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Editorial on the Research Topic
 Natural products as sources of innovative approaches in psychiatry




Between 1981 and 2010, more than thirty percent of the new medicines approved by the US FDA were based on natural products and/or their derivatives. Advantages of natural products in terms of drugability and bioactivity have been brilliantly reviewed and summarized by Harvey et al. (1) and Skirycz et al. (2), in part explaining why the vast majority of drugs have a close match with natural products (1). Today we also witness global interest in the use of plant-based therapies and botanical healthcare products. Such a trend has stimulated greater scientific awareness in exploring the pharmacologically active constituents of medicinal plants. This Special Issue is intended to be a compilation of scientific reports to demonstrate the potential of natural products for the management of psychiatric disorders. It is our hope that this Special Issue would serve those researchers who are interested in potentially useful molecules from natural sources for psychiatric applications.

The anti-depressant-like effects of natural products and herbal preparations were demonstrated by a series of studies.

Zhou et al. reported a Chinese herbal drug (Jie-Yu Pill) to be able to ameliorate mood disorder-like behavior and cognitive impairment using a mouse model induced by a combination of estrogen deprivation and chronic stress, implying the potential of Jie-Yu Pill in managing menopause-associated mood disorders.

Studies on depression-like behaviors and cognitive dysfunction was extended to microgravity and social isolation scenarios. Wang et al. reported that dammarane sapogenins (obtained from ginseng) could reverse the depressive-like behaviors and improve cognitive impairment in rats, and concluded that the protective effects might be driven in part by the modulation of cholinergic system in the hippocampus.

In a study by Ayuob et al., Ocimum basilicum essential oil was given to mice under chronic unpredictable mild stress (CUMS) in order to assess the effectiveness of the preparation on the main olfactory bulb (MOB). Their results revealed improvements in both biochemical and histopathological changes in the MOB. They suggested the effect might have been attained through an up-regulation of gene expression of GFAP and Ki67 and down-regulation of Caspase-3 in the MOB.

Jiang et al. reported the protective effect of a Chinese herbal drug (Shen Yuan, composed of Panax ginseng and Polygala tenuifolia) in the rat chronic unpredictable mild stress model. Shen Yuan reversed the depressive-like behaviors as well as biochemical depressive states correlates, including increased serum corticosterone and proinflammatory cytokines (IL-6, IL-1β, and TNF-α) levels, oxidative stress markers (SOD, CAT, and MDA), and diminished levels of hippocampal neurotransmitters (5-HT, DA, and NE) in rats exposed to CUMS. Furthermore, rats treated with Shen Yuan showed reduced hippocampus BDNF, p-TrkB, p-Akt, and p-mTOR proteins expression raised by CUMS exposure. The findings pointed to a preventive effect of Shen Yuan against hypothalamus-pituitary-adrenal axis dysfunction, decreased in neurotransmitters levels, reduced oxidative stress, neuroinflammation suppressio, and activation of the PI3K/Akt/mTOR-mediated BDNF/TrkB pathway. All of these effects were thought to be relevant to counteract depressive states.

Curcumin has been reported to exert beneficial effects on managing major depressive disorder. Highlights of the compound's clinical and non-clinical effects are presented in a review by Ramaholimihaso et al.

A significant amount of attention has recently been given to the potential therapeutic value of endogenous modulators.

Still on depression, Almeida et al. reported the antidepressant-like effects of chronic guanosine in the olfactory bulbectomy (OBX) mouse model. Guanosine reversed the OBX-induced recognition memory impairment and hyperlocomotion, increase in hippocampal BDNF and redox imbalance. Guanosine also mitigated the OBX-induced hippocampal neuroinflammation and increased metabolism.

Tonon et al. reviewed the evidences of melatonin for managing depressive states, noting that clinical evidence was inconsistent in regard to the benefits of melatonin or melatonin agonists in fighting depression, in contrast with the antidepressant-like effects observed in animal models. The authors argue that the understanding of melatonin in therapeutics must include melatonin specificities as an integrating molecule, associated with entrainment, metabolism, immunity, neurotransmission, and cell homeostasis.

Bitencourt et al. reviewed the path that led to the development of cannabidiol as an antiepileptic drug, highlighting early contributions by Brazilian scientists. Authors elaborated on the idea that CDB development model can be used to develop phytocannabinoids for other psychiatric conditions, including depression, anxiety, post-traumatic stress disorder (PTSD), addiction, neurodegenerative disorders and autism spectrum disorder (ASD).

Cognitive-enhancing effects of the Chinese medicinal plant, Dendrobium nobile, in sleep deprivation-induced amnesia in mice was reported by Jiang et al.. The results suggest amnesia was improved by the treatment in the novel object recognition and object location recognition tests. They also reported elevated levels of norepinephrine, dismutase and catalase activities, as well as a decrease in 5-HT and malondialdehyde, in the brain tissue obtained from the Dendrobium treated group. The authors conclude that D. nobile extract has beneficial effects in the prevention and improvement of cognitive impairment induced by sleep deprivation, effects possibly mediated through the regulation of neurotransmitters and alleviation of oxidative stress.

Bian et al. reviewed clinical and pre-clinical results of saffron (dried stigma of Crocus sativus) and its constituents (crocin, crocetin and safranal) on brain disorders. The review covers a range of pathologies such as depression, anxiety, Alzheimer's and Parkinson's diseases, post-traumatic stress disorder, schizophrenia, epilepsy, and stroke. Preclinical studies showed that saffron exerts its neuroprotective effects mostly via antioxidative stress, anti-neuroinflammation, and anti-apoptosis pathways. Clinical results supported that saffron could alleviate depressive and anxiety-like symptoms as well as improve cognition impairment. The authors suggested that these findings had provided a clear perspective that could aid the development of neuroprotective agents from saffron and its bioactive ingredients.

Zhao et al. suggest that bulleyaconitine A (BAA), a C19-diterpenoid alkaloid used in China for decades as nonnarcotic analgesic to treat chronic pain, is a candidate for treatment of opioids addiction. They showed that BAA attenuates morphine-induced withdrawal symptoms in mice, conditioned place preference and locomotor sensitization by stimulation of microglial (but not astrocytes or neurons) dynorphin A expression in nucleus accumbens and hippocampus.

Marx et al. reported a secondary analysis of a randomized placebo-controlled trial that investigated a 24-weeks intervention with mangosteen (Garcinia mangostana Linn.) pericarp extract supplementation in people diagnosed with schizophrenia. The secondary analysis investigated if the intervention was effective to improve cognition in this population and revealed that mangosteen pericarp extract did not affect cognitive outcomes in people with schizophrenia.

In conclusion, the above studies illustrates the potential of natural products against various psychiatric conditions. As usual in drug development, to better characterize and understand their medicinal properties, additional preclinical and clinical investigations are warranted.
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Background

Ocimum basilicum (O. basilicum) was described to have antidepressant and anxiolytic activities. Although the relationship between the main olfactory bulb (MOB) and depression was recently reported, the chronic stress-induced dysfunction of the MOB is not clearly described.



Objectives

This study aimed to assess the efficacy of inhalation of O. basilicum essential oils in improving chronic unpredictable mild stress (CUMS)-induced changes in MOB of mice and understand the mechanism underlying such effect.



Materials and Methods

Adult male mice (n=40) were assigned into four groups included the control, CUMS-exposed, CUMS + fluoxetine (FLU), CUMS + O. basilicum. Behavioral changes, serum corticosterone level, and gene expression of GFAP, Ki 67, and caspase-3 were assessed using real-time PCR (RT-PCR). Histopathological and immunochemical examination of the MOB was performed.



Results

FLU and O. basilicum significantly down-regulated (p = 0.002, p<0.001) caspase-3 gene expression indicating reduced apoptosis and up-regulated (p = 0.002, p < 0.001) Ki67 gene expression indicating enhanced neurogenesis in MOB, respectively. FLU and O. basilicum-treated mice markedly improved MOB mitral cell layer distortion and shrinkage induced by CUMS.



Conclusion

O. basilicum relieved both biochemically and histopathological chronic stress-induced changes in the main olfactory bulb possibly through up-regulation of gene expression of GFAP and Ki67 and down-regulation of caspase-3 in the MOB.





Keywords: Ocimum basilicum, chronic stress, caspase-3, anti-glial fibrillary acidic protein, olfactory bulb, neurogenesis



Introduction 

Chronic stress results in deterioration in mood, cognition, memory and may be a leading cause in the occurrence of many systemic diseases as Parkinson’s disease, type 2 diabetes, gastric ulceration, and Alzheimer’s disease (1).

Olfactory system is distinctive as it is considered the most proliferative CNS system entertaining differentiating progenitor cells, migrating from the subventricular zone to the olfactory bulb (OB), where they differentiate into tyrosine hydroxylase (THC) or GABA (C) interneurons (2). The main olfactory bulb (MOB) is an important part of the olfactory system that results in post developmental neurogenesis (3).

Unpredictable stress is associated with atrophy in cortical and limbic brain regions including the MOB. It was reported that olfactory deficits often accompany neurodegenerative diseases. This was noticed in idiopathic Parkinson’s disease where advanced olfactory deficits were initial signs of the disease that occurs before the first motor dysfunctions (4). However, the mechanism of the dysfunction & the structural changes of MOB resulted from CUMS is still mostly unidentified (3). The model of (CUMS) is one of the common and verified models used to study depression. This model is characterized by the occurrence of long-lasting neurodegenerative changes including behavioral, neurochemical, and neuroendocrinal changes that mimic those observed in depressed patients (5).

Aromatherapy is the utilization of aromatic essences and pure essential oils, naturally-extracted from roots, leaves, and flowers of plants in promoting the health of body, mind as well as in treatment of some diseases. It was reported that it is potentially useful in the management of disruptive behaviors and the reduction of agitation in people with dementia (6, 7). Ocimum basilicum (O. basilicum), also called basil or Raihan, is an annual plant used as a spice for culinary purposes in salads and pasta sauces. It is extensively utilized as a flavoring agent and in production of perfumes and soap (8, 9). In addition, it is used for medicinal purposes due to its antidepressant, anxiolytic, sedative activities (10, 11). O. basilicum as a therapeutic supplement has been investigated in many animal models of cognitive deficits (12, 13). Recently, the therapeutic efficacy of O. basilicum against impairment of memory function in animal model of Multiple sclerosis was reported (14).

Although the relationship between MOB and depression was recently reported (15–17), the CUMS-induced dysfunction of MOB is not clearly described. Therefore, the current research was designed to evaluate the CUMS-induced alterations occurred in MOB in mice exposed to mild chronic depression and the efficacy of inhalation of O. basilicum essential oils in improving these changes as well as understand the possible mechanism underlying this effect.



Material and Study Design

Ethical approval and guidelines of animal care were obtained from “the biomedical research ethics committee” and King Fahad Medical Research Center (KFMRC), King Abdulaziz University (KAU), Jeddah, Saudi Arabia (SA).

Male Swiss albino mice (N=40), aged 5 weeks, and weighed (30–40 g), were obtained from the KFMRC and were maintained for 2 weeks before the experiment at 27 ± 1°C, were fed on a standard mice pellets and water ad-libitum in order to acclimatized and ensure normal growth and behavior.


Chemicals

Fluoxetine (FLU) is a selective serotonin reuptake inhibitor used as antidepressant to treat CUMS-induced depression in mice of the positive control group. It was purchased from Dar Al Dawa (DAD) Pharmaceuticals Co., Ltd. (Amman, Jordan). Sodium carboxymethyl cellulose (CMC-Na, 0.03%) was used to dissolve FLU and 20 mg/kg was given to the mice by intragastric gavage (18). O. basilicum was collected from the Jeddah gardens. A botanist from the Faculty of Science, KAU helped to morphologically identify O. basilicum. The essential oil of O. basilicum was prepared according to the method of (19). The constituents of O. basilicum essential oil were identified using “gas chromatography coupled to mass spectrometry” (GC-MS; Agilent, Columbia, MD). Essential oils of O. basilicum were diluted first with 5% propylene glycol before their use (Sigma, St. Louis, MO) as reported by (20), then given through inhalation. Amyl acetate, 5% (Sigma), was given to untreated CUMS mice by inhalation as it was reported by (21) that it has no effect on anxiety.



Experimental Design

After acclimatization period, the mice were assigned into four groups (n=10 each) at random. Each five mice were held together in a cage. The four groups included the control, CUMS, CUMS + FLU, CUMS + O. basilicum. The CUMS procedure used in this study was previously described. Mice were exposed to CUMS for continuous 4 weeks followed by 2 weeks treatment by amyl acetate, FLU, or O. basilicum.

Inhalation of O. basilicum and amyl acetate was performed according to Chioca, Ferro (20) using a “32 × 24 × 32 cm odor-isolated acrylic box”.



Behavioral Assessment

Behavior tests were done after 6 weeks between 8:00 and 11:30 AM [Mineur, Belzung (22)] using the elevated plus maze test (EPM) and the forced swimming test (FST) spaced by a 24 h between tests.

The FST was carried as described by Doron, Lotan (23). The total time spent not moving by the mouse during 6 min was recorded in seconds as previously described by Ayuob, Firgany (24). Regarding the EPM, its procedure was described by Ali, Abd El Wahab (10). The number of times the mouse enter to the closed arm during 6 min and the time spent by each mouse inside the open and closed arms were registered in seconds using videotaped behavior software (Noldus Information Technology, EthoVision XT®).



Biochemical Assessment of Serum Corticosterone Level

Following finishing behavioral tests, blood samples from the retroorbital venous plexus were obtained in EDTA-coated tubes from anesthetized mice, centrifuged for 10 min, and kept at −80°C for measuring the level of corticosterone by using radioimmunoassay (ELISA Kits; ALPCO Diagnostics, Orangeburg, NY).


Animal Dissection for Histological Study and Assessment of GFAP, Ki 67, and Caspase-3 Gene Expression Using Real-Time PCR

Immediately after taking the blood samples, the animals were sacrificed and the whole brain was carefully dissected with intact olfactory pulp, immersed in dried ice for farther dissection into left and right hemispheres, fixation in 10% neutral buffered formalin, and routinely processed for paraffin blocking in histopathology lab.

Paraffin processed samples were subjected to RNA extraction accord to methods adopted by from 100 mg of formalin-fixed paraffin-embedded (FFPE) sections obtained from the left brain hemisphere. They were deparaffinized in 1 ml of xylene, incubated at 56°C for 15 min, and centrifuged for 10 min at 13,000 g. The supernatant was discarded and the pellet washed twice with 1 ml 100% ethanol, centrifuged, the supernatant was discarded, and 1 ml Trizol was added to the pellet (25).

