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Background: Depressive disorder is the leading cause of disability and suicidality worldwide. Metabolites are considered indicators and regulators of depression. However, the pathophysiology of the prefrontal cortex (PFC) in depression remains unclear.

Methods: A chronic unpredictable mild stress (CUMS) model and a maturation rodent model of depression was used to investigate metabolic changes in the PFC. Eighteen male Sprague-Dawley rats were randomly divided into CUMS and control groups. The sucrose preference test (SPT) and forced swimming test (FST) were employed to evaluate and record depression-associated behaviors and changes in body weight (BW). High-performance liquid chromatography–tandem mass spectrometry was applied to test metabolites in rat PFC. Furthermore, principal component analysis and orthogonal partial least-squares discriminant analysis were employed to identify differentially abundant metabolites. Metabolic pathways were analyzed using MetaboAnalyst. Finally, a metabolite-protein interaction network was established to illustrate the function of differential metabolites.

Results: SPT and FST results confirmed successful establishment of the CUMS-induced depression-like behavior model in rats. Five metabolites, including 1-methylnicotinamide, 3-methylhistidine, acetylcholine, glycerophospho-N-palmitoyl ethanolamine, α-D-mannose 1-phosphate, were identified as potential biomarkers of depression. Four pathways changed in the CUMS group. Metabolite-protein interaction analysis revealed that 10 pathways play roles in the metabolism of depression.

Conclusion: Five potential biomarkers were identified in the PFC and metabolite-protein interactions associated with metabolic pathophysiological processes were explored using the CUMS model. The results of this study will assist physicians and scientists in discovering potential diagnostic markers and novel therapeutic targets for depression.
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INTRODUCTION

Depression is a severe psychiatric disease characterized by a significant and lasting depressed mood (1). Depression may lead to various critical function disorders, including insomnia, addiction, neurodegenerative diseases, and other complications, which can severely affect a patient's physical and mental health. Moreover, depression is one of the main causes of disability and even death worldwide (2), imparting extraordinary economic burdens upon society (3). Despite considerable evidence regarding the pathophysiology of depression, the fundamental molecular processes that mediate its onset are still unknown. Therefore, it is necessary to explore the pathophysiologic mechanisms of depression to identify potential therapeutic targets.

Due to the difficulty of obtaining human cortex specimens, comprehensive metabolomics analyses of the prefrontal cortex (PFC) are lacking, even though the PFC plays a vital role in neural pathways related to emotion, cognition, and learned responses (4). A large number of functional imaging, lesion, and brain stimulation studies have indicated that the PFC is essential for depression (5). Metabolic dysregulation in the PFC in depressed patients or model animals has been reported (6, 7). For example, in adult humans, BDNF (brain-derived neurotrophic factor) expression is decreased in the hippocampus and PFC upon exposure to stress and depression, and antidepressant treatment up-regulates BDNF expression (8). In mouse models of depression, chronic unpredictable moderate stress–induced behavioral alterations are associated with dopaminergic hyperfunction and serotonergic hypofunction (9). Numerous studies have reported that central levels of monoamine neurotransmitters, including serotonin, dopamine, and norepinephrine, are down-regulated, supporting the classical monoamine hypothesis of depression (10). Moreover, increased glutamate levels can cause neurotoxicity and nerve damage in patients with depression (11). A decline in serotonin levels is the main feature of depression (12). Some previous studies found that depressive rats showed amino acid–related metabolic dysfunction only in the PFC (13). Patients with depression disorder are taking the above recognized and classic antidepressants, but the treatment effect is not good (14). Hence, a large part of the reason may be that the pathogenesis of depression was vague. It is particularly important to characterize the cortical metabolism of depression.

Metabolomics is an emerging area of study in systems biology research that focuses on the discovery of biomarkers and the elucidation of biological processes controlling metabolites (15). An important benefit of metabolomics over proteomics methodologies is the direct biological closeness to the system's phenotype and the capacity to monitor rapidly occurring metabolome alterations (16). Metabolomics approaches are increasingly utilized to diagnose illnesses and identify biomarkers (17). For example, liquid chromatography–mass spectrometry (LC-MS) has been used to profile serum metabolites in depression and characterize the association between differential metabolites and neurocognitive dysfunction (18, 19).

