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In this study, a total coumaroylspermidine extract (CSE), which included four coumaroylspermidine compounds, was prepared from safflower injection (a traditional Chinese medicine) residues for the first time. The total content of the four coumaroylspermidine compounds was determined to be 64.86 ± 0.41% using high-performance liquid chromatography. We then evaluated the anti-depressant effect of CSE by using a chronic unpredictable mild stress (CUMS) model in rats. Results of sucrose preference tests, open field tests, and forced swimming tests suggest that CSE exhibits a significant anti-depressant effect. In studies to explore the mechanism, CSE was found to inhibit the increases in levels of corticosterone and decreases in levels of 5-hydroxytryptamine, dopamine, and noradrenaline induced by CUMS. Metabolic profiling showed that 10 endogenous metabolites and four metabolic pathways were altered after CSE treatment. Thus, this study not only found a spermidine extract with antidepressant effect from safflower injection residue for the first time but also provided a way for the efficient utilize of safflower injection residue.
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Graphical Abstract | Antidepressant-like effects of the coumaroylspermidine extract from a traditional Chinese medicine (safflower injection) residues.




Introduction

The influence of traditional Chinese medicine (TCM) is increasing throughout the world along with the concern that the TCM residues (TCMRs) may undermine our environment (Ma et al., 2019). Over the past few decades, the volume of TCMR disposal has soared, exceeding 70 million tons per year in China on average (Wang and Feng, 2009; Zhou et al., 2018). It has been reported that after water or ethanol extraction, traces of active components may still remain in the waste TCMR (Liu et al., 2016; Wang et al., 2018). However, using current methods, TCMRs are generally disposed of after the target ingredient has been extracted since the residues are regarded as byproducts of TCM. For example, some TCMRs are used as bulking agents for food waste composting, while active ingredients, such as proteins, still remain in the residues (Ma et al., 2019). The yield of polysaccharides extracted from Schisandra chinensis residues could reach ~5% using a suitable extraction method (Youn and Noh, 2001; Zhou et al., 2014). Furthermore, TCMRs which contain high levels of water along with some nutrients are routinely discarded with solid wastes, leading to serious environmental pollution (Tian et al., 2017; Zhang et al., 2017). Therefore, the rational recycling of TCMRs and the scaling-up of this practice within the industry are important to the sustainable development of the environment.

The Chinese Ministry of Health has recorded Safflower injection as an official drug, and it is used to treat occlusive cerebrovascular disease, coronary heart disease, and vasculitis. It is prepared with the processes of water extraction and alcohol precipitation in which hydroxyl safflower yellow-A and total flavonoids are used as quality control standards (Ao et al., 2018). This process generates residues containing high concentrations of the active compounds. It would therefore be beneficial to study the drug residue in order that it can be utilized rather than wasted.

Spermidine is a naturally occurring polyamine that is involved in diseases, including nerve injury, cardiovascular and muscle-related disease, autophagy and mitophagy induction, and inflammation (Eisenberg et al., 2009; Madeo et al., 2018). In 2018, a review titled “Spermidine in health and disease” was published in the journal Science. In this review, authors discuss the properties of spermidine as a well-tolerated caloric restriction mimetic and its uses for targeting various age-associated adversities from molecular and physiological perspective (Madeo et al., 2018). However, whether spermidine is effective in depression has not been reported in the literature.

In our previous study, we obtained four coumaroylspermidine compounds with three different coumaroyl groups (1: N1,N5,N10-(Z)-tri-p-coumaroylspermidine, 2: N1,N5-(Z)-N10-(E)-tri-p-coumaroylspermidine, 3: N1-(E)-N5-(Z)-N10-(E)-tri-p-coumaroylspermidine, and 4: N1,N5,N10-(E)-tri-p-coumaroylspermidine) from safflower injection residues (structure see Figure 1). These compounds showed clear inhibition of 5-HT reuptake in rat brain synaptosomes, demonstrating that proper recycling of residues can yield active components that could have therapeutic value (Yuan et al., 2015). In this study, we obtained a total coumaroylspermidine extract (CSE), which included four coumaroylspermidine compounds from safflower injection residues. The total coumaroylspermidine content of CSE was 64.86 ± 0.41%, and the yield of CSE exceeded 85%. In addition, CSE has shown antidepressant effects in the pre-experiment on tail suspension test in mice. It is known that depression is a chronic psychological disease with a genetic tendency caused by a combination of factors. The pathogenesis and pathophysiological characteristics of depression are still not very clear, but disturbances of neurotransmitters are considered to be the main pathogenesis of depression (Palazidou, 2012; Joca et al., 2015). Therefore, we speculated that CSE may have antidepressant effects, and we used the CUMS model to evaluate its antidepressant effect and study its mechanism of action. It is hoped that this study will not only discover the depressive effect of CSE but also provide a way for the high added value utilization of safflower injection residues.




