators

Figure 11 presents a correlation heat map of gut microbiota and biochemical indicators. Four species of gut bacteria that were up-regulated by DFSF, I. valens, Ruminococcus flavefaciens, Clostridium scindens, and O. massiliensis were significantly negatively associated with adverse depression markers, including TST immobility time, plasma endotoxin, and liver ROS and MDA, hypothalamic CORT and plasma DAO. They were positively correlated with the rest of the indicators that were positively associated with depression. Among the remaining strains, three down-regulated by DSFS and/or WPC intervention, Lachnoclostridium pacaense, P. phocaeensis, and Eubacteriumcor prostanoligenes, were positively correlated with other depressive factors other than plasma endotoxin. They are typical Depression-related species. In addition, it is worth noting that the immobility time of TST was significantly associated with all species of bacteria analyzed (P < 0.001).
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FIGURE 11. Spearman correlation analysis between colonic bacterial species and biochemical indicators. The x-axis and y-axis of the heat map are gut microbiota, biochemical and behavioral indicators respectively, and the R-value and P-value are obtained by calculation. The color of the bar shows the correlation coefficient. *P < 0.05, **P < 0.01, ***P < 0.001.


To explore the potential relationships between the gut microbiome changes and metabolic products, a correlation matrix was generated using Spearman correlation. Figure 12 shows that the analyzed species were clustered into three clusters, where the five DSFS antidepressant-responsive species revealed by Figure 11 are in the heatmap cluster II. Colonic metabolites were clustered into two clusters, and those of the first cluster were positively correlated with cluster II species of the gut microbiota. Among them, Indoleacetaldehyde was specially positively correlated with R. flavefaciens, C. scindens, and Olsenella massiiensis, and 1-Phenylethanol was positively correlated with four bacteria except I. valens. Three depression-related species, P. phocaeensis, Eubacterium coprostanoligenes and L. pacaense, Muribaculum intestinale, and P. merdae were negatively correlated with Thiamine, Azelaic aci, and Hydrocinnamic acid, especially Thiamine.
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FIGURE 12. Spearman correlation analysis of species and metabolites of mouse colonic microbiota. Red: positive correlation, blue: negative correlation; *P < 0.05, **P < 0.01, ***P < 0.001.





DISCUSSION

In the present study, mice subjected to chronic stress exhibited longer durations of immobility, and less entry times and time spent in the middle of the open field indicating the prevalence of depression-like behaviors. In agreement with these results, chronic stress resulted in a longer immobility duration in tail suspension test (32). In contrast, DSFS and WPC diets decreased the immobility time and increased the number of explorations and time spent in the central area of the open field, suggesting antidepressant-like activity. Similar results were observed in a previous study in which immobility time was normalized after α-lactalbumin treatment (6). Furthermore, chronic stress induced anxiety-like behavior in mice, whereas DSFS and WPC diets effectively restored depression-like behaviors to normal levels. This outcome is consistent with that of Orosco et al. (33), who found that α-lactalbumin prevented a decrease in the percentage of time spent in open arms in elevated plus maze test. Overall, the behavioral results indicated that DSFS exerted a beneficial impact in improving depression- and anxiety-like behaviors.

It was found that patients with depression are accompanied by visible symptoms of intestinal dysfunction, and the severity is positively correlated with the degree of depression (34). For mice, CUMS destroys the intestinal mucosa and enhances intestinal permeability (35). The destruction of the integrity of the mucosal barrier might be related to the decrease in tight junction protein expression and inhibition of mucosal layer function via the reduction in goblet cell numbers (14). Moreover, tissue morphology and villi were destroyed. It has been reported that long-term stress disrupts gut barrier function and causes serious intestinal inflammatory responses (36). Profound epithelial structural disruption and significant downregulation of tight junction protein expression were observed in stressed mice. In contrast, the expression of mucin-2 and tight junction proteins was effectively upregulated after DSFS and WPC administration, which might have contributed to decrease expression of IL-1β and IL-6 expression. This mechanism may be related to an increase in the mucus layer (37). GSH-Px, SOD, and CAT activities were decreased, whereas, MDA and ROS levels were elevated in liver of stressed mice. These observations were in agreement with a study in which chronic mild stress caused elevated production of ROS and MDA and a reduction in GSH-Px and CAT levels in the liver (38). The DSFS and WPC diets restored oxidative stress markers and key antioxidant enzymes to normal levels. DSFS might reduce ROS generation by scavenging radicals, thereby attenuating the damage to serotoninergic neurons induced by MDA (39). A similar finding revealed that α-lactalbumin treatment decreased MDA levels and normalized GSH levels (40). More importantly, CUMS reduced 5-HT levels in the hippocampus, which were restored by chronic administration of DSFS and WPC. In our previous study, WPC and DSFS significantly increased plasma Trp and Trp/LNAAs levels (10). This might be because dietary DSFS and WPC, as direct sources of Trp, increase the ratio of Trp to large neutral amino acids, thereby enhancing 5-HT levels in the brain.