In this study, we focused on the metabolic changes in the PFC in model rats subjected to chronic unpredictable mild stress (CUMS). To identify significantly altered metabolic pathways and explain the pathogenesis of depression, we further established the associated metabolite-protein network via database analyses to avoid biases inherent in traditional methods. Using this approach, significant metabolite functions in the PFC were excavated from the data. Protein target prediction based on metabolite structure is worthy for exploring novel targets and functions.



MATERIALS AND METHODS


Animals and Reagents

All experiments and procedures followed a protocol approved by the local Animal Ethics Committee of the Institution of Research Animal Care of Central South University and observed the principles of laboratory animal care (approval ID: 2020SYDW0892). Eighteen healthy male Sprague-Dawley rats were acquired from the Experimental Animals Center of Central South University, Changsha, Hunan. Each rat weighed between 180–220 g at the beginning of the experiment. The animals were habituated for no <7 days before being subjected to CUMS. The feeding conditions during the adaptation period are as follows: three rats were housed per cage under specific pathogen-free conditions and 12/12 h light-dark cycle (0800–2,000), background control range noise (40 ± 10 dB), and temperature (20 ± 3°C), with food and purified water accessible ad libitum. After 7 days of habituation, the rats were randomly assigned to two groups by ballot: control group and CUMS group (n = 9 per group). The normal control rats were housed three per cage, whereas rats in the CUMS group were individually caged.

Methanol, ammonium hydroxide, and ammonium acetate were obtained from Sigma-Aldrich (St. Louis, MO, USA). Water and acetonitrile (ACN) were purchased from J.T. Baker (PA, USA). Other reagents were of analytical grade.



Establishment of CUMS Rat Model

CUMS was carried out as reported for other studies (20, 21). After the 7-day habituation period, the rats in the control group were given food and water normally, except that water was withheld for 24 h before the sucrose preference test (SPT). CUMS-induced depression rats were isolated in individual cages and randomly subjected to the following conditions for 4 weeks: food deprivation (24 h), water deprivation (24 h), level shaking for 5 min (1 time/s), 45° cage tilting (8 h), restraint in an empty water bottle (Yi-bao, China) (4 h), wet bedding for 24 h (200 mL of water per individual cage to make the bedding wet), noise (20 min), tail clamp for 2 min, swimming in cold (4°C) water (5 min), swimming in hot (40°C) water (5 min), and day-night switch (reversal of 12/12 h light/dark cycle). To ensure the procedure was unpredictable, the above stimulations were applied to CUMS rats randomly and discontinuously (1 type per day) over the course of 28 days. After the experiment, rats were sacrificed under intraperitoneal injection of 3% pentobarbital sodium (60 mg/kg) anesthesia on day 28. The PFC was isolated on an iced plate and stored at −80°C.



Behavioral Tests

On days 1, 14, and 28 after the operation, CUMS was evaluated using the SPT and the forced swim test (FST) as previously reported with minor modifications (22). In addition, rat body weight (BW) was measured. Animals were arranged in the testing room and adapted for 0.5 h before the test. All tests were performed in a dim and quiet room. After testing, the rats were returned to the holding rooms.



SPT and BW Changes in Model Rats

The SPT was performed with reference to previous literature (23). In brief, rats were trained to adapt to sucrose solution (1%, w/v) before testing. Two bottles of 1% sugar water were available for each cage, one of which was exchanged with distilled water 24 h later. After adaption, the 24-h supply of water and food were removed from each cage. Rats were then kept in separate cages with free access to the two bottles, one containing 200 mL of sucrose solution (1%, w/v) and the another containing 200 mL of pure water. The level of the bottles was balanced, and the two bottles were exchanged after 2 h to avoid side preference. The weight of the bottles was measured before and after the 4-h test. After the test was completed, the sucrose preference was calculated using the following formula: sucrose preference (%) = sucrose consumption/(total consumption [sucrose + water]) ×100% (24). All rats were weighed at the three-time points mentioned above and the rate of weight change was calculated.



FST

The FST was carried out with reference to a previous method (25). The FST remains one of the most commonly used tools for screening CUMS-induced depression due to its good predictive performance, rapidity, and cost-effectiveness. Swimming initiated by placing the rats in cylinders (46 cm height ×45 cm diameter) containing 25°C water at 41 cm in depth so that the rats could not support themselves by touching the bottom with their feet. The rats were exposed to a pre-test for 15 min, and the next day they were subjected to the FST. The experiment was conducted for 5 min, after which immobility time was recorded. Floating in the water without struggling but exhibiting movements necessary to maintain the head above the water was regarded as immobility.