Extraction of total RNA using Trizol was done according to the supplier instruction (Invitrogen Life Technologies, Carlsbad, CA, USA). NanoDrop 2000 Spectrophotometer (Thermo Scientific, USA) was used to measure the concentration of RNA. Reverse transcription was done using oligo-dT primers (Bioneer Inc., Daejeon, Republic of Korea) in a 20-ll reaction including 5 ll RNA. The resulted complementary DNAs (cDNAs) were amplified using PCR Master Mix (Bioneer Inc., Daejeon, Republic of Korea) with primers (Metabion International AG, Semmelweisstr, Germany). GFAP gene (forward 5′-CAAGCCAGACCTCACAGCG-3′, reverse5′-GGTGTCCAGGCTGG-TTTCTC-3′, caspase-3 (forward 5′- TGTATGCTTACTCTACCGCACCCG-3′, reverse5′-GCGCAAAGTGACTGGATGAACC-3′), Ki67 (forward 5′-AAGAAGAGCCCACAGCACAGAGAA-3′, reverse5′-AAGAAGAGCCCACAGCACAGAGAA 3′), and β-actin (forward 5′-TCTGGCACCACA CCTTCTA-3′; reverse 5′-GGCATACAGGGACAGCAC-3′). PCR amplification was applied in a thermocycler (manufactured by Labnet International Inc.). The procedure was reported in a previous work of Ayuob, Firgany (24). Using comparative Ct method, normalization of current results to β-actin as a reference gene was done. Ct values were used to estimate the gene/β-actin ratio, with a value of 1.0 used as the control (calibrator). The normalized expression ratio was calculated using the 2−ΔΔCt (26). The mRNA level was expressed as a ratio or percent to that of corresponding β-actin




Histopathological Assessment

Five microns serial paraffin sections from brain hemispheres including olfactory lobe were, stained with hematoxylin and eosin (H & E) for general histological assessment (27). Immunohistochemical staining was performed using the peroxidase-labeled streptavidin-biotin technique (28). Anti-glial fibrillary acidic protein (GFAP) antibody (DakoCytomation, Minneapolis, MN) was used for demonstration of astrocytes and was diluted 1:1,000 with phosphate-buffered saline (PBS). Anti-caspase-3 antibody (Santa Cruz Biotechnology, Santa Cruz, CA) was used to demonstrate apoptosis, and diluted to 1:1,000 with PBS. Assessment of indirect neurogenesis was assessed using anti-Ki-67 antibody (rabbit polyclonal IgG; Abcam, Cambridge, UK). It was diluted to 1:100 with PBS. To verify the specificity of each primary antibody, a negative control section was done by omitting the primary antibody. Examination of slides was performed using light microscope connected to a digital camera (Olympus, BX-61, Los Angeles, CA) for photographing.

The percentage area of GFAP immune-expression, caspase-3-positive cells and Ki67-positive cells was counted in five non-overlapping high power fields (x400) of MOB in each mouse [Makhlouf, El-Beshbishy (28)] using ImageJ 1.52a (National Institutes of Health, USA). The thickness of the mitral cell layer of the MOB was measured in five non-overlapping high power fields (x 400) in each animal.



Statistical Analysis

Analysis of the data was carried out using the Statistical Package for the Social Sciences (SPSS, version 22) software. One-way ANOVA followed by LSD (least significant difference) post hoc were used to compare the parametric data of different groups. P values < 0.05 were considered significant.




Results


Behavioral Results

Exposure of mice to CUMS for 4 weeks was found to result in significant increase in immobility time (p < 0.001). Administration of FLU or O. basilicum for 2 weeks after induction of depression significantly decreased immobility time compared to untreated mice (p = 0.02, p < 0.001) respectively (Figure 1).




Figure 1 | Effect of Ocimum basilicum on the immobility time of the forced swimming test (FST) (A), the time spent in the open arm (B), the number of closed arm entries (C) of the elevated plus maise (EPM) test, and serum corticosterone level (D). Data are expressed as mean ± SD (n = 10). * significance with p < 0.05. CUMS, chronic unpredictable mild stress; FLU fluoxetine; O. basilicum, Ocimum basilicum.



CUMS also exhibited significantly decreased (p < 0.001) time spent in the open arms with a significant increase time spent (p < 0.001) in the closed arm during the EPM compared to control mice. On the other hand, both FLU and O. basilicum could significantly increase (p=0.001, p < 0.001) the duration the mice spent in the open arm during the EPM and significantly reduce (p < 0.001) entries to closed arms compared to untreated animals, respectively. This indicating the ability of FLU and O. basilicum to reduce the anxiety-like behavior in CUMS-exposed mice (Figure 1).



Biochemical Results


Serum Corticosterone Level

Exposure of mice to CUMS for 4 weeks produced a significant increase (p < 0.001) in corticosterone serum level compared to the control. A significant reduction in corticosterone serum level was observed following treatment with either FLU (p < 0.001) or O. basilicum (p < 0.001) in comparison with untreated group (Figure 1).



Gene Expression of GFAP, Caspase-3, Ki 67

Real-time PCR (RT-PCR) revealed significantly lowered (p < 0.001) GFAP gene expression in MOB of CUMS group in comparison with control while FLU- or O. basilicum-treated groups showed significant higher levels (p = 0.003, p<0.001) in comparison with untreated CUMS exposed mice, respectively (Figure 2).




Figure 2 | Effect of Ocimum basilicum on GFAP (A), caspase-3 (B), Ki 67 (C) mRNA levels detected by real-time PCR (RT-PCR) in the main olfactory bulb (MOB) after treatment of chronic unpredictable mild stress (CUMS) in rats with fluoxetine (FLU) and O. basilicum. The messenger RNA (mRNA) level was expressed as a ratio or percent to that of corresponding β-actin. Data were presented as mean ± SD (n=10 in each group). * significance with p<0.05.



On the other hand, caspase-3 gene expression was significantly increased (p < 0.001) in the MOB of CUMS group, while it was reduced significantly (p = 0.002, p<0.001) in both FLU- or O. basilicum-treated groups compared to untreated CUMS group, respectively (Figure 2).

Ki67 gene expression, was reduced significantly (p < 0.001) in MOB of CUMS group, in comparison to significant higher level in the groups received FLU- or O. basilicum (p = 0.002, p < 0.001) in comparison with untreated CUMS group respectively (Figure 2).




Histopathological Results

Examination of MOB of control group (H&E stain) showed that it was consisted of six distinct layers include from outside inward; olfactory nerve of multipolar nerve cells called mitral cells, glomerular, external plexiform, mitral cell, internal plexiform, with the most inner granular cell layer. The mitral cells have large vesicular lightly stained nuclei with well-defined nucleoli and abundant amount of basophilic granular cytoplasm. Smaller nerve cells from granular cell layer, with dark nuclei and little amount of cytoplasm, appeared scattered between the mitral cells.

Examination of the MOB of the CUMS group revealed that the mitral cell layer was affected where nerve cells, in this layer, appeared smaller and distorted in shape and had deeply stained cytoplasm, dark pyknotic nuclei, and wide pericellular spaces (Figure 3). The thickness of this layer was significantly reduced in this group (p < 0.001) in comparison to control. Groups treated with FLU or O. basilicum showed restoration of the normal appearance of mitral nerve cells while few mitral cells appeared distorted with significant increase in thickness (p < 0.001) when compared to untreated CUMS mice. Insignificant difference could be recognized between the two animal groups (p=0.035) (Figures 3 and 4).




Figure 3 | The histological structure of the main olfactory bulb (MOB) of the studied groups show nerve fiber layer (1), glomerular layer (2), external plexiform layer (3), mitral layer (4), internal plexiform layer (5), and granular layers (6). Note the affected mitral layer in the CUMS group appear with higher magnification and show distorted and small Mitral cells (arrow) compared with other group together with widening of pericellular space around them (arrow head). H&E staining. CUMS, chronic unpredictable mild stress; FLU, fluoxetine; O. basilicum, Ocimum basilicum.






Figure 4 | Effect of Ocimum basilicum on the immunoexpression of caspase-3, Ki67, and GFAP in the MOB of the studied groups. Main olfactory bulb (MOB), chronic unpredictable mild stress (CUMS), fluoxetine (FLU), O. basilicum (Ocimum basilicum). * significance with p < 0.05.





Immunoexpression of Caspase-3, Ki 67, and GFAP in the Main Olfactory Bulb

It was observed that caspase-3 immunoexpression was increased in the MOB of CUMS group, while it was reduced back in both FLU- and O. basilicum-treated groups (Figure 4). A significant increase (p < 0.001) in caspase-3 positive cells in the MOB of CUMS group was observed upon statistical analysis of area density in comparison to control mice. In FLU- and O. basilicum-treated groups, expression was significantly lower (p < 0.001) compared to the untreated mice. There was insignificant difference (p = 0.39) in caspase-3 positive cells between FLU- and O. basilicum-treated groups (Figure 4).

Regarding GFAP immunoexpression, the astrocytes processes in various layers of the control MOB showed moderate positive immunoexpression. A significant reduction (p = 0.001) in percentage area of GFAP immune expression in the MOB of CUMS group was observed upon statistical analysis compared to control animals.

On contrast, a significant rise (p < 0.001) in GFAP immunoexpression was recorded in FLU- and O. basilicum-treated groups compared to the untreated mice. Insignificant difference (p = 0.81) was observed between FLU- and O. basilicum-treated groups (Figure 4).

Many nerve cells in the MOB exhibited immune positive expression for Ki 67. Statistical analysis revealed a significant (p < 0.001) reduction in Ki67-positive cells in the MOB in comparison to its expression in control mice while a significant increase was found in FLU- and O. basilicum-treated groups (p < 0.001) in comparison with untreated CUMS group with no significant difference (p = 0.30) between the two groups (Figure 4).




Discussion

Olfactory function plays an important role in health and behavior. The laminar organization of olfactory bulb combines a unique neuronal morphology and complex synaptic connections which play a basic role in smell perception and modify the response of the output neurons for sharp tuning of a given odor (29). Olfactory dysfunction is considered a premotor sign of neurodegeneration that appears early in the degenerative process as in Alzheimer disease and Parkinson disease (30, 31). Moreover, the olfactory bulbectomy of rats has been validated as a model of depression over the past 30 years, suggesting a close relationship between MOB and depression (15–17). Reviewing literature showed that the, pathophysiology of MOB induced by CUMS is still unclear. Therefore, the present study was designed to describe the pathological alteration occurred in MOB of mice after exposure to CUMS and to investigate the efficacy of inhalation of O. basilicum essential oils in improving these changes as well as to understand the possible mechanism underlying this effect.

Mice exposed to the CUMS, in this study, showed depressive-like behavior verified by increased time of immobility during the FST and confirmed by decreasing the time spent in the open arms of the EPM as well as increasing of serum level of corticosterone. Similar results were reported by (32).

In this study, FLU induced an improvement in the behavioral, biochemical, and structural changes occurred in MOB of mice exposed to CUMS. In consistent with these findings, some previous studies revealed that FLU alleviated the behavioral changes induced by CUMS and improve the CUMS-induced structural changes in the hippocampus (33).

It was stated that stress enhanced lipid peroxidation and decreased oxidative stress defense in depressed patients that endorses undesirable effects on many cellular functions as showed by decreased plasma antioxidant defenses (34). It was reported that oxidative stress has a crucial role in the pathophysiology of depression in rodents and humans (35) and (36). Methanol, ethanol, or water extracts of O. basilicum seeds were described to have good antioxidants activity (9). Therefore, O. basilicum was used, in this study, to relieve the CUMS-induced changes on the MOB. Inhalation of O. basilicum alleviated this depressive status, evident by the behavioral tests, and reduced elevated corticosterone levels documented in animals subjected to CUMS. It was proposed that O. basilicum antidepressant capacity might be related to the increased brain level of enzymatic and non-enzymatic antioxidants endorsed by O. basilicum extracts (37).

This work demonstrated that exposure to CUMS caused structural alteration in the olfactory bulb of mice represented by distortion and shrinkage of mitral cells. This might be responsible for the atrophy reported in this study as well as some previous studies. Exposure to CUMS was reported to result in cortical and limbic brain regions atrophy that including also hippocampus and MOB (38) elevation of inflammatory mediators in hippocampal regions (39), and disturbances in hypothalamic-pituitary-adrenal (HPA) axis that might explain the increased corticosterone level in CUMS mice (40). O. basilicum was found to ameliorate CUMS-induced neuronal changes in MOB especially mitral cells. This effect might be attributed to the bioactive compounds present in O. basilicum essential oils like linalool, eugenol, cineole, and many other compounds that exert free radical scavenging activity (8, 24). These essential oils inhibit liposomal peroxidation and scavenge hydroxyl radicals, NO, and superoxide anion.

GFAP immunoreaction was used as a selective marker for estimation of astrocytes integrity in MOB as reported by (41). In the present study, administration of FLU and O. basilicum reversed the CUMS-induced reduction in GFAP expression. This was for a certain extent is in agreement with (32) who reported that fluoxetine could prevent GFAP reduction and glial atrophy and restore the integrity of astrocytes in CUMS-induced animal model of depression. O. basilicum, in this study, could be considered to have a similar effect as fluoxetine. In consistent with this study (14), recently reported that O. basilicum (at the dose of 100 and 200 μl/kg) induced neuroprotective effect against ethidium bromide-induced cognitive deficit through amelioration of neuroinflammation, mitochondrial dysfunction, and astrogliosis in the prefrontal cortex of the animals.

The olfactory bulb together with hippocampal dentate gyrus subventricular and the sub-granular zones, represent the three regions in the brain that undergo adult neurogenesis; the process that maintains continuous turnover of bulbar interneurons. Granular and periglomerular neurons of OB are well known to be differentiating and from cell precursors located in the subventricular zone and migrating to OB where it can respond to odor stimulations (42–44). In this study, Ki67 positive cells, which represent the newly proliferating nerve cells, was observed in the control MOB. This was previously described by (45). Exposure to CUMS resulted in a significant decrease in proliferating cells number in MOB of CUMS-exposed mice and this finding was consistent with that of Ki67 gene expression that revealed a considerable down-regulation in CUMS animals when compared to control. Similar results were recorded by (46) and (47) in the MOB of chronic stressed rats using the cell proliferation markers; PSA-NCAM, DCX, and BrdU. In addition, previous studies reported a significant suppression of neurogenesis in hippocampal regions in mice model of depression (12, 48). This effect might be attributed to increased plasma levels of corticosterone in CUMS-exposed rats, recorded in this study as well as many other studies which concluded that chronic exposure to corticosterone, or stressors that increase its secretion, has powerful suppressor effect on proliferation process (10, 49, 50).