Figure 1 | The structure of four coumaroylspermidines in CSE. N1,N5,N10-(Z)-tri-p-coumaroylspermidine (1), N1,N5-(Z)-N10-(E)-tri-p-coumaroylspermidine (2), N1-(E)-N5-(Z)-N10-(E)-tri-p-coumaroylspermidine (3), and N1,N5,N10-(E)-tri-p-coumaroylspermidine (4).





Materials and Methods


Chemicals and Materials

Column chromatography (CC) was performed on RP-C18 silica (50-75 µm, Merck). Venlafaxine hydrochloride capsules were purchased from Chengdu KangHong Pharmaceutical Group Co., Ltd. (No. 180501). D2O (Merck reagents Co., Ltd., America), sodium carboxymethyl cellulose (CMC-Na, Tianjin Kaitong Chemical Reagent Co., Ltd, China), chloral hydrate (analytical grade), chromatography-grade methanol, high-performance liquid chromatography (HPLC)-grade acetonitrile, and HPLC-grade methanoic acid. ELISA kits for corticosterone (CORT), adrenocorticotropic hormone (ACTH), and corticotropin-releasing hormone (CRH) were acquired from Westang Biological Technology Co., Ltd (Shanghai, China). Safflower injection residues were acquired from Shanxi Huawei Pharmaceutical Co., Ltd, which is the main manufacturer of safflower injection (batch number SHHW20161108065T). Safflowers were collected from Yumin County, Xinjiang Province (Geographical coordinates are 82°15'00''~83°30'00''East longitude, 45°24'00''~46°30'00''North latitude). Standards of the compounds (1): N1,N5,N10-(Z)-tri-p-coumaroylspermidine, (2): N1,N5-(Z)-N10-(E)-tri-p-coumaroylspermidine, (3): N1-(E)-N5-(Z)-N10-(E)-tri-p-coumaroylspermidine, and (4): N1,N5,N10-(E)-tri-p-coumaroylspermidine were prepared by our group to a purity of >95%.



Preparation of CSE

Dried safflower residues (200 g) was refluxed with 75% EtOH (6 L × 3 × 2 h). The extraction is filtered and then concentrated to 200 mL with a rotary evaporator at 50 °C and centrifuged to obtain the precipitate. The precipitate was dissolved in 20% ethanol and then subjected to RP-C18 column chromatography eluted with H2O and a step gradient of EtOH to produce five fractions: Fr1 (pure H2O), Fr2 (H2O−EtOH=8:2), Fr3 (H2O−EtOH=1:1), Fr4 (H2O−EtOH=2:8), and Fr5 (pure EtOH). F3 was concentrated and dried to obtain the CSE (yellow powder). The total content of the coumaroylspermidine (including compounds 1–4) in the CSE was determined by HPLC. The total yield of coumaroylspermidine compounds was calculated with the following equation:

	



Determination of Total Coumaroylspermidine Compound Content

A method including sample preparation and method validation was previously determined by our group (Li et al., 2016). The total coumaroylspermidine compound content of CSE was measured by a HPLC-DAD machine (Agilent 1260). The column was carried out on a Zorbax XDB C18 column (250 × 4.6 mm, 5 μm). The mobile phase was methanol-water with a volume ratio of 55% (MeOH:H2O), and the detection wavelength was 270–300 nm. The column temperature was 25 °C. Flow rate and injection volume are 1 mL/min and 10 ml, respectively. The calibration curves of the four coumaroylspermidine compounds are provided in the supporting material.



Animals

A total of 60 adult male SD rats (weighing 180–220 g) were purchased from Beijing Vital Laboratory (license number SCKX-2016-0006) and habitualized to a new environment for 1 week. Five rats were placed in each cage under controlled breeding room conditions (temperature: 24 ± 1°C, humidity: 60 ± 5%) with free access to food and water. The animal study was reviewed and approved by the Experimental Animal Ethical Committee of Shanxi University. All experimental procedures in the present study were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals (United States) and the Prevention of Cruelty to Animals Act (1986) of China.



Chronic Unpredictable Mild Stress (CUMS) Procedures

CUMS procedures were carried out as described previously with some modifications (Tian et al., 2015). The rats were exposed to the CUMS model for 4 consecutive weeks throughout the experiment. The CUMS procedures consisted of nine stressors: (1) 2 min tail pinch (1 cm from the proximal end of the tail), (2) 5 min cold swimming at 4°C, (3) 24 h of food deprivation, (4) 24 h of water deprivation, (5) 5 min of exposure to a hot environment (45°C), (6) 24 h of day and night reversal, (7) a foot shock (36 mV with a duration of 10 s for each shock), (8) binding of bottles (3 h), and (9) ultrasonic stimulation (3 h). All rats in the CUMS groups were under the same combination of stressors at the meantime. All rats received each a random combination of stressors 1–9 in a week (Detailed information about the use of stimulating factors in the experiment is shown in Figure 2).