Accumulating evidence suggests that alterations in the gut microbiota and microbe-derived metabolites play a key role in the pathophysiology of depression via the brain–gut–microbiota axis (41). It was found that CUMS treatment induced changes in the β diversity of gut microbiota and up-regulation of plasma intestinal mucosal barrier markers, ET and DAO, resulting in depression-like behavioral changes, which also supports the theory that the brain-gut axis is associated with depression. It was suggested that alternations of gut microbiome and metabolites was potential mediators in efficiency of antidepressants treatment (42). In this study, DSFS and WCP intervention showed antidepressant effects, which were related to the regulation of intestinal flora and the enhancement of mucosal barrier. The key species promoted by the DSFS were I. valens, R. flavefaciens, C. scindens and Olsenella massiliensis. I. valens showed potential for modulation of intestinal inflammation and immunity by modulating intestinal immune gene expression of RORγT, IL-17A, IL-17F, ReglIlγ, Relmß, and/or Defβ (43). R. flavefaciens are well-known cellulolytic bacteria involved in the butyrate metabolic pathway (44), and its upregulation may be related to the promotion of butyrate production in the gut microbiota by DSFS. C. scindens is actively involved in the conversion of cholate to deoxycholate, which may be important in treatment of disease associated with increased colonic secondary bile acids (45). O. massiliensis is newly found strictly anaerobic bacterium which is responsible for the production of lactic, formic, and acetic acids as fermentation products from glucose in gut (46, 47). Taken together, these bacteria may enhance the mucosal barrier either directly or by promoting SCFA production. DSFS treatment mainly down-regulated P. phocaeensis and Eubacter-iumcor prostanoligenes. There have been no reports of them having negative health effects. In addition, relative abundance of Lactobacillus reuteri (Limosilactobacillus reuteri) was significantly increased in the MOD group relative to the CON group, but decreased after DSFS treatment. It is a potential species that causes depression in mice (48), which is consistent with the results of this study.

Alterations in gut metabolites may be the main reason why microbiota remodeling affects behavior. Indoleacetaldehyde is a key gut microbiota metabolite positively associated with C. scindens and O. massiliensis. It is a gut bacterial metabolite of tryptophan, an aryl hydrocarbon receptor (AhR) involved in gut barrier protection by activating IL-22 (49). Several types of brain cells, including neurons, astrocytes, and microglial cells, express AhR (50). Multiple central nervous system illnesses have been linked to a decrease in circulating AhR agonist levels originating from the gut microbiota (51). Both DSFS and WPC are typical tryptophan-rich protein sources, and some undigested residues enter the posterior digestive tract and may be metabolized by intestinal microbiota to produce indole derivatives, including Indoleacetaldehyde. The intestinal L-tryptophan of mice in the MOD group was depleted, and its metabolites (E)-3-indoleacrylic acid and methoxyindoleacetic acid were also significantly decreased, indicating that the intestinal tract could not meet the demand for AhR ligands during stress. When DSFS and WPC are used as dietary proteins, they provide tryptophan that enhances gut-derived AhR ligands such as indoleacetaldehyde. 1-Phenylethanol, a sweet, acetophenone, and fresh-tasting compound, was another DSFS-induced compound that was significantly positively correlated with C. scindens and O. massiliensis. Its isomers, 2-phenylethanol, was reported to elicit neuropsychological effects that alter the behavior of mice and may also elicit anti-depressive effects (52).

Altered purine circulating metabolic activity is associated with depression-related systemic responses, such as abnormal inflammation and aggravation of oxidative stress (53). Hypoxanthine and 2,6-dihydroxypurine are important products of purine metabolism. In this study, xanthine level were significantly higher in stressed mice, which might be due to increased activity of xanthine oxidase induced by stress and by the increased proportion of hypoxanthine metabolism to xanthine (54). Xanthine is positively correlated with the degree of oxidative stress, and elevated levels increase ROS production, leading to increased oxidative stress. A previous study reported that xanthine oxidase and xanthine levels are increased in patients with major depression (54), which is consistent with our observations. Under stress, the expression and activity of xanthine oxidase are enhanced, which in turn leads to excessive production of xanthine and uric acid. DSFS and WPC supplementation reduced hypoxanthine and xanthine levels in stressed mice, suggesting that they may modulate the purine metabolic pathway by regulating xanthine oxidase activity.

Uracil is a product of pyrimidine metabolism and the pyrimidine metabolic pathway is involved in the body’s energy metabolism through various reactions. In the present study, uracil levels were increased in stressed mice, indicating stress-induced abnormalities in pyrimidine metabolism. Uracil levels in the DSFS- and WPC-administered groups were significantly lower than those in the MOD group. Xu et al. (55) also observed disturbances involving uracil metabolism in subjects with bipolar disorder. In addition, pyrimidine metabolism has been reported to affect the normal development and function of the central nervous system. Abnormal pyrimidine metabolism causes apoptosis and mitochondrial damage in brain cells, leading to central nervous system dysfunction (56). These above results suggest that DSFS might improve stress in mice by regulating pyrimidine metabolic pathways.



CONCLUSION

The DSFS diet alleviated multiple depression-like symptoms in CUMS-induced mice. Intaking of feed with DSFS as protein source resulted in the modulation of gut microbiota and Trp metabolism, alleviation of oxidative stress and inflammatory responses, and improvement in intestinal mucosal barrier function. There was a strong correlation between gut microbiota and colonic tryptophan metabolism. These findings provide new insights for the development of sunflower seed protein-based foods. Seed protein-based foods may represent a promising new therapeutic tool to improve depression symptoms.
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