Administration of FLU and O. basilicum significantly improved the neurogenesis and evidenced by upregulated Ki67 gene expression. This was supported by other studies conducted on MOB of mice (47), hippocampus of mice (51), and hippocampus of human (52). Brain derived neurotropic factor and other neurotrophins expressions were reported to be increased by antidepressant drugs and thus stimulate neurogenesis and repairing of damaged neurons (24, 53).

In this study, increased neuronal apoptosis, evidenced by increase number of caspase-3 positive cells as well as upregulation of caspase-3 gene expression was detected in MOB of mice exposed to CUMS. In agreement with this (54), and Meyer, Glaser (4) reported marked increase of apoptosis in rat and mice olfactory bulbs in models of experimentally induced neurodegeneration as well as in the hippocampus of CUMS-exposed mice (48).

In the present study, O. basilicum reduced caspase-3 positive cells population via downregulated caspase-3 gene expression. In consistent with such finding neuroprotective effect of O. basilicum with reduced size of cerebral infarct and lipid peroxidation were described in the brain by (55). It reduced the corticosterone level, apoptosis of hippocampal neurons, and increased both newly formed nerve cells and astrocytes numbers in a manner comparable to FLU (10). This effect was attributed to effect of phenolic, flavonoids, and tannin contents of O. basilicum essential oils which were previously reported to act as reactive oxygen species scavengers [Garabadu and Singh (14)] recently described that O. basilicum attenuated significantly mitochondria-dependent apoptosis induced by ethidium bromide in rat prefrontal cortex.

Among the limitations of this study was the absence of the in-depth analysis of the detailed mechanism of the O. basilicum neuroprotective effect which needs further future study.



Conclusion

The present paper showed that O. basilicum relieved depressive-like behavioral alterations induced in mice following exposure to chronic mild stress. O. basilicum also was found to ameliorate stress-induced changes in the main olfactory bulb as evident both biochemically and histopathologically. These effects might be mediated down-regulation of caspase-3 in addition to up-regulation of GFAP and Ki67 gene expression in the MOB.
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The increasing morbidity rates of brain disorders and conditions such as anxiety, depression, Alzheimer’s disease, and Parkinson’s disease have become a severe problem in recent years. Although researchers have spent considerable time studying these diseases and reported many positive outcomes, there still are limited drugs available for their treatment. As a common traditional Chinese medicine (TCM), saffron was employed to treat depression and some other inflammatory diseases in ancient China due to its antioxidant, anti-inflammatory, and antidepressant properties. In modern times, saffron and its constituents have been utilized, alone and in TCM formulas, to treat neuropsychiatric and neurodegenerative diseases. In this review, we mainly focus on recent clinical and preclinical trials of brain disorders in which saffron was applied, and summarize the neuroprotective properties of saffron and its constituents from chemical, pharmacokinetic, and pharmacological perspectives. We discuss the properties of saffron and its constituents, as well as their applications for treating brain disorders; we hope that this review will serve as a comprehensive reference for studies aimed at developing therapeutic drugs based on saffron.
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Introduction

Brain disorders, i.e. neuropsychiatric and neurodegenerative diseases, have emerged as a majorproblem in recent years. Anxiety and depression are neuropsychiatric disorders that mainly result from intense interpersonal relationships, certain medications, and major stressful life events (divorce or death of a loved one, etc.). Patients suffering from mental disorders usually have symptoms like a decrease or increase in appetite, hypersomnia or insomnia, psychomotor agitation or retardation, and chronic fatigue (Breen et al., 2011). Genetic factors also contribute to the development of depression and anxiety. Chromosome 3p25-26 has been found in more than 800 families with recurrent depression (Pitsikas, 2015). In addition, one of the more common comorbidities is that of anxiety and depression (Bui and Fava, 2017). Accumulating evidence suggest that the underlying pathogenesis of anxiety and depression involve numerous common mechanisms such as control of hormones secretion, functional disturbance of GABAergic system (γ-aminobutyric acid, GABA) (Kalueff and Nutt, 2007) and dysfunction of glutamate-related nervous system (Howells and Russell, 2008; Jia et al., 2020). Furthermore, several signaling pathways involved in the regulations of oxidative stress, neuroinflammation, neurotransmitter dysfunction, and neurotrophic factors (e.g. brain derived neurotrophic factor, BDNF) also contribute to the pathogenesis of anxiety and depression (Kalueff et al., 2006; Ehsanifar et al., 2019). Therefore, treatments targeting these common mechanisms may achieve a more effective therapeutic effect. However, symptoms of depression and anxiety patients sometimes are not exactly the same. For instances, the patients with a diagnosis of major depression are more likely to show a depressed or a sad mood while the patients with a diagnosis of major anxiety mainly display an anxious or a panic mood (Clark et al., 1994). In these cases, the selection of suitable therapeutic strategy becomes more challenging and difficult (Gallagher-Michaels, 2013).

Neurodegenerative diseases are the most prevalent senile diseases in aging populations (especially those aged over 70 years), and include Parkinson’s disease (PD) and Alzheimer’s disease (AD). Cognitive decline, slow and involuntary movements, progressive dementia, and changes of personality are the common symptoms of these two diseases; however, the psychological disorder associated with PD and AD should not be overlooked. Anxiety and depression are secondary changes seen not only in neurodegenerative diseases, but also in other brain disorders. This indicates that the overlap among brain disorders is complex. Since AD and PD are multifactorial disorders without effective cures, nearly all of the drugs on the market aim mainly to alleviate the symptoms (Finley and Gao, 2017). Natural products contain multiple chemical constituents, which are more effective than single chemicals in addressing the pathogenesis of multifactorial disorders through their effects on multiple targets. This explains why drugs developed from natural products with preventive activities against brain disorders are particularly desirable. For example, sodium oligomannate (GV-971®) is a marine algae-derived oral oligosaccharide conditionally approved in China for the treatment of mild-to-moderate AD (to improve cognitive function) in November 2019. Unlike most previous anti-PD and anti-AD drugs on the markets, by acting directly on specific target in neuronal cells, GV-971 constitutes a novel agent that therapeutically remodels gut microbiota and suppresses gut bacterial amino acids-shaped neuroinflammation to inhibit AD progression (Wang et al., 2019).

Saffron—the dry red stigma of Crocus sativus L—is one of the most expensive herbs on the market today. The flower of Crocus sativus L has been widely used as a natural additive in cooking to enhance flavor, color, and aroma. The origin of Crocus sativus can be traced back to the Late Bronze Age in Crete; since then, saffron has been cultivated all over the world, but especially in Mediterranean Europe, India, and south-western Asia. Cultivation of saffron requires fertile clay soil and direct sunlight under natural environmental conditions, or greenhouse conditions (which can improve yield) (Galigani and Garbati, 1999; Gresta et al., 2008; Cavusoglu et al., 2009). Saffron is referred to as “red gold,” due to the high market price attributable to hand-harvesting and low production volumes. According to an analysis of food ingredient fraud based on 677 references, saffron is one of the most commonly adulterated products (Moore et al., 2012). Thus, quality control of saffron is important for authentication. For this purpose, various chromatographic and spectrometric methods, such as UV, HPLC, GC, NIR combined with MS, and PTR-TOF-MS have been established and optimized to analyze the components of saffron (Tarantilis et al., 1995; Masi et al., 2016; Grinan-Ferre et al., 2018).

Several active ingredients are present in saffron, including carotenoids (crocin, crocetin), monoterpene aldehydes (picrocrocin, safranal), monoterpenoids (crocusatines), isophorones, and flavonoids (Rameshrad et al., 2018). The contents of these active compounds varies from region to region. Saffron has been used in traditional medicine for its hypolipidemic, anti-cancer, antioxidant, anti-inflammatory, and antidepressant properties (Rios et al., 1996). As saffron has pharmacological effects on nervous system, it has also been tested in clinical trials of depression, anxiety, AD, and other brain disorders (Moshiri et al., 2015; Hosseini et al., 2018; Samarghandian and Farkhondeh, 2020). In this review, we summarized preclinical and clinical studies of the use of saffron and its constituents for treating neuropsychiatric diseases, neurodegenerative diseases, and other brain disorders (Figure 1).




Figure 1 | The therapeutic effects of saffron.





Constituents of Saffron

Saffron is composed of water, nitrogenous matter, sugars, soluble extract, volatile oil, and fibers, in varying amounts. Among all the components, soluble extract accounts for the highest proportion (41–44%), followed by water (14–16%), sugar (12–15%), and nitrogenous matter (11–13%) (Christodoulou et al., 2015). Saffron contains two vitamins essential to the human body: riboflavin (vitamin B2) and thiamine (vitamin B1). The riboflavin content of saffron ranges from 56 to 138 μg/g, which is the highest amount among all foods (Bhat and Broker, 1953). Apart from these two essential vitamins, small quantities of β‐carotene, essential fatty acids, linoleic and linolenic are also found in saffron. Sterols including campesterol, stigmasterol, and β‐sitosterol have been identified, as well as oleanolic, ursolic, palmitoleic, palmitic, and oleic acids. Most of the volatile compounds are terpenes, terpene alcohols, and their esters. Non-volatile compounds include picrocrocin safranal, crocetin, crocins, and flavonoids (quercetin and kaempferol), among which safranal is the major component (Pitsikas, 2015). About 150 volatile and non-volatile compounds, and nearly 50 constituents, have been identified in saffron (Boskabady and Farkhondeh, 2016). Particularly, the water-soluble carotenoid, crocin, determines saffron’s color. Picrocrocin, the glycoside of safranal, is responsible for its bitterness, while safranal provides the characteristic aroma of saffron. Saffron contains four main bioactive compounds: crocin, crocetin, picrocrocin, and safranal. These four compounds contribute to saffron’s high value and versatility in food and pharmaceuticals. We describe the chemical constituents, neuropharmacological activities, and safety profile of saffron in the following sections (Figure 2).




Figure 2 | The structural formula of saffron.




Crocin

Crocin (8,8’-diapo-8,8’-carotenedioicdioic acid with different glycosides), with a molecular weight of 976.96, is a hydrophilic carotenoid responsible for saffron’s red color. A variety of crocin analogues can be produced via the substitution of different glycosyl esters, such as glucose, gentiobiose, and triglucose, into the R1 and/or R2 positions of the side chain (Figure 2). As the most abundant crocins in saffron, crocin 1 (or α-crocin) is formed by disaccharide gentiobiose and the dicarboxylic acid crocetin (Samarghandian and Borji, 2014). Qualitative and quantitative analysis of different glycosyl moieties and cis-/trans- isomeric forms of crocins can be aid in the authentication, quality control, standardization, and process traceability of saffron products (Rocchi et al., 2018).



Picrocrocin

Picrocrocin (C16H26O7), a crystalline terpene-glucoside of saffron with a molecular weight of 330.37, is the de-glycosylated precursor of saffron’s aromatic components and contributes to its bitter taste (Lage and Cantrell, 2009). Picrocrocin releases hydroxy-safranal (aglycone4−hydroxy−2, 6, 6−trimethyl−1−cyclohexene−1−carboxaldehyde) through the action of β-glucosidase, by dehydration via heating and enzymatic reactions occurring in storage. Under natural conditions, safranal is yielded by dehydration during drying (Figure 3) (Samarghandian and Borji, 2014).




Figure 3 | Biosynthesis pathways of crocin, crocetin, safranal, and other important compounds in saffron stigmas.





Safranal

As the main component of essential volatile oil, safranal (2,6,6-trimethyl-1,3-cyclohexadiene-1-carboxaldehyde) is responsible for the characteristic aroma of saffron. During the dehydration that occurs in post-harvest processing, picrocrocin can produce safranal after being de-glycosylated; thus, the concentration of safranal in saffron is determined by storage time and conditions. As an essential volatile oil, a high safranal content can only maintained for one year after harvesting (Maggi et al., 2010).




Pharmacokinetics and Safety Evaluation

Crocin and crocetin exhibit very different pharmacokinetic profiles. Crocin can be hydrolyzed to crocetin before (in the gastrointestinal lumen) or during (in the intestinal mucosa) intestinal absorption (Asai et al., 2005). Although crocetin acts as the bioactive compound in rat plasma, oral administration of crocin is preferable to that of crocetin, due to the poor dissolution of the latter substance in intestinal fluid (Zhang et al., 2017). After hydrolysis, crocetin is partly metabolized into mono- and diglucuronide conjugates in the intestinal mucosa (during absorption), liver (after absorption), or both (Asai et al., 2005; Zhang et al., 2017). A clinical pharmacokinetic trial of healthy adult human volunteers showed that, after a single oral administration, crocetin reached a maximum concentration 4 to 4.8 h after administration, and was eliminated with a corresponding half-life of 6.1 to 7.5 h. The results also showed that crocetin exhibited no serious adverse reactions, even up to 22.5 mg. Due to its small molecules and hydrophilic nature, crocetin shows more rapid absorption in the portal vein than in the lymphatics when transported into the bloodstream (Umigai et al., 2011).

After intravenous injection, crocin is converted into crocetin in the gastrointestinal tract. Crocetin has a widespread distribution in tissue and low plasma concentration because of the weak crocetin-albumin interaction. Also, crocetin has therapeutic effects on neurodegenerative diseases due to its ability to penetrate blood-brain barrier (BBB) (Hosseini et al., 2017). To investigate the underlying permeation mechanisms, Lautenschlager et al. established models based on Caco-2 monolayer cells, porcine brain capillary endothelial cells (BCEC), and blood cerebrospinal fluid barrier (BCSFB). Crocin-1 could not penetrate Caco-2 monolayers even at a high concentration of 1,000 μM, which indicates its poor penetration of the intestinal barrier. In contrast, trans-crocetin not only penetrates the intestinal barrier in a dose-dependent manner, but can also gradually permeate the BBB. Instead of the paracellular rout, trans-crocetin is mostly absorbed via passive transcellular diffusion (Lautenschlager et al., 2015).