Sample Preparation

PFC tissue (45 mg) was homogenized with 300 mL of pure H2O. To measure the total protein concentration of each individual homogenate, a BCA protein assay was carried out. Metabolites were extracted from the homogenates using a 1:1 (v/v) mixture of methanol and ACN. After vortexing for 30 s and sonicating for 10 min, the samples were incubated for 1 h at −20°C and centrifuged at 20,000 rpm at 4°C. The supernatants were collected and dried in a vacuum concentrator. Finally, the dry extracts were reconstituted in 40 μL/mg protein using ACN:H2O (1:1, v/v), vortexed for 30 s, and sonicated for 10 min prior to LC-MS analysis. Pooled quality control (QC) samples were prepared by combining 10 mL equal volumes from each sample (one QC sample per four samples). The extraction of QC samples was the same as that for test samples.



LC-MS/MS Analysis

Samples were separately tested using a 1260 Infinity liquid chromatograph (Agilent J & W Scientific, Folsom, CA, USA) coupled with a Q-Exactive MS/MS (Thermo, MA, USA) under both positive and negative ion modes. Chromatographic separations were performed on an amide column at 25°C using a combination of water and 25 mM ammonium acetate and 25 mM ammonium hydroxide as mobile phase A and ACN as mobile phase B. A 4-μL sample was injected at a rate of 0.4 mL/min. Relevant tuning parameters for the probe were set as follows: aux gas heater temperature, 400°C; sheath gas, 40 psi; auxiliary gas, 13 psi; spray voltage, 3.5 kV for positive mode and negative mode. The capillary temperature was set at 350°C. The data-dependent acquisition method was established as listed: total scan range: 60–900 m/z; resolution: 140,000; maximum injection time: 100 ms; automatic gain control: 3 ×106 ions.



Data Processing

Raw LC-MS data were first processed using Compound Discover 2.0 (Thermo). The Compound Discover software identifies metabolic features with reproducible differences across multiple sample groups. BioCyc, Human Metabolome Database, Kyoto Encyclopedia of Genes and Genomes (KEGG), and McCloud databases were searched to assist with metabolite identification. Only metabolites that were matched with the standard ddMS2 spectrum were subjected to further analysis. The usable data matrix, including m/z, retention time, and intensity, was imported into SIMCA-P software (version 14.1, Umetrics, Umea, Sweden) and subjected to multivariate statistical analysis. Unsupervised principal component analysis (PCA), supervised partial least squares discriminant analysis (PLS-DA), and orthogonal PLS-DA (OPLS-DA) were performed. Variables important in the projection (VIP) were calculated from the PLS-DA model. Metabolites with a VIP >1 and p-value from Student's t-test of <0.05 were viewed as differently expressed metabolites. The results were then visualized using R (version 3.5.2).

Next, MetaboAnalyst version 5.0 (https://www.metaboanalyst.ca/) was used for pathway enrichment analysis. Names of differentially expressed metabolites were imputed, and “Rattus norvegicus (rat)” was chosen as the pathway library. Differentially expressed metabolite–associated proteins, including enzymes, transporters, receptors, and predicted targets in rat species were identified using SEA (http://sea.bkslab.org/) based on maximum Tanimoto coefficients >0.57, STITCH (http://stitch.embl.de/), and Swiss Target prediction (http://www.swisstargetprediction.ch/) based on probability greater than zero. Furthermore, we searched for depression targets via the OMIM (https://omim.org/), Genecards (https://www.genecards.org/), and Disgenet databases (https://ngdc.cncb.ac.cn/databasecommons/). The intersections of disease targets and proteins were predicted based on metabolites (26). Conserved gene-based proteins were selected from among the above proteins using BLAST-NCBI2 for each protein with >80% mRNA identification (27). Finally, the results of metabolite-protein network analysis, KEGG pathway analysis, and further biological analyses were visualized using Cytoscape 3.7.2.