Figure 2 | Schematic diagram of the experimental procedure, as described in Materials and Methods. Stimulating factors, including ① tail pinch, ② cold swimming, ③ food deprivation, ④ water deprivation, ⑤ exposure to a hot environment, ⑥ day and night reversal, ⑦ foot shock, ⑧ binding of bottles, and ⑨ ultrasonic stimulation. SPT (sucrose preference), OPT (open field test), and Weight (body weight). The rats were sacrificed on 29th day.





Drug Treatments

Sixty rats were randomly divided into six groups, 10 rats in each group: (1) control group (Con): without any treatment or stress; (2) CUMS model group (Mod): only CUMS stress; (3) low dosage of CSE (8.65 mg/kg body weight, CSE-L) group: CSE-L treatment and CUMS stress; (4) middle dosage of CSE (17.30 mg/kg body weight, CSE-M) group: CSE-M treatment and CUMS stress; (5) high dosage of CSE (34.60 mg/kg body weight, CSE-H) group: CSE-H treatment and CUMS stress; and the (6) venlafaxine group (35.00 mg/kg body weight, Ven): venlafaxine treatment and CUMS stress. CSE was made suspension with CMC-Na and distilled water, which was given by intragastric administration every morning at 7:30–8:00 and continued for consecutive 4 weeks. Both Con group and Mod group were given the same volume of saline. All ten rats in each group were subjected to all behavioral tests. After the experiments, the brains and serum were collected for following examination.



Behavioral Tests


Body Weight

The body weight measurements were respectively taken on week 0 (before CUMS procedure) and weeks 1, 2, 3, and 4 (during and after the CUMS procedure).



Sucrose Preference Test (SPT)

There was seventy-two hours before the test. During the acclimation period, within the first 24 hours, rats were free to obtain two bottles of 1% sucrose solution, and within the second 24 hours, one cup of sucrose solution with tap water was provided instead. Then for the third 24 h, the rats were deprived of food and water. The test procedure was the same as the previous study (Tian et al., 2013), whereby rats were given a bottle of tap water and a bottle of sucrose solution respectively for baseline measurement of sucrose preference. After 4 h, the sucrose preference rate was calculated using the following equation:

	

The SPT was conducted respectively on weeks 0, 1, 2, 3, and 4 (before, during, and after CUMS procedure).



Open Field Test (OFT)

Locomotor activity was assessed using the open field test as described previously (Tian et al., 2013). The instrument consisted of a black iron box (100 × 100 × 40 cm), with the box bottom divided into 5*5 = 25 parts of equivalent size marked with white lines, and the middle one is the central square. Each rat was positioned at the center and allowed free exploration for 5 min. The number of crossing, the number of rearings, and the off-grid time of the rats were tested and recorded in next 4 minutes. The number of crossing was the number of rats crossing grids (means animals' ability to move autonomously). The number of rearings was number of times about rat's paws lifted away from ground (means rats' curiosity of fresh environments). The off-grid time was time from putting the rat into the central grid to escape from the central grid (means animals' ability to adapt to the novel environments). An infrared camera and video system were applied to detect the indicators three times, and the data was analyzed by a behavior analysis system (SLY-ETS, Beijing Shuo Lin Yuan Technology). The OFT was conducted on weeks 0, 1, 2, 3, and 4.



Forced Swimming Test (FST)

We referred to the FST in the previous literature and modified it slightly (Gong et al., 2019). We placed the rat in a glass bottle with a height and diameter of 100 cm and 20 cm, respectively. Water at 25°C with a height of 35 cm was placed in the glass bottle. The entire FST experiment lasted 5 minutes, and then the immobility time of the last 4 minutes was recorded using FST software. The immobility time was tested when the rat heads floated above the water during the last 4 min and had ceased struggling. This test was conducted in week 4.




Detection of Serum CRH, ACTH, and CORT Levels

The serum samples (stored at -80°C) were centrifuged at 5,000 rpm for 15 min at 4°C. The levels of corticotropin-releasing Hormone (CRH), adrenergic Hormone (ACTH), and corticosterone (CORT) in the serum were tested by commercial Enzyme-linked immunosorbent (ELISA) kits (Westang Bio-tech Co, Ltd., Shanghai, China).