In both experimental and clinical investigations, saffron shows no significant toxicity in therapeutic doses. In acute, sub-acute, sub-chronic, and chronic toxicity tests, no marked changes have been reported in biochemical parameters, hematological parameters, or body organs, among other factors. However, as the key determinant of acute toxicity, the LD50 of safranal is lower than that of saffron and crocin, which indicates greater toxicity (Bostan et al., 2017). In a sub-acute toxicity study, although safranal reduced the levels of total cholesterol, triglyceride, and alkaline phosphatase (ALP), it also increased those of lactic acid dehydrogenase (LDH) and serum urea nitrogen (BUN). Moreover, histological results indicate safranal exhibits toxicity in kidney and lung (Hosseinzadeh et al., 2013). In a short-term, double-blinded placebo-controlled clinical trial, saffron tablets were given to patients orally at a dose of 200 or 400 mg for 7 days, and showed an excellent safety (Modaghegh et al., 2008). Crocin tablets were also relatively safe in healthy volunteers at a dose of 20 mg dose for 1 month (Mohamadpour et al., 2013). In studies comparing the efficacy of saffron and placebo in patients with neuropsychiatric diseases, no serious side effects were observed (Mousavi et al., 2015; Mazidi et al., 2016; Lopresti and Drummond, 2017). As the bioactive compounds of saffron can interact with CYP enzymes, drugs with the same function will likely increase the risk of low pharmacological efficacy when co-administrated with saffron (Dovrtělová et al., 2015).



Pharmacological Actions and Potential Therapeutic Uses of Saffron


Pharmacological Effects of Saffron on the Central Nervous System (CNS) and Psychological Disorders


Depression and Anxiety


Depression

Depression is the most prevalent psychiatric disease worldwide, and is associated with high economic costs and a large social burden. Depression is projected to affect up to 21% of the world’s population by the end of 2020 (Murray and Lopez, 1997). Tricyclic antidepressants (TCAs), selective serotonin reuptake inhibitors (SSRIs), and selective serotonin noradrenaline reuptake inhibitors (SSNRIs) are the most commonly used antidepressants. Antidepressants mainly work by increasing the availability of serotonin and certain other neurotransmitters, thereby reducing depressive symptoms (Nelson et al., 2008). Unfortunately, given the lack of precision in targeting symptoms, it is not surprising that the outcomes of nearly all drugs on the market are less than satisfactory. Hence, combination treatments (using serotonergic, noradrenergic, and serotonergic and noradrenergic [and dopaminergic] drugs) involving drugs with two or more mechanisms of action are used to obtain a synergistic effect, or to improve tolerability. Psychotherapy and electroconvulsive therapy are also utilized as adjuvant therapeutic measures to improve the efficacy of drug treatment (Moret, 2005). Typical side effects include insomnia, somnolence, dry mouth, constipation, and tachycardia. Low rates of full remission, prolonged delays in symptom resolution, substantial residual symptoms after treatment, and high relapse rates are the major problems associated with currently available antidepressants (Si and Yu, 2016). Promisingly, some natural products have antidepressant effects, such as saffron, resveratrol, green tea catechins, cocoa, omega-2, anthocyanins, and B vitamins. Therefore, new drugs developed from extracts of natural products, especially those that have been shown to have low side effects in the treatment of depression, are becoming increasingly desirable (Siddiqui et al., 2018).


Preclinical Studies

Extracts of saffron (aqueous and ethanolic) were demonstrated to have antidepressant effects in a rodent depression model. Hosseinzadeh et al. confirmed the antidepressant effect of saffron in a forced swimming test completed by mice. The results showed that safranal (0.15–0.5 mg/kg), crocin (50–600 mg/kg), and the extracts of saffron stigma (0.2–0.8 g/kg) reduced the immobility time compared to the saline group. Swimming time was increased by both the extracts and safranal, in a manner comparable to fluoxetine. This indicated that the underlying mechanism may involve the activation of dopaminergic, noradrenergic, and serotonergic systems (Hosseinzadeh et al., 2004). In a similar study, also conducted by Hosseinzadeh, another constituent of saffron, kaempferol, had positive effects in both mice and rats depression models. In another preclinical study, Wang et al. confirmed therapeutic effects of saffron on depression. In this study, the aqueous ethanol extract of saffron was fractionated, based on the polarity at which the petroleum ether fraction and dichloromethane fraction showed dose-dependent antidepressant effects in a behavioral model of depression (Wang et al., 2010). Amin et al. discovered that crocetin has a stronger antidepressant effect than crocin, since a higher dose of the latter was needed in acute and sub-acute administration regimens (Amin et al., 2015). Several other studies found that aqueous extracts of saffron showed antidepressant effects in various experimental depression models that involved modulation of the BDNF, CREB, and VGF pathways (Dorri et al., 2015; Ghasemi et al., 2015; Razavi et al., 2017; Asrari et al., 2018). Moreover, crocin has exhibited anti-inflammatory effects by suppressing the expression of NF-kB and NLRP3 signaling pathway activity in an LPS-induced mouse model; neuroinflammation has been suggested to be a potential mechanism (Zhang et al., 2018).



Clinical Studies

Due to the efficacy of saffron in the treatment of depression demonstrated in many preclinical studies, several clinical trials on saffron have been performed over the last few decades. Moshiri et al. and Akhondzadeh et al. obtained the same result, i.e., that that patients who received saffron 30 mg/day (b.i.d.) for 6 weeks showed better outcomes according to the Hamilton Depression Rating Scale than patients who received placebo (b.i.d.). Both studies included 40 outpatients who met the DSM-IV (Diagnostic and Statistical Manual of Mental Disorders-IV) criteria for depression and received either saffron or placebo treatment (Akhondzadeh et al., 2005; Moshiri et al., 2006). Another clinical trial showed that saffron can reduce depression severity. That 4-week study involved 40 patients suffering from major depression according to the DSM-IV criteria; the patients were randomly assigned to a fluoxetine and saffron group or fluoxetine and placebo group. Even though depression severity was reduced in both groups, at the end of the study there were no significant group differences, indicating no additional benefit of saffron taken in conjunction with fluoxetine. Further investigation of longer-term treatment outcomes is merited (Sahraian et al., 2016). In another randomized double-blind study, Lopresti and colleagues observed 123 patients for 12 weeks. They concluded that various doses of curcumin and combined curcumin/saffron treatment can reduce depressive and anxiolytic symptoms in patients with major depressive disorder. Similarly, Mazidi et al. found that, compared with the placebo group, patients taking 50 mg saffron (b.i.d.) for 12 weeks showed an improvement in anxiolytic and depressant symptoms (Mazidi et al., 2016; Lopresti and Drummond, 2017). Postpartum depression is a subtype of depression that can affect new mothers after childbirth. A randomized, double-blind placebo-controlled trial was conducted on 60 women suffering from postpartum depression. At the final assessment, 96% patients in the saffron group were in remission compared to 43% in placebo group. The complete response rate of the saffron group reached 60%, which was higher than that of the placebo group (Tabeshpour et al., 2017). In addition, several clinical studies have been carried out to evaluate the antidepressant effects of the active ingredient in saffron, crocin. Talaei et al. reported that crocin combined with one SSRI (fluoxetine, sertraline or citalopram) had a greater antidepressant effect than SSRI combined with placebo (Talaei et al., 2015).

As well as clinical studies comparing the antidepressant effects of saffron and placebo, several studies compared saffron with clinical antidepressants. Shahmansouri et al. and Noorbala et al. both compared saffron and fluoxetine, in terms of therapeutic effects on depression, in a 6-week study. In both studies, saffron had a comparable therapeutic effect to that of fluoxetine on mild-to-moderate depression. In a pilot double-blind randomized trial, Akhondzadeh et al. reported a similar result to the two studies mentioned above, with no side effects (Noorbala et al., 2005; Akhondzadeh Basti et al., 2007; Shahmansouri et al., 2014). A double-blind, randomized clinical trial found that, after receiving saffron (15 mg capsule, b.i.d.) or fluoxetine (20 mg capsule, b.i.d.), nearly 50% of the patients in both groups experienced an improvement of depressant symptoms and a reduction in depression scores. There were no significant differences between the groups (Kashani et al., 2017). Two other studies compared the antidepressant effects of saffron with either imipramine or citalopram. Despite the similar results to those reported above, saffron exerted fewer adverse effects compared with imipramine (Akhondzadeh et al., 2004; Ghajar et al., 2017). Thus, substantial clinical evidence indicates that saffron is an effective alternative solution to antidepressant drugs for the management of depression.




Anxiety

Anxiety is a serious psychiatric condition that can manifest as panic disorder, phobias such as agoraphobia or claustrophobia, social anxiety disorder etc.; anxiety affects more than 6% of the world’s population. SSRIs, serotonin, and noradrenaline reuptake inhibitors (SNRIs), and pregabalin are still the first-line drugs recommended by international guidelines. However, side effects, delayed action, and worsening of anxious symptoms at the beginning of treatment make it hard to achieve an ideal therapeutic outcome and tend to preclude continuous treatment. Meanwhile, natural products such as bacopa monniera, centella asiatica, galphimia glauca and matricaria recutita etc. have demonstrated anti-anxiety effects (Sarris, 2018). New drugs synthesized from natural products may have a bright future owning to fewer side effects and a shorter onset time (Maron and Nutt, 2017).


Preclinical Studies

Hosseinzadeh et al. compared the anxiolytic and hypnotic effects of saffron extract, crocin, and safranal using an elevated plus maze test in a mouse model of anxiety. The results showed that saffron aqueous extract and safranal, but not crocins, had anxiolytic and hypnotic effects (Hosseinzadeh and Noraei, 2009). Another study obtained similar results in an animal model of anxiety using a light/dark test. However, there were differences from the experiments conducted by Hosseinzadeh et al., in that both crocin and diazepam could increase the “darkness entering latency of rats” in a light/dark test, suggesting that crocin had anxiolytic-like effects (Pitsikas et al., 2008). Ghalandari-Shamami et al. exposed rats to stress during adolescence to evaluate the anxiolytic effects of crocin and physical activity (voluntary wheel running exercise). Crocin, physical activity, and the combined intervention all alleviated the behavioral and morphological deficits induced by adolescent stress (Ghalandari-Shamami et al., 2019). Other studies investigated the therapeutic effects of crocin on obsessive-compulsive disorder and stress-induced anorexia. The results showed that both crocin and aqueous extracts of saffron had the ability to attenuate symptoms, albeit to differing extents (Halataei et al., 2011; Georgiadou et al., 2012).



Clinical Studies

Several randomized double-blind clinical trials have been performed to evaluate the efficacy of saffron or saffron extracts on anxiety. Another 6-week study, involving 66 patients who suffered from major depression accompanied with anxiety, compared the anxiolytic effects of saffron (30 mg/day) and citalopram (40 mg/day). Obvious improvement of anxiety symptoms was observed and no severe side effects were seen in either group (Ghajar et al., 2017). Two clinical trials were designed to investigate the anxiolytic effect of affron® (a novel saffron extract) on both adults and youths. In the first study, Kell et al. found that affron® (28 mg/day for 4 weeks) notably improved anxiety-like symptoms in healthy adults (Kell et al., 2017). The second trial was focused on youths (aged 12–16 years) with mild-to-moderate anxiety or depression symptoms. The results showed that administration of affron® (14 mg, b.i.d.) for 8 weeks improved anxiety and depressive symptoms in the youths (Lopresti et al., 2018). Furthermore, Milajerdi et al. investigated whether saffron has a therapeutic effect on mild-to-moderate depression-anxiety in type 2 diabetes mellitus (DM) patients. Anxiety and sleep disturbance in the DM patients were relieved after 8 weeks of treatment with saffron (Milajerdi et al., 2018). However, a 12-week, double-blind randomized placebo-controlled clinical trial obtained different results. Men and women with on-pump coronary artery bypass grafting (CABG) were included in the study and received either saffron capsules (15 mg/twice daily) or placebo. The results did not support the hypothesis of a therapeutic effect of saffron in post-CABG patients with symptoms of depression and anxiety. The limitations of the study included a small sample size, short study duration, and non-comprehensive study design (Moazen-Zadeh et al., 2018).





Alzheimer’s Disease and Parkinson’s Disease


Alzheimer’s Disease

AD is a slowly progressing neurodegenerative disease associated with progressive loss of learning and memory function. Pathological changes, such as the formation of neurofibrillary tangles (NFT) and amyloid plaques, can cause a range of biological dysfunctions in the brain, ultimately leading to memory and learning ability loss. AD is one of the most common causes of dementia, especially in elderly populations. There will be approximately 50 million people with dementia associated with AD by 2040 (Finley and Gao, 2017). Thus, new drugs are urgently needed for the treatment of AD. Natural products are currently the “hot topic” in neurodegenerative diseases. Regarding its therapeutic effects on brain disorders, saffron has been proven to alleviate the symptoms of AD.

Depression and anxiety are two frequent and challenging comorbidities of AD. When accompanied by personality changes, depression and anxiety are often neglected and negatively impact quality of life. Studies have shown that patients with severe AD were more likely to have depression. Moreover, depression and anxiety could accelerate the progression, and increase the mortality, of AD patients. Patients are likely to benefit from saffron because of its antidepressant and anti-anxious effects (Van der Mussele et al., 2013; Chi et al., 2015; Gracia-Garcia et al., 2015).


Preclinical Studies

Saffron and its constituents have neuroprotective effects against chemically induced cognitive impairment in experimental animal models (Dashti et al., 2012; Naghibi et al., 2012; Naghizadeh et al., 2013; Asadi et al., 2015; Ghaffari et al., 2015). Moreover, amyloid-β (Aβ) peptide, phosphorylated tau proteins, and their associated signaling pathways are potentially crucial therapeutic targets for AD intervention. The neuroprotective effects of crocin and crocetin were demonstrated by several in vitro studies. The results showed that both crocin and crocetin could provide neuroprotection by reducing Aβ aggregation, phosphorylated tau formation, and synaptic loss. AD is an intractable neurodegenerative disease and complex mechanisms regulate its progress. Several studies have proved that saffron and its constituents, especially crocin and crocetin, achieve a neuroprotective effect via attenuating oxidant stress, endoplasmic reticulum stress, neuroinflammation, damage of the BBB, and neuronal cell apoptosis (Papandreou et al., 2006; Ahn et al., 2011; Deslauriers et al., 2011; Ghahghaei et al., 2012; Ghahghaei et al., 2013; Kong et al., 2014; Karakani et al., 2015; Rashedinia et al., 2015). A recent study showed that the neuroprotective effects of saffron may involve the MAPK and PI3K pathways (Rafieipour et al., 2019).