Western Blot

PFC tissues were washed by ice-cold PBS and lysed in RIPA buffer, followed by homogenizing mechanically. The homogenates were centrifuged at 12,000 rpm for 15 min at 4°C. After electrophoresis on SDS-PAGE gels, proteins were transferred to membranes and blocked with 5% non-fat milk. Then, the blots were incubated with poly (ADP-ribose) polymerase 1 (Parp1) antibody (wx785984, 1:1000; ABclonal, China), glutamate receptor 2 precursor (Gria2) antibody (r22839, 1:1000; zen-bio, China) and mouse-anti rat β-actin antibody (66009-1-Ig, 1:5000; Proteintech, USA) at room temperature. After washing with PBST three times, the blots were incubated with HRP goat-anti-rabbit IgG (SA00001-2, 1:6000; Proteintech, USA) for 90 min. The color reaction was performed by ECL reagents. The band density was visualized after exposure to x-ray film and analyzed using the quantity one software (Bio-Rad, USA).



Statistical Analysis

SPSS 26.0 (International Business Machines Corp., Armonk, NY, USA) was used analyze the results. To assess normality and equality of variance, we used the Kolmogorov-Smirnov test and Levene's test. Determination of whether to use the Student's t-test was based on whether the data exhibited normal distribution; for unequal variance, the data were analyzed using the Mann-Whitney U-test, and Fisher's exact test was used to compare the statistical significance of differences between groups. The level of statistical significance was set at p < 0.05 (two-sided) for all tests. The results of behavioral tests were depicted using GraphPad software (version 11.0, San Diego, CA, USA).




RESULTS


CUMS Model Rats Exhibited Depression-Like Phenotypes

The schedule of CUMS is shown in Figure 1A. There were no significant differences in baseline BW before application of CUMS (Supplementary Figure 1). After 14 days of exposure, a significant difference in BW emerged between the CUMS group and control group (p < 0.05). At day 28 of CUMS, the BW of rats in the CUMS group exhibited less of an increase compared with the control group (p < 0.05), as shown in Figure 1B.


[image: Figure 1]
FIGURE 1. (A) Schedule of CUMS exposure; depression-like behavior was examined at days 0, 14, 28 (Mean ± SD, n = 5) by (B) body weight change measurement, (C) sucrose preference test, and (D) forced swimming test. CUMS group vs. control group.


Before CUMS exposure, the baseline sucrose preference index between the control group and CUMS group exhibited no significant difference. On day 14 of CUMS exposure, the sucrose preference index of rats in the CUMS group was significantly lower than that of the control group (p < 0.01). On day 28 of CUMS exposure, the sucrose preference results were the same as on day 14 (p < 0.01), as shown in Figure 1C.

As with the above tests, there was no significant difference between the two groups before CUMS modeling in the mean immobility time as measured by FST. However, 14 days of exposure to CUMS led to a longer mean immobility time in the FST compared with the control group (p < 0.05). At day 28 of CUMS exposure, the immobility time differed significantly between the two groups, as shown in Figure 1D (p < 0.01), indicating that the model of depression was successfully established.



Monitoring the Stability of Sample Preparation

The metabolic features in the PFC were detected. A total of 112 compounds were identified by comparison with the database ddMS2. We used PCA to assess the deviation variance of all QC samples. A plot of 95 percent confidence intervals showed that all of the QC samples fell within the 2SD region (Supplementary Figure 2). This result showed that our experimental settings were adequate for processing metabolomics data from experimental samples.



Identification of Metabolite Biomarkers Discriminating the CUMS and Control Groups

To explore the differences in metabolite expression between the CUMS and control groups, PCA, PLS-DA, and OPLS-DA models were established. A score plot of PCA (Figure 2) was generated, which revealed that each group exhibited a tendency to gather (R2X = 72%, Q2 = 54%). To maximize the ability to distinguish the CUMS and control groups, an OPLS-DA model was established, which revealed that the CUMS group could be clearly separated from the control group. The R2X, R2Y, and Q2 values in the OPLS-DA model were 70, 99.2, and 96.8%, respectively, and the 200 random permutation test R2 and Q2 values were 76.2 and −66.6%, respectively (Figure 3). The OPLS-DA model showed that the Q2 value was negative, meaning that the model exhibited good explanatory ability regarding sample classification information and cross-validated predictive capability.


[image: Figure 2]
FIGURE 2. Non-targeted metabolomic analysis of all samples from rats in the principal component analysis (PCA) including the CUMS group and control group; R2X = 72%, Q2 = 54%, n = 9.
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FIGURE 3. Metabolomic fingerprint analysis of the PFC in orthogonal partial least-squares discriminant analysis (OPLS-DA). (A) OPLS-DA score scatter plot, with orange triangles and red diamonds representing the Control group and CUMS group, respectively; R2X [1] = 70%, R2Y [2] = 99.2%, Q2 = 96.8%. (B) Validation plot obtained from 200 permutation tests for the OPLS-DA model. R2 = 76.2% and Q2 = −66.6%, n = 9.