Detection of Monoamine Neurotransmitters Levels

The monoamine neurotransmitters levels in the hippocampus were detected by a LC-MS/MS-IT-TOF. The method was as follows: a 30 mg sample of frozen hippocampus tissue was removed and placed into a glass homogenizer. A pre-chilled 0.1 mol·L-1 perchloric acid solution containing 0.01% EDTA-2Na was added. The homogenate was placed into 1.5 mL EP tubes and centrifuged at 15,000 r·min-1 at 4°C for 20 minutes, and the supernatant removed. After filtering the supernatant with a 0.22 μm filter, monoamine neurotransmitters including 5-hydroxytryptamine (5-HT), 5-hydroxyindoleacetic acid (5-HIAA), dopamine (DA), glutamic acid (Glu), tryptophan (Trp), tyrosine (Tyr), 3,4-dihydroxybenzylamine hydrobromic acid (GABA), and noradrenaline (NE) were detected in the brain tissue on the LS-MS/MS-IT-TOF machine.

An Agilent ZORBAX SB-C18 column (T3, 2.1 × 100 mm × 1.8 μm) was used in this experiment. The mass spectrometer used an electrospray ionization source (ESI), simultaneous scanning of positive and negative ions, and multiple reaction monitoring (MRM) mode; the source injection voltage was 5,500V (-4,500V), the heating temperature was 550°C, and it had the appropriate pressure of 160 psi of gas. The co-solvent was polysorbate-80 (1psi = 6.895 kPa), and the gas was 265 psi.



Serum Sample Preparation and 1H-NMR Spectrometry

The serum was taken out of storage at -80°C and defrosted in an ice-water mixture left at room temperature. Then, 450 µL serum was mixed with 350 µL D2O in a 1.5 mL EP tube and centrifuged for 20 min at 13,000 rpm and 4°C. Following this, 600 µL of supernatant was aspirated and placed in a 5 mm-NMR tube.

1H-NMR spectrometry of the serum was measured with a Bruker 600-MHz Spectrometer (Bruker, Germany) at 25°C. The other conditions were as follows: adapting CPMG (Carr-Purcell-Meiboom-Gill) pulse sequence, detection spectrum of 7149.2000 Hz, scanning number of 64.0000, FID resolution of 0.1880 Hz, pulse time of 9.9500 s, and sampling point of 32768.0000. All spectra were subjected to Fourier transforms of 1H-NMR spectra in serum using MestReNova NMR data processing software. The spectra were corrected for chemical shifts with creatinine (δ 3.04 ppm) as the standard, and the interval of δ 4.30 ~ 5.16 ppm was the cutoff for the water peaks. The NMR spectrum of δ 0.70 ~ 8.60 ppm was divided into equal widths and segmented and integrated in units of 0.01 before which the data was normalized. The processed data were saved in an Excel sheet for multivariate statistical analysis.

After using SIMCA-P14.1 to centralize and normalize the integral data, the partial least squares method (PLS-DA) was used for group comparison and model verification; the orthogonal partial least squares method was used for discriminant analysis (OPLS-DA) methods. Differential metabolites between groups were compared. SPSS 21.0 and GraphPad Prism 5 were used for statistical analysis and graphing of potential biomarkers. One-way analysis of variance (ANOVA) and t-tests were used to compare differences.



Statistical Analysis

Values from behavioral data are showed as mean ± SEM. The t-test was used to analyze the statistical differences between two groups, and the statistical difference analysis between multiple groups used one-way ANOVA. The threshold for statistical significant was considered to be P < 0.05 (P < 0.01). Statistical analysis was performed by a SPSS 21.0 software. Pearson's correlation analysis was used to valuate correlations between monoamine neurotransmitters, HPA axis hormones, and differential metabolites.




Results


Preparation and Determination of CSE

The extraction and enrichment process of CSE from safflower injection residues have been detailed in our previous work (Jin et al., 2018). In this study, CSE was prepared three times through the same process. The total content of the four coumaroylspermidine compounds in the CSE, (1): N1,N5, and N10-(Z)-tri-p-coumaroylspermidine, (2): N1,N5-(Z)-N10-(E)-tri-p-coumaroylspermidine, (3): N1-(E)-N5-(Z)-N10-(E)-tri-p-coumaroylspermidine, and (4): N1,N5,N10-(E)-tri-p-coumaroylspermidine, were measured and counted with the previous method. The total content of the four compounds in the CSE and the yield are shown in Table 1. Figure 3 showed the HPLC chromatogram of CSE. In every preparation, the total CSE coumaroylspermidine content was ~65% and the yield was up to 85%.


Table 1 | Data for the preparation of CSE from Safflower Injection residues.






Figure 3 | HPLC chromatograms of standards and CSE [λ=280 nm, (A) coumaroylspermidine standards, (B) CSE]. Compouds 1-4 represents the corresponding four coumaroylspermidine products.





CSE Effect in CUMS Rats

The effects of CSE on the body weight of CUMS rats are shown in Figure 4A. Rats in each group showed no significant difference in body weight after 1 week of adaptation. After four weeks of CUMS procedures, rats in the Mod group showed lower body weight than the Con group (P < 0.01). Rats in the CSE-H and CSE-M groups showed a trend of increasing body weight compared to the Mod group, but no significance. It prompted that CSE may influence the other factors rather than food intake.