Clinical Studies

Since there are no effective drugs for AD, natural products are being emphasized in the development of therapeutics. Few clinical studies have compared the effects of saffron with either first-line drugs or placebo. Tsolaki et al. reported that saffron could be a good choice for management of mild cognitive impairment, where it improved Mini-Mental State Examination scores in patients (Tsolaki et al., 2016). To compare the effects of saffron with the first-line drugs used by AD patients, Akhondzadeh et al. conducted a clinical trial. The results showed that saffron (30 mg/day) was as effective as donepezil (10 mg/day) for mild-to-moderate AD patients. Another double‐blind, randomized study compared saffron with memantine in terms of their ability to alleviate cognitive impartment. In that study, saffron was comparable to memantine in terms of reducing cognitive decline in AD patients. It has also been reported that saffron exerts synergistic effects with other nutraceuticals (Bacopa monnieri, l-theanine, copper, folate, and vitamins of B) to influence cognitive function (Akhondzadeh et al., 2010a; Akhondzadeh et al., 2010b; Farokhnia et al., 2014; Cicero et al., 2017).




Parkinson’s Disease

PD is a common neurodegenerative disease characterized by the loss of dopaminergic neurons in the substantia nigra pars compacta. The symptoms of PD include tremor, bradykinesia, rigid muscles, impaired balance, and loss of automatic movements. Preclinical results indicate that saffron may be a promising target for curative drugs for PD (Pan et al., 2016).

PD in the early stages may manifest as non-motor symptoms such as sleep disorder, depression, and anxiety. In some cases, non-motor symptoms may even be the first symptoms. Studies have shown that the morbidity of depression in patients suffering from PD ranges from 2.7 to 90% due to differences in diagnostic criteria and study populations. According to epidemiological data, nearly 97% of PD patients have two or more non-motor symptoms, including anxiety. It is clear that the severity of PD is positively correlated with the development of non-motor symptoms. Saffron deserves more attention as a potential therapeutic for PD given its antidepressant and anxiolytic effects (Arabia et al., 2007; Pontone et al., 2009; Schrag and Taddei, 2017; Ryan et al., 2019).


Preclinical Studies

Saffron has been shown to exert multiple neuroprotective effects in different disease models. Abdullah et al. found that crocetin, one of the constituents of saffron, exerted neuroprotective effects in a 6-OHDA-induced rat PD model by attenuating oxidative stress (Ahmad et al., 2005). In another study, saffron exerted a neuroprotective effect on nigral and retinal dopaminergic cells in MPTP-treated mice (Purushothuman et al., 2013). Guo-Feng Zhang et al. showed that another constituent of saffron, crocin, protected pheochromocytoma (PC-12) cells against MPP+-induced injury through inhibiting mitochondrial dysfunction and ER stress (Zhang et al., 2015). Crocin was found to improve motor deficits and reduce inflammatory cytokines in a malathion-induced rat model (Mohammadzadeh et al., 2018). The antioxidative and antiapoptotic effects of safranal were investigated in an in vitro model of rotenone-induced PD. Safranal protected primary dopaminergic cells against oxidative stress and apoptosis via the Keap1/Nrf2 signaling pathway (Pan et al., 2016). Saffron and its constituents crocin and crocetin were also shown to exert neuroprotective effects by inhibiting the aggregation and accumulation of α-synuclein (Inoue et al., 2018). In a study conducted by Tamegart et al., saffron reversed dopaminergic and noradrenergic damage induced by lead (Tamegart et al., 2019). As well as in animal and cell models, neuroprotective effects of saffron and crocin were also confirmed by Rao et al. in a drosophila model of parkinsonism (Rao et al., 2016).






Other Brain Disorders


Post-Traumatic Stress Disorder (PTSD)

Post-traumatic stress disorder (PTSD) is a mental disorder, which is caused by experiencing or witnessing a catastrophic incident such as natural disaster, war, serious accident, assault, rape, and abuse. Flashback of trauma, avoidance of certain places, feeling tense, insomnia, and nightmares are the most common symptoms occurred in PTSD patients (Auxemery, 2018). Hormones changes, such as the increase of adrenaline, vasopressin, and corticotropin-releasing hormone (CHR), are generally considered to be responsible for the cause of the psychological disorders including different types of anxiety and depression (Newport and Nemeroff, 2000; Asalgoo et al., 2015). The recommended standard treatments for PTSD patients are psychological therapies (e.g. cognitive behavioral treatment, and talk therapy), medications (e.g. antidepressants, and cannabinoids), or combination of different methods (Watson, 2019).

Some preclinical studies on testing the effects of saffron and its constituents on PTSD animals have obtained encouraging results. Iranian scientists found out that both saffron extract and crocin could significantly reduce the plasma corticosterone level as well as the anorexic time in a PTSD rat model (Sahraei et al., 2012). Asalgoo et al. and his colleague reported that saffron extract and crocin could enhance the ability of spatial learning and attenuate the freezing behavior also in a PTSD rat model (Asalgoo et al., 2018). Regarding management of anxiety behavior, another study showed that combination oral intake of saffron and deep brain stimulation (DBS) exhibited a more efficient therapeutic effect than monotherapy of DBS (Hashtjini et al., 2018). All these promising pre-clinical results shall be further validated in clinical study in PTSD patients.



Schizophrenia

Schizophrenia is a severe mental disorder characterized by abnormal behavior, strange speech, a decreased ability to understand reality, and social, occupational, and individual dysfunction. The aetiology and pathophysiology of schizophrenia remain unknown. The complexity of schizophrenia is reflected in the different types of enduring and persistent psychotic symptoms (positive symptoms, negative symptoms, and cognitive disturbances). Because of the complexity of schizophrenia, current antipsychotic drugs have shown efficacy only for positive symptoms, such as hallucinations, delusions, catatonic behavior. There are no effective drugs for the negative symptoms (social withdrawal, anhedonia, avolition) or cognitive disturbances (deficits in attention and memory) (Pitsikas, 2016).

Few studies have investigated the effects of saffron in schizophrenia-like models. Georgia Georgiadou et al. found that crocin (50 mg/kg, i.p.) could attenuate the hypermotility, stereotypies, and ataxia induced by ketamine. Moreover, crocin (50 mg/kg, i.p.) counteracted ketamine-induced social isolation in the social interaction test (Georgiadou et al., 2014). Using a novel object recognition task (NORT), another study showed that crocin (15 and 30 mg/kg) reversed recognition memory deficits induced by apomorphine in rat schizophrenia-like models (Pitsikas and Tarantilis, 2017). Two clinical studies used saffron in schizophrenia patients but only investigated its effects on non-schizophrenia symptoms. Fadai et al. reported that saffron extract could alleviate metabolic syndrome, while Mousavi et al. found that saffron aqueous extract and crocin (15 mg b.i.d.) had no side effects in patients suffering from schizophrenia (Fadai et al., 2014; Mousavi et al., 2015).



Epilepsy

Epilepsy is characterized by abnormal hypersynchrony of neuronal activity due to an imbalance between glutamatergic signaling pathway-mediated excitatory neurotransmission and the GABAergic signaling pathway. Epilepsy constitutes a highly significant health concern and financial burden that affects about 50–65 million people worldwide. The main symptom of epilepsy is recurrent seizures (Eyo et al., 2017).

It was shown that safranal could reduce seizure duration and delay the onset of tonic convulsions (Hosseinzadeh and Talebzadeh, 2005; Hosseinzadeh and Sadeghnia, 2007). In addition, a study found that safranal exerted anticonvulsant activity through the GABAA-benzodiazepine receptor complex and might have interact with opioid receptors (Hosseinzadeh and Sadeghnia, 2007). Results obtained by Iranian researchers showed that administration of crocin (100 μg) had a comparable anticonvulsant effect to diazepam (10 μg) in a penicillin-induced epilepsy rat model, indicating involvement of the GABAA-benzodiazepine receptor (Tamaddonfard et al., 2012). In another study, crocin (5, 10, and 20 mg/kg p.o.) improved cognitive impairment in male Swiss albino mice by suppressing ROS generation and NF-κB pathway signaling (Mazumder et al., 2017). Additionally, hydroethanolic saffron extract (CSE) (10–200 μg/ml) inhibited evoked postsynaptic potentials (PSPs) and decrease glutamate-induced membrane depolarization (Berger et al., 2011). Other researches have shown that aqueous and ethanolic extracts of Crocus sativus L. stigma may benefit both absence and tonic clonic seizures (Hosseinzadeh and Khosravan, 2002).



Stroke

Stroke is one of the major causes of morbidity and mortality in developed and developing countries. Increasing evidence indicates that oxidative stress, inflammation, mitochondrial dysfunction, and excitotoxicity in ischemic areas account for the pathogenic progression of stroke (Luo et al., 2019). Oxidative stress is particularly implicated in stroke, and is one of the causes of dysfunction and death of neuronal cells (Barnham et al., 2004). Therefore, drugs that target oxidative stress may be useful in the treatment of stroke.

As a potent antioxidant, crocin has the ability to prevent the death of PC-12 cells by suppressing the generation of ROS (Ochiai et al., 2004; Ochiai et al., 2007). By the same token, saffron extract (Saleem et al., 2006), crocin (Ochiai et al., 2007; Zheng et al., 2007; Vakili et al., 2014), crocetin(Higashino et al., 2014), and safranal (Hosseinzadeh and Sadeghnia, 2005; Sadeghnia et al., 2017) exerted protective effects against ischemic injury by ameliorating excessive oxidation and increasing antioxidant activities in rat and mouse models. Neuroprotective effects of crocin were attributed to the regulation of MDA, SOD, GPx, and the c-jun kinase (JNK) pathway in the ischemic cortex (Ochiai et al., 2007; Vakili et al., 2014). In a recent randomized clinical trial, patients with acute ischemia stroke were randomly divided into two groups and subjected to either routine stroke care or routine stroke care with saffron capsule treatment (200 mg/day), for a 3-month follow-up observation. Based on the Institute of Health Stoke Scale (NIHSS), the severity of stroke was significantly alleviated in saffron-treated group during the first 4 days. Decreased serum neuron specific enolase, s100 and increased BDNF were also observed in saffron-treated group. At the end of this trial, patients in saffron-treated group showed a higher mean Barthel index, which measures functional independence and mobility in patients with chronic and disabling conditions, than patients in control group (Asadollahi et al., 2019).





Conclusion

As one of the most expensive spices in the world, saffron and its constituents, such as crocin, crocetin, and safranal, have shown various biochemical and pharmacological functions. In this comprehensive review, we aimed to summarize the chemical profiles, pharmacological activities, and therapeutic applications of saffron and its constituents in diseases of the central nervous system. Both preclinical and clinical trials suggested that saffron was effective and safe without serious side effects. According to current scientific evidence, saffron and its bioactive compounds have multiple therapeutic effects in many conditions, including psychological disorders, neurodegenerative diseases, cancer, diabetes, and cardiovascular diseases. Preclinical studies proved that saffron exerts its neuroprotective effects mostly via antioxidative stress, anti-neuroinflammation, anti-apoptosis and certain other related pathways. Clinical trials also confirmed that saffron could alleviate depressive and anxiety-like symptoms in both depression and anxiety patients. Improvement of cognition impairment was observed in clinical studies using saffron for treating neurodegenerative diseases such as AD and PD. Taken together, the findings provide a fresh perspective that could aid the development of novel neuroprotective drugs from saffron and its bioactive compounds. More investigation of saffron is needed, including preclinical and clinical studies, in terms of its potential to treat neuropsychiatric diseases.
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Jie-Yu Pill, A Proprietary Herbal Medicine, Ameliorates Mood Disorder-Like Behavior and Cognitive Impairment in Estrogen-Deprived Mice Exposed to Chronic Unpredictable Mild Stress: Implication for a Potential Therapy of Menopause Syndrome
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Jie-Yu Pill (JYP) is a proprietary herbal medicine initially developed to treat menstrual mood disorders. This study sought to determine whether JYP could alleviate menopausal psychiatric symptoms in ovariectomized (OVX) mice, an animal model of estrogen deprivation, exposed to chronic unpredictable mild stress (CUMS) and the underlying mechanisms in comparison with estrogen therapy. The OVX+CUMS mice were treated with 0.3 mg/kg estradiol (E2), 2.5 g/kg or 5 g/kg JYP for 36 days, and tested in multiple behavioral paradigms. Serum, uterus, and brain tissues were collected for the measurement of hypothalamus-pituitary-ovarian axis (HPO) and hypothalamus-pituitary-adrenal (HPA) axis hormones, γ-aminobutyric acid (GABA), glutamate, neurotrophins, and estrogen receptors. JYP and E2 had comparable efficacy in reducing anxiety- and depression-like behavior and cognitive impairment of the OVX+CUMS mice. E2 strikingly increased ratio of uterus to body weight of the OVX+CUMS mice, but JYP did not. Both agents suppressed HPO-axis upstream hormones, inhibited HPA-axis hyperactivity by reinstating hypothalamic GABA, restored hippocampal and prefrontal glutamate contents and its receptor expression in the OVX+CUMS mice. While JYP and E2 protected against decreases in hippocampal and prefrontal neurotrophins and estrogen receptors of the OVX+CUMS mice, unlike E2, JYP had no significant effects on these biomarkers in the uterus. These results suggest that JYP has comparable efficacy in ameliorating mood disorder-like behavior and cognitive impairment induced by a combination of estrogen deprivation and chronic stress in association with certain differential uterus-brain mechanisms compared to estrogen therapy. JYP may be a potential therapy for menopause-associated psychiatric disorders.

Keywords: Jie-Yu Pill, herbal medicine, menopause syndrome, psychiatric disorders, estrogen deprivation, ovariectomized mice


INTRODUCTION

Menopause is an important and physiological process in a woman's life, manifesting as the permanent cessation of menstruation due to the failure of ovarian follicular activity (1). Multiple psychiatric symptoms, including anxiety, depression, and cognitive decline, are frequent complaints of menopausal women and have become a significant obstacle to the quality of their life (1, 2). Although estrogen therapy is the mainstay of the management of menopausal syndrome, its efficacy in improving psychiatric symptoms is limited and even controversial; long-term estrogen therapy even increases the risk of breast and ovarian cancer, stroke, and cardiovascular disease (3). Therefore, the development of novel treatment strategies for menopausal women is greatly desired.