To screen differential metabolites between the CUMS and control groups, five significant metabolites were determined based upon VIP >1.0 and p < 0.05, including 1-methylnicotinamide (MNA), 3-methylhistidine (3-MH), acetylcholine (Ach), glycerophospho-N-palmitoyl ethanolamine (GP-NPEA), and α-D-mannose 1-phosphate (Man-1-P). Detailed information regarding these metabolites is shown in Table 1. The ddMS2 spectra of the differential metabolites are displayed in Supplementary Figure 3. To visualize metabolite expression between the two groups, a heatmap displaying up- (red) and down-regulated (black) metabolites was generated (Figure 4A). Levels of Ach and 3-MH increased, whereas levels of MNA, Man-1-P, and GP-NPEA decreased after CUMS exposure.


Table 1. Differential metabolites in CUMS rats.
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FIGURE 4. Bioinformatic analysis of significantly differentially expressed metabolites. (A) Red indicates significantly up-regulated metabolites, whereas black indicates significantly down-regulated metabolites in the PFC. (B) Bubble chart of the metabolic pathway analysis. The p-value and impact factor are represented by dot color and dot size, respectively. The count represents total number of hits in the metabolic pathway.




Analysis of Metabolic Pathways and Integrated Metabolite-Protein Network

To explore the metabolic pathways related to depression, differentially expressed metabolites were imported into MetaboAnalyst 5.0 for analysis of metabolic pathway enrichment. Five pathways (Figure 4B) were regulated in the PFC. Relevant pathways were identified based on an impact value threshold of >0.1 and p < 0.05. Nicotinate and nicotinamide metabolism were evident in the PFC (Supplementary Table 1).

To further evaluate the roles of the filtered metabolites in the pathophysiology of depression, depression-related targets were matched with metabolite-related targets. Comparing BLAST-NCBI2 for each protein, a target of mRNA identification of >80% was selected. Finally, 27 proteins were found to interact with five altered metabolites in the PFC. All of these proteins were transformed into their UniProt symbols using the UniProt database, and a metabolite-protein network was constructed (Figure 5). Furthermore, to elucidate the functions of the potential targets in detail, we performed GO and KEGG pathway enrichment analyses using ClueGO (Figures 6A,B). Ten KEGG pathways were enriched in the PFC. The pathways (Figure 6A) neuroactive ligand-receptor interaction, cholinergic synapse, glutamatergic synapse, and dopaminergic synapse were significantly affected (p < 0.05). The top terms in the GO analysis were transmitter-gated channel activity, transmitter-gated ion channel activity, acetylcholinesterase activity, lysophosphatidic acid receptor activity, catecholamine binding, neurotransmitter receptor activity, transmitter-gated ion channel activity involved in the regulation of postsynaptic membrane potential, and postsynaptic neurotransmitter receptor activity (Figure 6B). Detailed information were shown in Supplementary Table 2.


[image: Figure 5]
FIGURE 5. Metabolite-protein network of the PFC visualized using the Cytoscape tool. The network was established with the nodes of metabolite compounds (orange rectangles) and protein enzymes (green ovals).
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FIGURE 6. Predicted metabolites and related proteins identified from the database and their associated analysis in the PFC. (A) KEGG pathway enrichment analysis was carried out using ClueGO. All pathways shown with a p < 0.05. (B) Pie chart providing a visualization of the results of GO enrichment analysis of proteins. (For interpretation of the references to color in this figure, the reader is referred to the web version of this article.)




Verification of the Metabolites-Related Proteins

Combining the metabolites-proteins network analysis with Search literature, we selected that Parp1 and Gria2 may act as a significant effect during the process of CUMS. We examined the expression of Parp1 and Gria2 in the cortex by western blot (Supplementary Figure 4). Compared with the control group, the level of Parp1 and Gria2 down-regulation. These results are consistent with the examination of metabolomics.