Figure 4 | The effects of coumaroylspermidines extract (CSE) on body weight of CUMS rats (A), sucrose preference (B), crossing number (C), rearing number (D), off grid time (E), and FST (F). Values given are the mean ± SEM (n = 10). ##P < 0.01 compared with the control group. **P < 0.01, *P < 0.05 compared with the model group. (Con: control group, Mod: model group, Ven: venlafaxine group, CSE-H: CSE high group, CSE-M: CSE middle group, CSE-L: CSE low group).



The SPT was used to exam the CSE effects on rats who underwent CUMS procedures (Figure 4B). Rats subjected to the 28-day stress procedures in the Mod group displayed lower sucrose preference than the Con non-stressed rats, confirming successful implementation of the CUMS model (P < 0.01). The Ven group (positive control) displayed significantly higher sucrose preference in CUMS rats compared to the Mod group (85.07%, P < 0.01). Similarly, prophylactic oral administration of CSE resulted in restoration of sucrose preference to normal levels in CUMS rats in the CSE-M group (84.86%, P < 0.01) and the CSE-H group (73.61%, P < 0.01). The restoration of sucrose preference effects for CSE-M and CSE-H were 99.75% and 86.53% of the Ven group, respectively. The CSE-L group trended towards reversion to sucrose preference in CUMS rats, though this was not significant compared to the Mod group (63.62%, P = 0.135).

The effects of CSE on the number of crossing and rearing in CUMS rats was investigated using the OFT (Figures 4C, D). After 4 weeks of exposure to CUMS, there were fewer crossings and rearings by rats in the Mod group than the Con group. Ven treatment increased the number of crossings and rearings compared to the Mod group (P < 0.01). Daily oral administration of CSE-M showed a significant effect on the increasing number of crossings and rearings in comparison to the Mod group (P < 0.05). The increasing effect for CSE-M was up to 85.60% and 86.37% of Ven group. The time out of the central grid was as one of the indexes from OFT, which indicates the animals' curiosity and adaptability to the novel environment with similarity to depression patients' fear of strange environments. Compared with the Con group, the Mod group spent more time off the grid after 28-day of CUMS procedures (Figure 4E). The time of leaving central grid was significantly lower in the Ven group. Chronic oral administration of CSE-M significantly decreased time spent in the central grid in CUMS rats. In other words, the middle dose of CSE can improve the adaptability of depression-like rats to strange environment. While the CSE-H and CSE-L groups trended towards less time spent in the central grid, which was relative to the Ven group with no statistical difference.

The FST was used to investigate the effects of CSE on immobility time in CUMS rats (Figure 4F). Following a 4-week CUMS regimen, immobility time in the Mod group was more extended than the Con group. Prophylactic administration of CSE was found to reduce immobility time in CUMS rats compared with the Mod group (P < 0.01). The CSE-M group showed the most obvious effect, and immobility time was lower than the Mod group (P < 0.01), which reached 93.03% of Ven group.



CSE Regulates the Levels of HPA Axis-Related Hormones in CUMS Rats

The levels of hormones CRH, ACTH, and CORT in the rat serum related to the HPA axis were evaluated by ELISA. As shown in Figure 5, the serum levels of CRH, ACTH, and CORT in the Mod group were significantly higher than those in the Con group (P < 0.01). The expression levels of CRH were markedly lower the drug-treated groups compared with the Mod group (P < 0.01). After oral administration of CSE, all groups sh1owed a reduction in CRH levels significantly compared to the Mod group (P < 0.01). ACTH expression was significantly reduced in CUMS rats compared with those in the Mod group. All dose groups of CSE can improve the reduced ACTH with significance. Compared to the Con group, rats treated with chronic 28-day CUMS treatment showed significantly increased CORT levels in CUMS rats, and those treated with anti-depressants in the Ven group displayed significant alterations in increasing of CORT levels. To sum up, CSE can ameliorate the HPA axis disorder of depression-like rats.




Figure 5 | The effects of CSE on HPA axis of CUMS rats. (A) Corticotropin-Releasing Hormone (CRH), (B) Adrenocorticotropic Hormone (ACTH), (C) Corticosterone (CORT). Values given are the mean ± SEM (n = 10). ##P < 0.01 compared with the control group. **P < 0.01 compared with the model group.