Jie-Yu Pill (JYP), consisting of 10 herbal materials (Table 1), is a proprietary agent which was initially developed from classic Chinese medicine formulae to treat menstrual cycle related mood symptoms (4, 5). Clinical studies have shown the effectiveness of JYP in the treatment of depressive and anxiety disorders, including climacteric depression, postpartum depression, generalized anxiety disorder, and psychosomatic disorders (4, 6). A series of previous studies have confirmed anxiolytic and antidepressant effects of JYP in normal rodents and its modulatory effects on the hypothalamic-pituitary-adrenal (HPA) axis and monoamine neurotransmitters in the prefrontal cortex, hippocampus, and hypothalamus, the three brain regions that play key roles in the development of menopausal psychiatric disorders (7–12).


Table 1. Individual Medicinal materials of the JYP formulaa.
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On the other hand, one herbal medicine formula derived from JYP's two herbal materials, paeoniae radix and glycyrrhizae radix, could normalize dopamine hyperactivity induced female sex hormone dysfunction (13). Several constituents contained in JYP, such as paeoniflorin (14), saikosaponin A (15), and polysaccharides of lily bulb (Lilium lancifolium Thunb.) (16), could reduce estrogen deprivation induced anxiety, depression, and cognitive impairment in animal models. Total polysaccharides of lily bulb and estrogen therapy exerted differential modulatory effects on different neurotrophins and estrogen receptor subtypes in the uterus and brain regions (16, 17). In addition, brain γ-aminobutyric acid (GABA) and glutamatergic neuronal system are directly involved in the pathophysiology of psychiatric disorders occurred during menopausal transition (18–20). Brain neurotrophins modulate estrogen-associated learning, memory, and the underlying neuroplasticity (21, 22).

We therefore hypothesized that JYP could produce comparable efficacy in alleviating menopause-related psychiatric disorders compared to estrogen therapy in association with differential mechanisms at peripheral reproductive organs and the brain. Ovariectomized (OVX) animals are often used as a model of estrogen deprivation as it is well-validated to represent most estrogen deprivation-associated clinical features in the adult human (23). We have modified this model by exposing the OVX mice to chronic unpredictable mild stress (CUMS) to facilitate the development of mood disorder-like behavior and cognitive impairment (16, 17). In this study, the psychotropic effects of JYP were evaluated in behavioral paradigms of anxiety, depression, and cognition in OVX mice exposed to CUMS. We also examined the effects of JYP on serum hormones of the hypothalamus-pituitary-ovary (HPO) and HPA axes, the expression of GABA, glutamate, neurotrophins, estrogen receptor α (ERα) and β (ERβ) in the prefrontal cortex, hippocampus, and hypothalamus.



MATERIALS AND METHODS


Animals and Experimental Time Course

All experimental procedures were approved by the Committee on the Use of Live Animals in Teaching and Research of the University of Hong Kong (CULATR 3812-15). A total of 50 C57BL/6N female mice weighing 18–22 g at 8 weeks of age were purchased from Charles River Laboratory (Wilmington, MA, USA). Mice were housed in 3–4 per cage at a constant temperature (23 ± 2°C) and maintained on a 12 h/12 h light/dark cycle (lights on 7:00–19:00) with ad libitum access to food and water.

The experimental time course is illustrated in Figure 1. After 1 week of acclimatization, animals received OVX or sham surgery and were allowed for 2 weeks of recovery. Our preliminary study found that OVX itself could not consistently evoke remarkable psychiatric disorder-like behavior. Chronic unpredictable mild stress (CUMS) procedure was then added to accelerate the development of mood disorder-like behavior and cognitive impairment. Multiple behavioral tests were carried out at 4 weeks post-OVX. Treatment started at 1 day after OVX and throughout 36 days.
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FIGURE 1. Experimental time course. OVX, ovariectomized; SPT, sucrose preference test; TST, tail suspension test; FST, forced-swimming test; OFT, open-field test; EPM, elevated plus maze; MWM, Morris water maze.




Ovariectomy (OVX) and CUMS

For OVX surgery, mice were anesthetized with a mixture of ketamine (10 mg/kg) and xylazine (10 mg/kg) via intraperitoneal injection (i.p.). Following small bilateral dorsal flank incisions, bilateral ovaries were removed immediately. An additional group of mice who received sham surgery with similar incisions but without ovary removal served as control.

At 2 weeks after surgery, OVX mice received CUMS for 14 days with various types of mild stressors, including tail clamping for 1 min, water deprivation for 15 h, food deprivation for 15 h, restraint in a plastic tube for 4 h, cage tilting at 45 degree for 15 h, empty cage without nesting for 15 h, illumination in dark phase, and wet bedding (50 g sawdust/200 ml water) for 15 h. The animals received only one stressor per day and the same stressor was applied for no more than 2 consecutive days such that animals could not predict the occurrence of future stressor events. Our previous studies have confirmed that the addition of CUMS could better mimic distress experienced during menopause transition (16, 17).



Drug Preparation and Treatment

There were five treatment groups. They were OVX+CUMS mice who received a treatment with vehicle, 0.3 mg/kg 17β-estradiol (E2), 2.5 g/kg JYP, or 5 g/kg JYP. The control group with sham surgery received vehicle treatment. All agents were delivered via oral gavage on a daily basis for 36 days.

For estrogen treatment, E2 (Sigma-Aldrich, St. Louis, MO) was prepared in stock ethanol solution (20 mg/ml) and then diluted with distilled water to a concentration of 0.03 mg/ml, at which the ethanol concentration of 0.15% yielded served as vehicle. OVX+CUMS mice were treated with 0.3 mg/kg E2 in a volume of roughly 0.2 ml vehicle. The dose of 0.3 mg/kg E2 was an optimal dose that can well mimic biochemical effects of estrogen therapy based on previous dose-dependent studies (24, 25).

JYP has been approved for marketing in China in 2002. JYP used in this study was generously provided by Henan Taifeng Biotechnology Co., Ltd (Zhengzhou, China) (manufacturer batch number: 20170901). The detailed manufacturing procedure of JYP was carried out in strict compliance with Good Manufacturing Practice (GMP) (https://patentimages.storage.googleapis.com/68/b2/47/ed1207e1332697/CN1404864A.pdf). The quality control of JYP adhered to the specifications and test procedures according to the internal standard. For animal treatment, JYP was dissolved in the vehicle and administered at 30 min before the CUMS stressors. The two doses of JYP (2.5 g/kg and 5 g/kg) used in mice were based on a clinically recommended dose of 12 gram per day for adults weighing 60 kg.



Behavioral Tests

Anxiety-like behavior was examined in open-field test (OFT) and elevated plus maze (EPM). Depression-like behavior was examined using sucrose preference test (SPT), forced-swimming test (FST), and tail suspension test (TST). Cognitive performance was measured using Morris water maze.


Open-Field Test (OFT)

The test was conducted in a white square box (40 × 40 × 40 cm), in which the white floor is divided into the central zone (15 × 15 cm) and the surrounding zone. Each mouse was placed on the surrounding zone and allowed to explore freely for 5 min under white fluorescent light from above. Its movement trajectory in the box was recorded with video tracking software (Noldus Information Technology, Leesburg, VA, USA). The total distance moved was analyzed to evaluate locomotor activity. The time spent in and number of entries into the central zone were obtained to evaluate the extent of anxiety. The box was cleaned with 70% ethanol between tests.



Elevated Plus Maze (EPM)

EPM consists of two open arms (35 × 5 cm) and two closed arms (35 × 5 × 15 cm), arranged such that the two arms of each type are opposite to each other. The maze is elevated to a height of 70 cm from the floor. The mouse was placed in the center area of the maze with its head directed toward an open arm and was then allowed to explore the maze freely for 5 min. The movement trajectory in the maze was recorded with video tracking software (Noldus Information Technology, Leesburg, VA, USA). Any subsequent visit to one of the four arms was counted when all four paws of a mouse entered. The time spent in and number of entries into the open arms were obtained to evaluate the extent of anxiety. The maze was cleaned with 70% ethanol between tests.



Sucrose Preference Test (SPT)

To acclimatize sucrose preference, mice were exposed to two bottles containing 1% sucrose solution (w/v) with ad libitum access for 24 h in groups of three to five per cage. On day 2, one bottle containing 1% sucrose solution and another containing tap water were accessible for 24 h. On day 3, the position of the two bottles was switched for 24 h. At the end of the adaptation period, mice were deprived from food and water for 22 h. After that, SPT was conducted in an individual mouse housed in a cage with free access to two respective bottles containing 1% sucrose solution and tap water for 2 h. To prevent side preference in drinking behavior, the position of the two bottles was switched in the middle of testing. Water and sucrose consumption were measured as changes in weight of fluid consumed. The sucrose preference was calculated from the following formula: sucrose preference (%) = sucrose intake (g)/[sucrose intake (g) + water intake (g)] × 100%.



Forced-Swimming Test (FST)

A polycarbonate cylinder (30 cm in height and 20 cm in diameter) was used for FST. The cylinder was filled with water to a depth of 15 cm at 23 to 25°C. A mouse was placed in the cylinder for 6 min and its movement was recorded on videotape. Immobility time, defined as the absence of all movements except for motions required to maintain the head above the water, was obtained from the last 4 min of the trial with EthoVision XT7 software.



Tail Suspension Test (TST)

The test was conducted in a specially manufactured tail suspension box. Each mouse was suspended 50 cm above the floor of the box by fixing its tail tip (1 cm in length) with adhesive tape. Immobility time, defined as the absence of any movements of limbs and trunk except for whisker movement and respiration, was recorded on videotape over 6 min of testing and analyzed with EthoVision XT7 software.



Morris Water Maze (MWM) Test

The apparatus for MWM consists of an open circular pool (90 cm in diameter and 45 cm in height) filled with water (22 ± 2°C). The pool was conceptually divided into four quadrants, and a hidden platform (6 cm in diameter and 39 cm in height) was placed in one of the quadrants and submerged 1 cm beneath the water surface. The test was divided into the two phases: 6 days of acquisition trials and 1 day of probe trial.

For acquisition trials, at Day 1 the mice were allowed to freely swim in clear water with the visual cues on the hidden platform. During the subsequent 5 days, the mice were given four training trials per day in the milky water by placing titanium dioxide into the water. Different starting points were used on each of the five daily trials and the order of starting point was random. If a mouse located the platform, it was allowed to remain on the platform for 10 s. If a mouse failed to locate the platform within 60 s, it was placed on the platform for 10 s. The mice were towel-dried and returned to their home cage after each trial. The latency to the hidden platform was recorded from each training trial and averaged across the four training trials each day for data analysis. One mouse of the 5 JYP group died at Day 2 during the acquisition trials.

The probe trial was conducted at Day 7. The platform was removed from the pool and a mouse was placed onto the pool and allowed to search the platform for 60 s. The movement trajectory in the maze was recorded with video tracking software (Noldus Information Technology, Leesburg, VA, USA). The total swimming distance was calculated to evaluate the locomotor activity. The latency to the target zone, the duration spent in the target zone, and the crossing number into the target zone were obtained to measure the spatial memory.




Tissue Preparation and Measurement of Serum HPO- and HPA-Related Hormones

Following the completion of behavioral tests, animals were anesthetized with ketamine/xylazine (120/18 mg/kg). A volume of 0.5–0.6 ml blood was collected via cardiac puncture. The uterus and whole brains were removed. The prefrontal cortex, hippocampus, and hypothalamus were dissected from the brains for Western blot analysis (see below). Sera were immediately separated by centrifuging at 3,500 rpm for 15 min at 4°C and stored at −80°C until assay. Adrenocorticotropic hormone (ACTH) (Cat No.: RK02566), Follicle Stimulating Hormone (FSH) (Cat No.: RK02819) and Luteinizing Hormone (LH) (Cat No.: RK02986) levels were measured using their corresponding commercial enzyme-linked immunosorbent assay (ELISA) kits (ABclonal Technology, Wuhan, China) according to the manufacturer's instructions. Estradiol (E2) (Cat No.: KGE014) and Corticosterone (CORT) (Cat No.: KGE009) were also tested with ELISA kits (R&D systems Inc., Minneapolis, USA).



Determination of Brain Regional GABA and Glutamate Levels

High performance liquid chromatography (HPLC) with diode-array detector (DAD) was used to measure the contents of regional brain GABA and glutamate (Glu) as described previously (26). Briefly, the hypothalamus, hippocampus, and prefrontal cortex were dissected from the brain and homogenized in 100–200 μl of acetonitrile. The homogenate was centrifuged at 13,000 rpm at 4°C for 20 min; the supernatant was collected and evaporated under a gentle stream of nitrogen. The dried residue was reconstituted in 50–100 μl of Na2CO3-NaHCO3 buffer (pH 9.5). The 25–50 μl of dansyl chloride (10 mmol/L) was added and vortex mixed for derivatization procedure, and the mixture was incubated in dark at 65°C for 25 min and cooled to room temperature. The solution was then centrifuged at 13,000 rpm for 20 min, and 10 μl of the supernatant was directly injected into a Thermo 3000 series UPLC equipped with an ACE Excel 2 C18 column (100 mm × 2.1 mm × 1.7 μm) and DAD. The mobile phase consisted of acetonitrile (A) and 0.6% acetic acid in water/0.008% trithylamine (B). The gradient program was developed with 70–55% B for 0–20 min. The flow rate was kept at 0.4 mL/min and the detective wavelength was selected at 254 nm.