DISCUSSION

The CUMS depression model is recognized as reliable and practical, and thus, it is widely used to study the mechanism of depression (28). In this study, the sucrose preference index in the CUMS group declined significantly, suggesting that the response of rats to rewards weakened and that the depression model was established successfully. The immobility time in the FST reflects the degree of despair in the rats (29). In keeping with previous studies, CUMS significantly prolonged the immobility time in the FST. Hence, analyses of SPT and FST results showed that the rats in the CUMS group exhibited obvious depressive-like behaviors, indicating successful establishment of the CUMS model. Similarly, depression-like symptoms in CUMS rats were accompanied by slow weight gain, which suggests that CUMS probably caused gastrointestinal dysfunction, in turn contributing to a loss of appetite and slow weight gain in the rats. Moreover, study demonstrated that gut microbiota can physiologically induce depression-like behavior in mice (30). Fecal microbiota transplantation of germ-free mice with “depression microbiota” derived from major depressive disorder (MDD) patients resulted in depression-like behaviors compared with colonization with “healthy microbiota” derived from healthy control individuals (31). To explore the metabolic signatures of the PFC, we identified five significantly varying metabolites associated with the metabolic pathways of nicotinate and nicotinamide metabolism. Metabolite-protein interaction analysis revealed that 10 pathways in the PFC are significantly associated with depression (Figure 6A), especially the neuroactive ligand-receptor interaction, cholinergic synapse, glutamatergic synapse, and dopaminergic synapse pathways. These metabolites and metabolite-protein networks provide the basis for a more in-depth understanding of the metabolomic characteristics of depression and potential therapeutic targets.

Note that the cortex is the key functional location in depression (32). Long-term functional defects of the cortex make depression more likely to occur and disease-dependent metabolomic changes in the PFC during the depression have been documented (33). Hence, we identified candidate metabolites and relevant pathways to further elucidate the molecular mechanism of depression. Using LC-MS, we enhanced our understanding of the metabolic pattern changes in the PFC resulting from CUMS and predicted the functions of differential metabolites by establishing a metabolite-protein network.

Nicotinate and nicotinamide metabolism was found to be strongly associated with depression in a metabolomics study of urine and plasma (34). MNA, a component of nicotinate and nicotinamide metabolism, is the main metabolite of nicotinamide (NAM) (35, 36). The pyridine compound NA, which is methylated by nicotinamide N-methyltransferase, an enzyme found predominantly in the liver, contributes to the formation of MNA. Previous studies identified MNA as a neuro-protective metabolite that regulates both thrombotic and inflammatory processes in the cardiovascular system (37, 38). Additionally, injection of MNA not only reduces CUMS-induced depressive-like behaviors but also moderates the effects of CUMS on the hippocampus BDNF signaling cascade in mice. Both BDNF dysfunction and neuroinflammation have been found in depression (39). Furthermore, K252a, a BDNF pathway blocker, effectively reduces MNA-associated antidepressant-like effects in mice (40). Mu et al. found that MNA improves lipopolysaccharide–induced cognitive deficits and memory impairment via inhibition of neuroinflammatory responses and neuronal apoptosis (41). Increased MNA intake from the outside can relieve depression (40). There was evidence reported that NAM has an ability to augment Parp1 activation. NAM is a transient inhibitor of class III histone deacetylase silent mating type information regulation 2 homologs (SIRTs) and SIRT1 is an inhibitor of Parp1. Parp1 has a role in improving validation, its associated anti-inflammatory effects mediated through the induction of BCL6, with the concomitant down regulation of Cyclooxygenase-2 (42). Here, we found that the level of MNA and Parp1 were significantly decreased within the PFC of CUMS rats, consistent with previous findings. Therefore, depression-like behavior may be related to the down-regulation of MNA. It is hypothesized that MNA cannot effectively resist the inflammatory factors produced in depression disorder or limit the effect of BDNF regulation in the PFC.

MH is an amino acid formed by post-translational modification of myofibrillar proteins, which is achieved by the methylation of histidine molecules (43). Evidence suggests that 3-MH could be used as a diagnostic biomarker in human serum for phenotyping depression (44). In olfactory bulbectomy (OB) mice, a valid murine model of agitated depression, OB mice exhibited increased serum concentrations of 3-MH compared with their sham-treated counterparts (43). When OB mice received imaging methods treatment, 3-MH levels decreased. Further, heath et al. demonstrated that 3-MH is engaged in the glutamate and gamma-aminobutyric acid (GABA) metabolic signaling pathways (43). Data indicate lower GABA levels in the vmPFC in MDD, consistent with lower GABA in active depression but not MDD in remission (45). In addition, the alpha-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptor (AMPAR) subunit Gria2 related with MH protein levels were increased upon ketamine treatment (46). In this study, the level of 3-MH was up-regulated and the lower expression of Gria2, compared with the control group, was consistent with other reports (43, 46). Therefore, the occurrence of this phenomenon may be connected with a perturbation in histidine metabolism in CUMS rats. Our research adds to the evidence for 3-MH as a biomarker of depression.