Effect of CSE on Neurotransmitters in Hippocampus of CUMS Rats

The effects of CSE on levels of the monoamine neurotransmitters Trp, 5-HT, and 5-HIAA in the hippocampus of CUMS rats were investigated and showed in Figures 6A–C. Hippocampal Trp levels were significantly lower in the Mod group than the Con group. The Ven group (positive control) showed significantly higher Trp levels than the Mod group. Oral administration of CSE-M for 28 days significantly altered the decreasing content of Trp in the hippocampus compared to the Mod group (P < 0.01). Hippocampal levels of 5-HT were significantly lower in Mod group than the Con group after 4 weeks of CUMS procedures. A significant increase in hippocampal 5-HT levels was observed after chronic oral administration of CSE-H and CSE-M compared to the Mod group (P < 0.01). After 4 weeks of oral administration of CSE-H and CSE-L, hippocampal 5-HIAA levels were increased in CUMS rats compared to the Mod group (P < 0.05).




Figure 6 | The concentrations of CSE on monoamine neurotransmitter in hippocampus of rats, (A) Trp, (B) 5-HT, (C) 5-HIAA, (D) Tyr, (E) DA, (F) NE, (G) GABA, and (H) Glu. Values given are the mean ± SEM (n = 10). ##P < 0.01, #P < 0.05 compared with the control group. **P < 0.01, *P < 0.05 compared with the model group.



The effects of CSE on levels of neurotransmitters in the NE metabolic pathway in the hippocampus of CUMS rats were also investigated and showed in Figures 6D–F. Levels of Try were significantly lower in the Mod group than in the Con group and showed a significant increase after 28 days of CSE-H or CSE-M administration (P < 0.05). Levels of DA in the Mod group, which were subjected to 4 weeks of CUMS procedures were significantly lower than in the Con group. Compared to the Mod group, daily oral administration of CSE-M and CSE-H significantly altered DA concentrations in CUMS rats (P < 0.05). Long-term administration of CSE resulted in a significant increase of NE concentration in CUMS rats compared with the Mod group.

The levels of GABA and Glu were significantly decreased in CUMS rats compared to those in the Con group (Figures 6G, H). After chronic oral administration of CSE-M and CSE-H, levels of GABA and Glu were seen to higher than the Mod group (P < 0.05).



CSE Altered Metabolic Profiles in CUMS Rats


Identification of Serum Aqueous Metabolites

The serum of each group of rats was collected and tested for 1H-NMR spectrum. Figure 7 is a typical 1H-NMR spectrum of the serum metabolites of the control group. By comparison with the database, a total of 24 metabolites, including amino acids, lipids, choline, and carbohydrates, were identified in the serum of the control group. Detail information of metabolites were shown in Table 2.




Figure 7 | 1H-NMR spectra of serum obtained from control group. (1) Lipid, (2) Leucine, (3) Valine, (4) Isoleucine, (5) β-hydroxybuty acid, (6) Lactic acid, (7) Alanine, (8) Acetate, (9) N-acetylglycoprotein, (10) O-acetylglycoprotein, (11) Acetoacetate, (12) Glutamic acid, (13) Pyruvate, (14) Glutamine, (15) Dimethylamine, (16) Choline, (17) Phosphatidylcholine, (18) Trimethylamine oxide, (19) Creatine, (20) Glycerin, (21) α-Glucose, (22) Tyrosine, (23) Histidine, and (24) Formate.




Table 2 | 1H-NMR assignments of major metabolites in serum of rats.





Effect of CSE on Serum of CUMS Rats and Analysis of Potential Metabolites

In order to obtain the potential metabolites, a supervised PLS-DA method was first used to analyze the serum 1H-NMR data of the Con group, Mod group and CSE-M group (Figure 8A). Each dot represented a separate sample, and the clusters corresponding to the different groups' metabolic patterns were shown in the score plot. In Figure 8A, the model group and the control group are clearly separated, indicating that the CUMS model is successfully constructed, and the difference in metabolites between this two groups is significant. The CSE-M group was situated between the Mod group and the Con group in Figure 8A, further indicating that CSE could regulate metabolic disorder caused by CUMS. R2 and Q2 permutation test showed the validation of PLS-DA model (Figure 8B). R2Y was 0.983, R2X was 0.983, and Q2 was 0.562. These data showed that the model is well and there is no overfitting.




Figure 8 | Multivariate analyses of serum 1H-NMR spectra data. (A) PLS-DA plots derived from 1H-NMR spectra on serum of rats in control, model and CSE-M groups. (control group , model group , CSE-M group ), (B) PLS-DA model validation diagram, (C) OPLS-DA scatters plot on serum of rats in control and model groups (Con group , Mod group ), (D) corresponding S-plot of OPLS-DA.



Next, an OPLS-DA method was used to identify the differential metabolites between the Mod group and the Con group. As shown in Figure 8C, the model group is clearly separated from the control group in the OPLS-DA score plots, further indicating that the model was successfully established. Meanwhile, the VIP values of S-plots (>1.0) and T-tests (p < 0.05) were used to screen the significantly differential metabolites. As shown in Figure 9, seven potential metabolites (acetate, O-acetyl-glycoprotein, trimethylamine, creatine, choline, alanine, and glutamic acid) in Mod rats were significantly reduced compared to the Con group, and three potential metabolites (isoleucine, lactate, and N-acetyl-glycoprotein) were increased. Importantly, CSE-M can regulate these 10 potential metabolites close to the control level (Figure 9), which shows that CSE has a good antidepressant effect.