Western Blot Analysis

Western blot analysis was used to detect the effects of JYP on the expression levels of N-methyl-D-aspartate receptor subunit 1 (NMDAR1), the three neurotrophins, brain-derived neurotrophic factor (BDNF), nerve growth factor (NGF), and glial cell-derived neurotrophic factor (GDNF), and the two estrogen receptors, ERα and ERβ, in the brain regions and the uterus. Brain and uterine tissues were homogenized in radio-immunoprecipitation assay buffer (RIPA Buffer, Sigma Aldrich, USA) containing 2% phenylmethanesulfonyl fluoride (PMSF, Sigma-Aldrich, USA) at 4°C for 30 min. All tissues were centrifuged at 13,000 rpm for 20 min. The supernatant was collected and their protein concentration were measured with the Bradford method using Coomassie brilliant blue G-250 (Bio-Rad Laboratories Inc.). Proteins were separated by electrophoresis on 10% SDS-PAGE gels and subsequently transferred onto polyvinylidene difluoride membranes (PVDF, 0.22 μM, Bio-Rad Laboratories, Inc.). After being blocked with 5% BSA in TBST, the membranes were then blotted with the primary rabbit antibodies against NMDAR1 (1:2000, Santa Cruz Biotechnology, USA, Cat No.: sc-1468), BDNF (1:1000, Santa Cruz Biotechnology, USA, Cat No.: sc-546), NGF (1:1000, Abcam, Cambridge, USA, Cat No.: ab52918), GDNF (1:1000, Abcam, Cambridge, USA, Cat No.: ab176564), ERα (1:1000, invitrogen, USA, Cat No.: PA5-16440), ERβ (1:1000, invitrogen, USA, Cat No.: PA1-310B), and mouse anti-GAPDH (1:5000, Immunoway, USA, Cat No.:YM3029) at 4°C overnight. After rinsing with TBST, the membranes were incubated with suitable secondary antibodies (1:2000, Santa Cruz Biotechnology, USA) at 4°C for 4 h. Chemiluminescence was detected using an enhanced chemiluminescence detection kit (GE Healthcare, UK). The intensity of the bands was quantified by scanning densitometry using Image Lab 5.1 software (Bio-Rad, Laboratories, Inc.). The mean value of the intensity was obtained from at least three independent experiments.



Statistical Analysis

Based on our previous studies (16, 17), n = 10 per group should be sufficient to detect statistical differences in behavioral variables among treatment groups at a power of 0.8 and a significance level of 0.05. Two-way repeated measure analysis of variance (ANOVA) was used to detect the effects of JYP on the latency to the hidden platform over acquisition trials. One-way ANOVA was used to examine other variables. Between-group differences were further analyzed using Student–Newman–Keuls test. All data were expressed as mean ± standard error of the mean (SEM). Statistical significance was defined as <0.05 of P-value. All statistical analysis was conducted with SAS (version 9.4; SAS Institute, Cary, NC).




RESULTS


Effects of JYP and E2 on Body Weight and Uterine Weight

Significant effects of group were observed on body weight [F(4, 44) = 6.088, P < 0.001] and ratio of uterus to body weight [F(4, 44) = 27.6, P < 0.001] (Figure 2). OVX+CUMS caused a striking increase in body weight (P = 0.004) (Figure 2A) and a dramatic decrease in ratio of uterus to body weight (P < 0.001) compared to sham surgery (Figure 2B). E2 treatment partially reversed OVX+CUMS-induced changes in the two variables (P ≤ 0.002). JYP (5 g/day) significantly suppressed the OVX+CUMS-induced weight gain (P = 0.001), but either dose of JYP had no effects on the ratio of uterus to body weight compared to vehicle (P ≥ 0.997).
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FIGURE 2. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on net changes in body weight (A) and ratio of uterus to body weight (B) of OVX+CUMS mice. Data are expressed as mean ± SEM (n = 9–10) and examined with one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: **P < 0.01, ***P < 0.001 vs. sham group; ##P < 0.01, ###P < 0.001 vs. vehicle group.




Effects of JYP and E2 on Anxiety-Like Behavior

There were significant differences among the four groups in time spent in [F(4, 44) = 2.754, P = 0.037] and number of entries into the central zone of OFT [F(4, 44) = 4.388, P = 0.005], and time spent in [F(4, 44) = 3.35, P = 0.018] and number of entries into open arms of EPM [F(4, 44) = 4.828, P = 0.003] (Figure 3). In OFT, OVX+CUMS mice treated with E2 spent markedly more time in and had more entries into the central zone (P ≤ 0.027) compared to those treated with vehicle (Figures 3A,B). Both doses of JYP significantly increased the entry number to the central zone (P ≤ 0.031). In EPM, OVX+CUMS mice treated with E2 and 5 g/kg JYP spent significantly more time in and had more entries into open arms than those treated with vehicle (P ≤ 0.020) (Figures 3C,D). OVX+CUMS mice receiving 2.5 g/kg JYP also showed significantly more entries into open arms than those vehicle-treated OVX+CUMS mice (P = 0.008).


[image: Figure 3]
FIGURE 3. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on OVX+CUMS-induced anxiety-like behavior: (A) Duration in the central zone in the open field test (OFT); (B) Number of entries into the central zone in the OFT; (C) Duration in the open arms in the elevated plus maze (EPM) test; and (D) Number of entries into the open arms in EPM. Data are expressed as mean ± SEM (n = 9–10) and examined with one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: *P < 0.05 vs. sham group; #P < 0.05, ##P < 0.01 vs. vehicle group.




Effects of JYP and E2 on Depression-Like Behavior

Significant effects of group were present on sucrose consumption in SPT [F(4, 44) = 6.221, P < 0.001] (Figure 4A), immobility time in TST [F(4, 44) = 4.01, P = 0.007] (Figure 4B), and FST [F(4, 44) = 3.138, P = 0.024] (Figure 4C). OVX+CUMS resulted in a marked reduction of sucrose consumption in SPT and a significant increase in immobility time spent in TST and FST compared to sham surgery (P ≤ 0.026). E2 completely reversed OVX+CUMS-induced changes in the three variables (P ≤ 0.045). Both doses of JYP significantly increased sucrose consumption (P ≤ 0.023) and 5 g/kg JYP additionally reduced immobility time spent in FST (P < 0.039) as compared to vehicle.
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FIGURE 4. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on OVX+CUMS-induced depression-like behavior: (A) percentage of sucrose consumption in sucrose preference test (SPT); (B) immobility time of tail suspension test (TST); and (C) immobility time of forced swimming test (FST). Data are expressed as mean ± SEM (n = 9–10) and examined with one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: *P < 0.05, **P < 0.01 vs. sham group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. vehicle group.




Effects of JYP and E2 on Cognitive Performance

Two-way ANOVA showed no significant interaction between group and time on the escape latency to the platform [F(20, 220) = 1.300, P = 0.203], but significant main effects were observed on group [F(4, 44) = 11.10, P < 0.001] and time [F(5, 220) = 41.61, P < 0.001] on the latency in acquisition trials (Figure 5A). Vehicle-treated OVX+CUMS mice spent much longer latency to find the platform than mice with sham surgery at Day 2 through Day 6 (P ≤ 0.033). The latency of OVX+CUMS mice treated with E2 was markedly less than that of OVX+CUMS mice treated with vehicle at Day 2 through Day 6 (P ≤ 0.040). OVX+CUMS mice treated with 2.5 g/kg JYP spent less time locating the platform at Day 5 and Day 6 (P ≤ 0.009). OVX+CUMS mice treated with 5 g/kg JYP showed a shorter latency to find the platform at Day 3 through Day 6 (P ≤ 0.016).
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FIGURE 5. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) in Morris water maze test of OVX+CUMS mice: escape latency in the acquisition trials (A); representative individual swim paths in the probe trial of sham group (B), vehicle group (C), E2 group (D), 2.5 JYP group (E), and 5 JYP group (F); swimming speed (G), duration in the target zone (H,I) entry number into the target zone (I), and latency to the target zone (J) in the probe trial. Data are expressed as mean ± SEM (n = 9–10) and examined with two-way or one-way analysis of variance (ANOVA) and one-way ANOVA, followed by followed by post hoc between-group comparisons: *P < 0.05, ***P < 0.001 vs. sham group; #P < 0.05 vs. vehicle group.


In the probe trial, representative individual swim paths from each group are shown in Figures 5B–F. Treatment had no effects on swimming speed [F(4, 44) = 1.755, P = 0.155] (Figure 5G), but significantly changed time spent in [F(4, 44) = 3.278, P = 0.020] (Figure 5H), number of entries into [F(4, 44) = 5.142, P = 0.002] (Figure 5I), and latency to the target zone [F(4, 44) = 3.000, P = 0.028] (Figure 5J). OVX+CUMS markedly reduced time stayed in (P = 0.016) and number of entries into the target zone (P < 0.001), and increased the latency to the target zone (P = 0.044) compared to sham surgery. OVX+CUMS mice treated with E2 and 5 g/kg JYP remarkably increased time spent in (P ≤ 0.022), frequency crossed (P ≤ 0.035), and shorter latency to the target zone (P ≤ 0.034) compared to those treated with vehicle.



Effects of JYP and E2 on HPO-and HPA-Related Hormones

Significant main effects of groups were observed on serum E2 (Figure 6A), FSH (Figure 6B), and LH [F(4, 15) ≥ 5.543, P ≤ 0.006] (Figure 6C). OVX+CUMS strikingly decreased serum level of E2 and increased FSH and LH levels compared with sham surgery (P ≤ 0.033). E2 treatment completely reversed OVX-induced changes in levels of the three hormones. Both doses of JYP significantly suppressed the elevated levels of FSH (P ≤ 0.045); 5 g/kg JYP additionally suppressed the OVX+CUMS-induced elevation of LH level (P = 0.017).
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FIGURE 6. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on serum hypothalamic–pituitary–adrenal (HPA) and hypothalamic-pituitary-ovarian (HPO)-axis hormones with E2 (A), luteinizing hormone (LH) (B), follicle stimulating hormone (FSH) (C), corticosterone (CORT) (D), and adrenocorticotropic hormone (ACTH) (E). Data are expressed as mean ± SEM (n = 4) and examined with one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: *P < 0.05, ***P < 0.001 vs. sham group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. vehicle group.


Significant differences were observed in serum level of CORT (Figure 6D) and ACTH (Figure 6E) across the five groups [F(4, 15) ≥ 4.059, P ≤ 0.020]. OVX+CUMS resulted in a significant elevation of the two hormones (P ≤ 0.028), which were completely reversed by E2 and 5 g/kg JYP. JYP at 2.5 g/kg also completely reversed OVX+CUMS-induced elevation of ACTH level (P ≤ 0.038).



Effects of JYP and E2 on Brain Regional Contents of GABA and Glutamate

There were significant differences in the contents of GABA and glutamate in the hypothalamus (Figure 7A), hippocampus (Figures 7B,D), and prefrontal cortex (Figures 7C,E), among groups [F(4, 24) ≥ 3.544, P ≤ 0.021]. OVX+CUMS mice showed marked decreases of GABA in the three brain regions (P ≤ 0.010), which were significantly restored by E2 treatment (P ≤ 0.046). The high dose of JYP also restored the decrease of hypothalamic GABA (P ≤ 0.023). The contents of hippocampal and prefrontal glutamate of OVX+CUMS mice were much higher than those with sham surgery (P ≤ 0.013). OVX+CUMS mice exposed to stress and treated with E2 and the high dose of JYP completely reversed the treatment (P ≤ 0.038). The contents of glutamate in the hypothalamus failed to be detected.
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FIGURE 7. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on brain regional γ-Aminobutyric acid (GABA) and glutamate (Glu) contents. (A) GABA in hypothalamus; (B) GABA in hippocampus; (C) GABA in prefrontal cortex; (D) Glu in hippocampus; (E) Glu in prefrontal cortex. Data are expressed as mean ± SEM (n = 5–6) and examined with one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: *P < 0.05, **P < 0.01 vs. sham group; #P < 0.05, ##P < 0.01 vs. vehicle group.




Effects of JYP and E2 on Regional Brain NMDAR1

Significant group effects were detected on the expression of NMDAR1 in the hippocampus (Figure 8A) and prefrontal cortex (Figure 8B) [F(4, 10) ≥ 12.51, P ≤ 0.001]. The expression levels of NMDAR1 in both brain regions of OVX+CUMS mice were ~2-fold higher than those with sham surgery (P ≤ 0.002), but completely reversed by treatment with E2 and the high dose JYP (P ≤ 0.016). The low dose JYP also strikingly suppressed the OVX+CUMS-induced increase of prefrontal NMDAR1 expression (P < 0.001).
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FIGURE 8. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on the expression of N-methyl-D-aspartate (NMDA) receptor unit 1 (NMDAR1) in the hippocampus (A) and prefrontal cortex (B). Data are expressed as mean ± SEM (n = 3) and examined with one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: **P < 0.01, ***P < 0.001 vs. sham group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. vehicle group.




Effects of JYP and E2 on Brain Regional and Uterine Neurotrophins

GDNF, BDNF, and NGF expression levels significantly differed among groups in the uterus (Figure 9A), hippocampus (Figure 9B), and prefrontal cortex (Figure 9C) [F(4, 10) ≥ 4.691, P ≤ 0.022] OVX+CUMS dramatically suppressed the expression of the three neurotrophins in the three tissues (P ≤ 0.046) except for hippocampal and prefrontal NGF compared to sham surgery. E2 completely restored all the three neurotrophin expression in the three tissues examined (P ≤ 0.046) compared to vehicle treatment. Both doses of JYP also completely reversed the OVX+CUMS-induced decreases of hippocampal GDNF and BDNF and prefrontal NGF (P ≤ 0.024), but had no significant effects on uterine neurotrophins. JYP-treated OVX+CUMS mice displayed strikingly higher expression levels of hippocampal NGF and prefrontal GDNF with the high dose (P ≤ 0.006) and prefrontal NGF (P = 0.012) with the low dose than those treated with vehicle.
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FIGURE 9. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on the expression of glial cell-derived neurotrophic factor (GDNF), brain-derived neurotrophic factor (BDNF), and nerve growth factor (NGF) in the uterus (A), hippocampus (B), and prefrontal cortex (C). Data are expressed as mean ± SEM (n = 3) and examined using one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: *P < 0.05, **P < 0.01, vs. sham group; #P < 0.05, ##P < 0.01, ###P < 0.001 vs. vehicle group.




Effects of JYP and E2 on Brain Regional and Uterine Estrogen Receptors

There were marked differences in the expression level of ERα and ERβ in the uterus (Figure 10A), hypothalamus (Figure 10B), hippocampus (Figure 10C), and prefrontal cortex (Figure 10D) among groups [F(4, 10) ≥ 3.626, P ≤ 0.045]. OVX+CUMS markedly suppressed the expression of both receptor types in all the four tissues examined compared to sham surgery (P ≤ 0.031). E2 partially or completely restored the expression of the two receptor types in the four tissues compared to vehicle (P ≤ 0.030). Both doses of JYP significantly increased the expression level of hypothalamic ERβ (P ≤ 0.010), but had no effects on both receptor types in the uterus. The high dose JYP partially or completely restored the expression of hippocampal and hypothalamic ERα (P ≤ 0.013), and the low dose almost completely restored the expression level of hippocampal and prefrontal ERβ (P ≤ 0.021) compared to vehicle.