ACh is a potent regulator of neuronal activity throughout the peripheral and central nervous systems and it is essential for a variety of complex behaviors, such as attention and learning tasks (47–49). Some studies have found that levels of ACh are significantly decreased in depressed mice (50). Up-regulated ACh signaling can contribute to symptoms linked with anxiety and depression (51). Peripheral intake of the acetylcholinesterase antagonist physostigmine causes symptoms of anxiety and depression in humans by decreasing the breakdown of ACh and increasing levels of the neurotransmitter in the brain (52). Stress causes ACh release in the hippocampus and PFC (53), but not in the amygdala (54). Possibly because the medial septal neurons that innervate the amygdala have a high basal firing rate (55), and stress cannot elevate ACh levels higher. Likewise, due to tonic firing of intrinsic cholinergic interneurons, basal ACh tone in the striatum is high and behaviorally relevant stimuli cause a stop in their firing, resulting in cue-dependent learning (53). These findings show that healthy behavior relies on properly balanced cholinergic signaling across brain regions. In our research, the level of ACh was increased, indicating excessive activation of cholinergic signals acts in the PFC and probably leading to depression.

GP-NPEA is the metabolic precursor of palmitoyl ethanolamide (PEA), an endogenous cannabinoid found in the liver, brain, and other mammalian tissues that has potent anti-inflammatory activity. PEA has a low affinity for central cannabinoid (CB1) receptors for CB2 (56, 57). CB1 agonists reduce excitotoxicity, whereas CB2 agonists limit the toxicity of reactive microglia and antioxidant cannabinoids attenuate oxidative damage. Accordingly, the effect of PEA is mediated via a different receptor (58). The decrease in GP-NPEA in the cortex of CUMS rats may be related to a disorder in the endocannabinoid system arising after the onset of depression.

Man-1-P is a normal metabolic intermediate in fructose and mannose metabolism and a fructose-producing substrate. According to previous research, fructose has memory-enhancing qualities (59) and can function as a neuroprotectant under specific conditions (60). These findings suggest that fructose has direct actions in the central nervous system. Liu found that Man-1-P levels decreased in social defeat stressed rats with metabolite changes in the prefrontal cortex (61). Our results are in conformity with previous studies, in that they indicate Man-1-P may participate in depression pathophysiology through fructose and mannose metabolism, amino sugars, and nucleotide sugar metabolism. Here, we provide evidence of perturbations in Man-1-P metabolism in the PFC metabolites in rats with depression.

The enriched metabolite-protein pathways in this study are directly related to depression. With dopaminergic synapses, the cause of dopaminergic system deficits is likely dysregulation of the system's afferent regulatory circuits following activation of the particular pathway and inhibition of the BLA-VP pathway, resulting in depression (62). Other studies have linked the muscarinic cholinergic receptor system to the pathophysiology of depression, with physiological evidence indicating that this system is overactive or hyperresponsive in depression (63). In our research, ACh levels increased and further enriched cholinergic synapse and acetylcholinesterase activity simultaneously with metabolite-protein functions, consistent with the above reports. Janowsky reported that boosting cholinergic activity using the anticholinesterase inhibitor physostigmine was capable of both generating and worsening depressive symptoms in patients with MDD (64). Consequently, the metabolite-protein network provides a basis for understanding the molecular mechanisms of depression in detail. These results provide a global view of the interactions between metabolites and related proteins, which may help guide the treatment of depression.



CONCLUSION

In this study, we revealed significant perturbations in the levels of 3-MH, MNA, GP-NPEA, ACh, and Man-1-P in the PFC of CUMS rats. Furthermore, Parp1 and Gria2 were verified down-regulation in the disease. Our data compensate in part for the incomplete understanding of the metabolomics of the human PFC resulting from the difficulty of studying that organ in humans. Therefore, this research provides data and theoretical support for the discovery of diagnostic biomarkers and therapeutic targets for depression and lays a foundation for elucidating the pathophysiological mechanism of depression. However, there are still several limitations. First, we only tested the cortex, while other parts of the brain related to depression were not examined. Second, characterizing the underlying pathogenesis of depression will require further exploration.
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