Figure 9 | Comparison of relative peak areas of the potential metabolites in 1H-NMR associated with CSE treatment in serum. The data are presented as means ± SEM (n = 6). ##P < 0.01, #P < 0.05 compared with the control group. **P < 0.01, *P < 0.05 compared with the model group. The 10 metabolites were: (A-J) acetate, O-acetyl-glycoprotein, trimethylamine oxide, isoleucine, creatine, choline, alaline, glutamic acid, lactate, N-acetyl-glycoprotein.





Metabolic Pathway Analysis

Metabolic pathway analysis can not only obtain information on the biology of metabolites in disease, but also provide important information for the pathophysiology of disease. The possible metabolic pathways of depression were obtained after the ten potential endogenous biomarkers importing to into the MetaboAnalyst. Pathway analysis of metabolites affected by CSE was presented in Figure 10. With impact value > 0.1, those pathways were considered to be the most relevant ones associated with CUMS-induced depression-like behavior in rats. Four pathways, (1) D-glutamine and D-glutamate metabolism, (2) Alanine, aspartate and glutamate metabolism, (3) Arginine biosynthesis, and (4) Arginine and proline metabolism were identified to be the most effected metabolic pathways associated with CUMS (Figure 10). This pathway analysis indicates that the antidepressant effect of CSE on CUMS rats may be related to these four pathways.




Figure 10 | Pathway analysis of serum metabolites affected by CSE.






Correlation Between Monoamine Neurotransmitters and HPA Axis Hormones and Differential Metabolites

We investigate the functional relationship between altered monoamine neurotransmitters, HPA axis hormones and differential metabolites using Pearson's correlation coefficients (Li et al., 2018). The coefficients demonstrated that 5-HT was negatively correlated with isoleucine, while the HPA-axis hormones were positively correlated with isoleucine (Figure 11). In addition, glutamic acid was positively correlated with Trp, 5-HT, and DA. Trimethylamine oxide, ACTH, and CRH showed a negative correlation, while 5-HT, Trp, and DA showed a positive correlation. Levels of branched-chain amino acids (BCAAs), such as isoleucine were significantly reduced in the serum of CUMS rats, indicating impeded 5-HT release in the brain (Blomstrand, 2006; Noh et al., 2006). Additionally, we found that levels of isoleucine and 5-HT returned to normal following CSE treatment.




Figure 11 | Heat map summarizing the Pearson's correlation between monoamine neurotransmitter, HPA axis hormones, and differential metabolites. (*P < 0.05, **P < 0.01).






Discussion

In this study, we found that the sucrose preference of CUMS rats in the CSE-M and CSE-H groups could considerably increase (P < 0.01), but only CSE-M showed a significant effect on the open field experiment (P < 0.05) and forced swimming tests (P < 0.01) of CUMS rats. This result indicated that diverse components with different contents in CSE have different influence on the depression-like behavior of CUMS rats. Thus, qualitative and quantitative chemical analysis on CSE and more experimental verification of the antidepressant effect need to be further performed.

Increased HPA activity is one of the common neurobiological abnormalities in patients with depression. CRH is released from the paraventricular nucleus of the hypothalamus and enhances the release of pituitary ACTH during stress. Subsequently, this hormone enhances glucocorticoid secretion from the adrenal cortex. According to this interpretation, it was observed that stressful rats had higher levels of CRH, ACTH, and CORT. However, CSE and venlafaxine treatment could reverse these indices, indicating that the neuroendocrine system had improved. In addition, hippocampal monoaminergic neurons may be damaged due to overactivity of the HPA axis, resulting in a reduction in monoamines (Zhang et al., 2019). After taking CSE and venlafaxine, the levels of 5-HT, DA, GABA, and NE were restored. Monoamines are key neuromodulators in the development of mood disorders. Studies have found that monoamine levels in brain regions (e.g., prefrontal cortex and hippocampus) can be increased by supplementing with antidepressants (Blier, 2016). This shows that the antidepressant effect of CSE may be related to the regulation of the monoaminergic system.

Glutamate is one of the main endogenous excitatory neurotransmitters, which plays an important role in the central nervous system. Glutamate cycle disorder is closely related to the occurrence and development of depression. In this study, compared with the Con group, the glutamine level of Mod group was significantly reduced. The reason may be related to the inhibition of the TCA cycle, or to the reversal of glutamate transporters and the affected glutamate-glutamine cycle (Liu et al., 2019). However, this decreased trend was restored after taking CSE. It is suggested that the metabolic pathways of glutamine and D-glutamate may play an important role in the antidepressant effect of CSE.

Although the structure of the main components has three more coumaroyl groups in CSE than spermidine, these three substituents are easily degraded to spermidine in vivo. Spermidine is a rich natural polyamine present in all organisms, including many herbs used in TCM (Lycium barbarum, Astragalus propinquus, etc). Spermidine is often taken in our daily diet, and supplementation of spermidine in the diet can extend life span and health span (Eisenberg et al., 2016; Yue et al., 2017; Madeo et al., 2018). In animal models, it has significant cardioprotective and neuroprotective effects, improves metabolic decline associated with aging and stimulates anticancer immunosurveillance. Autophagy plays an essential role in the health function of spermidine (Madeo et al., 2018). After taking spermidine, the aPWV (aortic pulse wave velocity) of the aged mice became normal, and NO-mediated endothelial-dependent relaxation was restored. This effect of spermidine is thought to be related to autophagy (LaRocca et al., 2013). Spermidine also prevents the toxicity of transgenic α-synuclein expression in flies and nematodes (Buettner et al., 2014), which is consistent with the idea that (spermidine-enhanced) autophagy clear aggregates of spolyubiquitin-associated and other neurotoxic protein. Autophagy is a lysosomal-dependent protein degradation pathway that maintains the homeostasis of the cellular environment through the degradation and recycling of damaged organelles and longevity proteins. It works with the ubiquitin proteasome system to maintain normal metabolism. There is still much controversy about autophagy showing a positive or negative regulatory effect on neurological diseases (Son et al., 2012), but some animal experimental results suggest that the anti-depression effect of some antidepressants may be related to its up-regulation of cellular autophagy. Antidepressants amitriptyline and citalopram increase rat astrocyte and neuron autophagy levels (Zschocke et al., 2011). Ketamine did not show the anti-depression effect on FKBP51 knockout mice, but the expression of autophagy markers (such as Beclin-1) in wild-type mice was upregulated after ketamine treatment, while Beclin-1 was not upregulated in FKBP51 knockout mice (Gassen et al., 2014). In addition, studies suggesting that autophagy promotes synapse development in Drosophila (Shen and Ganetzky, 2009).

Spermidine also inhibits pro-inflammatory cytokines and improves the bioavailability of arginine, which is needed for nitric oxide (NO) bio-synthesis. In the LPS-stimulated RAW 264.7 macrophages, spermidine significantly attenuated the LPS-induced production of NO and PGE2 by downregulating iNOS and COX-2 expression on both the protein and mRNA levels without cytotoxicity (Jeong et al., 2018). In the rotenone induced Parkinson's disease rat model, not only the levels of IL-6, IL-1β, and TNF-α in striatum were improved, but the level of GABA, DA, NE, and 5-HT was significantly increasing when treatment with spermidine compared with model group (Sharma et al., 2018). Findings from our study also suggests that 28-day administration of CSE can restore the downward trend of these neurotransmitters caused by CUMS. Increasing evidence suggests that inflammatory reactions are involved in the pathophysiology of depression (Hashimoto, 2015; Mechawar and Savitz, 2016; Miller et al., 2017). A meta-analysis showed that the levels of pro-inflammatory cytokines interferon-γ, IL-2, IL-6, and TNF-α in the blood of untreated or drug-treated depression patients are increased compared to healthy controls (Köhler et al., 2018). Many selective serotonin reuptake inhibitors (SSRIs), such as escitalopram, can significantly block LPS-induced increase in serum pro-inflammatory cytokine TNF-α levels and increase IL-10 levels to exert antidepressant effects (Dong et al., 2016).

Nevertheless, spermidine is an abundant natural polyamine present in our food that can prolongs health span and life span by multiple ways. And this is first time to report an herb extract (CSE) from safflower residues displaying an anti-depressant effect in CUMS model. Autophagy and anti-inflammatory may be the main mechanisms for CSE.



Conclusion

Safflower injection is approved for the treatment of cardiovascular diseases in China. However, a large amount of drug residues is yielded during the production process due to a water extraction and alcohol precipitation process. In this study, a total coumaroylspermidine extract (CSE) including four coumaroylspermidine compounds was prepared from safflower injection residues for the first time. The total coumaroylspermidine content of CSE was determined to be 64.86 ± 0.41%. CSE exhibits a significant anti-depressant effect in CUMS model, which are probably related to regulation of the HPA axis, monoamine neurotransmitters, and D-glutamine and D-glutamate metabolism. This study not only prepared an herb residue extract with antidepressant effects but also provided a way for the efficient utilize of safflower residues. And the clear mechanism of CSE antidepressant effect and possible side effects remains to be investigated in a suitable experimental setting.
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