[image: Figure 10]
FIGURE 10. Effects of 2.5 g/kg JYP (2.5 JYP), 5.0 g/kg JYP (5 JYP), and 0.3 mg/kg estradiol (E2) on the expression of ERα and ERβ in the uterus (A), hypothalamus (B), hippocampus (C), and prefrontal cortex (D). Data are expressed as mean ± SEM (n = 3) and examined with one-way analysis of variance (ANOVA), followed by post hoc between-group comparisons: *P < 0.05, **P < 0.01, ***P < 0.001 vs. sham group; #P < 0.05, ##P < 0.01, vs. vehicle group.





DISCUSSION

The main purpose of this study was to evaluate the therapeutic effects of JYP as a novel therapy in improving mood and cognitive symptoms associated with menopause. In previous studies, we found that OVX alone could not constantly evoke anxiety- and mood disorder-like behavior; the addition of CUMS exposure however augmented aberrant behaviors (16, 17). This combination model also has been well-validated in several recent studies (28–30). Indeed, in this study, OVX mice exposed to CUMS showed remarkable anxiety-like behavior, manifesting as marked decrease in time spent and number of entry in central zone of the open field and in open arms of EPM compared to the control group. OVX combined with CUMS also evoked depression-like behavior, with significant decrease in sucrose consumption and increase in immobility time in TST and FST. The combination of OVX and CUMS further impaired spatial learning and memory ability, evidenced by strikingly longer latency in finding the platform in training trials and in reaching the target zone in the probe trial, and less duration and number of entry in the target zone than the control group in water maze test. These results, once again, confirm that OVX mice with stress exposure is a valid model in mimicking estrogen deprivation-induced psychiatric disorders.

Treatment with JYP in particularly higher dose, however, suppressed anxiety- and depression-like behavior and prevent spatial learning and memory to a similar degree as did E2, suggesting comparable efficacy of JYP in the treatment of estrogen deprivation induced psychiatric disorders. This is also highly consistent with anxiolytic and antidepressant effects of JYP observed in male rodents with (10, 11) and without exposure to CUMS (7, 8). It therefore appears that JYP not only could reduce “generalized” anxiety and “endogenous” depression, but is also effective in alleviating stress-associated mood disorders.

This study further revealed that the OVX mice exposed to stress displayed large weight gain and uterine shrinkage. Weight gain and shrinkage of the urogenital organs are the two major physical changes occurring during menopausal transition (31, 32). While long-term repeated E2 treatment suppressed OVX+CUMS-induced weight gain, it also caused uterine hyperplasia that may be indicative of adenomyosis, uterine fibroids, ovarian cysts, and even endometrial cancer (33). Such side effect has been widely observed in hormone replacement therapy in menopause women (34). However, unlike E2, JYP, in either low or high dose, did not influence changes in either body or uterine weight induced by OVX combined with CUMS. It seems that JYP has minor or even no effects on the uterus. It appears that, while JYP had comparable efficacy in improving estrogen deprivation-induced psychiatric symptoms, JYP may possess a better safety profile than estrogen therapy. Such therapeutic advantages also have been observed in several herbal medicines that contain JYP individual materials in OVX+CUMS mice (16, 17) and patients with menopause syndrome and hyperprolactinemia (35, 36).

Ovarian hormones regulate the response of the HPA axis to menstrual cycle-associated stress via brain GABAergic neuronal system (19). In this study, we found that ovarian hormone deprivation evoked strikingly elevated serum levels of FSH and LH, which are indicative of ovarian failure, but exhausted blood estradiol level and hypothalamic GABA contents. OVX mice with stress exposure also exhibited markedly elevated serum levels of corticosterone (CORT) and ACTH, the two key stress hormones that play the crucial roles in the pathogenesis of menopausal anxiety and mood symptoms (19, 37). These results support the notion that estrogen deprivation caused anxiety and mood disorders may be derived from fluctuations in female sex hormones that result in altered GABAergic regulation of the HPA axis (19, 37, 38). Chronic E2 and JYP in particular the high dose almost completely reversed OVX+CUMS-induced elevated FSH, LH, CORT and ACTH to control levels, and restored the hypothalamic GABA contents. However, unlike E2, JYP did not affect blood estradiol level. JYP appears to mainly modulate the upstream factors of the HPO axis and inhibit the HPA-axis hyperactivity by reinstating the hypothalamic GABAergic neuronal function.

GABA and glutamate are two key neurotransmitters that work together to maintain a balance between excitatory and inhibitory transmission in the brain (39). Dramatic fluctuations in the levels of ovarian hormones during menopause transition profoundly disturbs this functional balance, causing pathological anxiety, mood, and cognitive disorders (40). This study revealed that, in addition to the hypothalamic GABA, ovarian hormone deprivation plus stress exposure also exhausted GABA contents in the hippocampus and prefrontal cortex, but largely restored the glutamate contents and expression of its receptor NMDR1 in the two brain regions, probably causing an imbalance of opposite effects of the two amino acid transmitters. Both E2 and the high dose JYP entirely suppressed OVX+CUMS-induced elevation of glutamate contents and NMDR1 expression; however, unlike E2, JYP had no significant effects on GABA contents in the two brain regions examined. It seems that JYP may dominantly modulate glutamatergic neuronal functions in the brain regions associated with learning and memory.

Neurotrophins play the crucial roles in the survival, maintenance, and regeneration of specific neurons as well as uterine growth and proliferation (41–43). NGF, GDNF, and BDNF are the three most abundant neurotrophins which widely exist in the adult brain and are highly expressed in the female reproductive system (44, 45). High level of peripheral NGF and BDNF has been proven to be associated with ovarian and breast cancer, polycystic ovarian syndrome (PCOS), and endometriosis (27, 46, 47). Similar to our previous studies (16, 17), this study confirmed that OVX+CUMS profoundly suppressed the expression of the three neurotrophins in the uterus, hippocampus, and prefrontal cortex, but not NGF in the two brain tissues, suggesting that ovarian hormone deprivation may evoke differential effects on brain neurotrophic systems. While the OVX+CUMS-induced decreases of the three neurotrophins in the two brain regions examined were entirely reversed by E2 and either or both doses of JYP, E2 additionally overturned and even enhanced the expression of the three neurotrophins in the uterus, but JYP did not. It therefore seems that increased risk of breast and endometrial cancer often occurred in estrogen therapy may be related to its enhancement effects on peripheral neurotrophins (48, 49), and the potential better safety profile of JYP observed in this study is, at least in part, derived from it tissue-specific effects on neurotrophins, particularly without effects on uterine neurotrophins.

The estrogen receptors, ERα and ERβ, are closely associated with the pathophysiology of menopause-related metabolic, neurological, and psychiatric disorders (50–52). The two subtypes have distinct anatomical distribution patterns, different physiological processes in the brain and peripheral organs, and even counteract each other (53, 54). There have been contradictory studies on the effects of OVX on the expression of estrogen receptors in different brain regions (54–56). In this study, we revealed that the removal of the ovaries caused a widespread suppression of the expression of the two receptor subtypes across the brain regions examined and the uterus. Chronic E2 reversed the OVX+CUMS-induced suppression of the two subtype expression in the uterus, ERα in all the three brain regions, and ERβ in the hypothalamus, but failed to reverse hippocampal and prefrontal ERβ expression. The high dose JYP reversed the OVX+CUMS-induced decreases of hypothalamic and hippocampal ERα. Either or both doses of JYP also prevented ERβ expression in the three brain regions from a combination of OVX and CUMS. However, either dose of JYP had no significant effects on OVX+CUMS-induced changes in uterine ERα and ERβ. These results demonstrated that, like the tissue-specific effects of JYP on neurotrophins, the effects of JYP on the estrogen receptors also seem to be tissue-specific, i.e., JYP may have brain-predominant effects in modulating estrogen receptors, with minor effects or even without effects on estrogen receptors of female peripheral reproductive organs. The aberrant expression of estrogen receptors has been suggested to be associated with ovarian cancer, breast cancer, and other human cancers (57–59). Therefore, the minor and even no effects of JYP on uterine estrogen receptors may be an additional factor contributing to the potential better safety profile of JYP observed in this study.



LIMITATIONS

Several limitations of this study should be considered. First, JYP as a whole preparation was evaluated in this study. We were unable to determine which individual materials or constituents play the principal roles in the psychotropic effects of JYP observed in this study. Further characterization of bioactive constituents of JYP could help better understand a phytochemical profile of this herbal agent, probably resulting in the discovery of novel constituents for treating estrogen deprivation-association disorders in particular psychiatric symptoms. Second, this study did not directly examine the beneficial effects of JYP in improving other estrogen deprivation-related symptoms, such as hot flush and night sweats. Previous studies have revealed the benefits of several herbal preparations in reducing hot flush in menopausal women (5). Finally, we did not consider the effects of the ovarian cycle in the sham mice as control group. Nevertheless, one recent study has shown that there were only differences in the severity of anxiety- and depression-like behavior in female C57BL mice across the estrous cycle (60). It means that we took “average” levels of anxiety and depression across the estrous cycle to serve as control.

Collectively, JYP has comparable efficacy in reducing psychiatric disorders observed in OVX mice exposed to stress with a better safe profile. The therapeutic advantages of JYP may be associated with certain uterus-brain mechanisms distinct from estrogen therapy. It deserves a clinical assessment as an alternative therapy in menopausal women with apparent psychiatric symptoms.
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Major depressive disorder (MDD) is one of the most prevalent and debilitating disorders. Current available treatments are somehow limited, so alternative therapeutic approaches targeting different biological pathways are being investigated to improve treatment outcomes. Curcumin is the main active component in the spice turmeric that has been used for centuries in Ayurvedic medicine to treat a variety of conditions, including anxiety and depressive disorders. In the past decades, curcumin has drawn researchers' attention and displays a broad range of properties that seem relevant to depression pathophysiology. In this review, we break down the potential mechanisms of action of curcumin with emphasis on the diverse systems that can be disrupted in MDD. Curcumin has displayed, in a number of studies, a potency in modulating neurotransmitter concentrations, inflammatory pathways, excitotoxicity, neuroplasticity, hypothalamic–pituitary–adrenal disturbances, insulin resistance, oxidative and nitrosative stress, and endocannabinoid system, all of which can be involved in MDD pathophysiology. To date, a handful of clinical trials have been published and suggest a benefit of curcumin in MDD. With evidence that is progressively growing, curcumin appears as a promising alternative option in the management of MDD.

Keywords: curcumin, turmeric, depression, mechanism of action, neuroprotective agent, inflammation, NLRP3, dietary supplement(s)


INTRODUCTION

Major depressive disorder (MDD) is the most common psychiatric disorder (1). In 2017, the World Health Organization announced that indeed depression was the leading cause of disability and ill health worldwide, with more than 300 million people living with depression (2).

Major depressive disorder is characterized, by the 5th Edition of the Diagnostic and Statistical Manual of Mental Disorders (DSM-5), by a depressed mood, loss of energy, a markedly diminished interest or pleasure, psychomotor retardation (or agitation), feelings of worthlessness or excessive or inappropriate guilt, insomnia or hypersomnia, significant weight loss, diminished ability to concentrate, and recurrent thoughts of death.

The MDD pathophysiology is recognized as being complex, ranging from genetic predispositions to interactions between environmental factors, and multiple biological systems. Among those, we can name disruption in the monoamine systems, which has been the prime hypothesis in MDD pathophysiology, as well as neurodegenerative processes, notably through hypothalamic–pituitary–adrenal (HPA) changes or inflammatory processes (3).

The management of MDD has long been based on psychological interventions, and although guidelines presently suggest to practitioners to combine psychological interventions and pharmacological treatments, the discovery of antidepressant medications has made them a staple in MDD management. However, as decades have gone by, the development of antidepressants somehow reached a plateau. Although they proved to be effective (4), they are still not optimal as we can see remission rates of around 30% after a first-line selective serotonin reuptake inhibitor therapy (5) and a cumulative remission rate of only 70% after a fourth line of pharmacological treatment (6). Moreover, lack of adherence to antidepressant medications is frequently observed, the presence of side effects being a major cause of this non-compliance.

The problem of treatment resistance has underscored the need for new management strategies, and as concepts and views on MDD pathophysiology have evolved, so have therapeutic alternatives. For this reason, we could see a growth of neurostimulation in the past decades (7) as well as the role of physical activity in the management of MDD (8, 9). Consequently, interest in complementary and alternative medicine has been growing.

As for alternative medicines, anti-inflammatory, antioxidants, and neuroprotective compounds thought to counteract the degenerative processes frequently associated with MDD have been a new concern of exploration for treatment or adjuvant therapy. Notably, the Canadian Network for Mood and Anxiety Treatments clinical guidelines recently inserted some alternative medicines such as omega 3, acetyl L carnitine, Lavandula, or saffron among adjunctive treatments for the management of MDD in adults (9).

Turmeric (Curcuma longa) is a yellow spice, part of the ginger family (Zingiberacear). It has been empirically used for centuries in Ayurvedic and traditional Chinese medicine in a wide variety of diseases and conditions (10). Research conducted in the last half century has revealed that the active compounds of turmeric were curcuminoids, which are polyphenolic pigments that give turmeric its yellowish color. Curcumin is the primary curcuminoid and main active component in turmeric and the compound for which most studies have been done.

In the past decades, there has been a surge of interest in curcumin as evidence about its efficacy in a wide variety of diseases is growing, including cardiovascular, autoimmune, and neurodegenerative diseases as well as diabetes and cancers (11, 12).

Thus, curcumin displays a broad range of properties that are relevant in the pathophysiology of depression. It has been demonstrated to possess an antidepressant activity in various animal models as well as in clinical trials. A dozen randomized controlled clinical trials have indeed been conducted (13), altogether suggesting that curcumin may be effective as a treatment (or adjunct treatment) of MDD via multiple mechanisms of action.

We will discuss in this review the potential mechanisms of action underlying the efficacy of curcumin in depression, giving us an overview of the current concepts in the pathophysiology of depression, and we will also discuss the existing evidence of the efficacy of curcumin in the treatment of depression.



CURCUMIN AND NEUROTRANSMITTERS


Curcumin and Monoamines

The monoamine deficiency theory has been the primal causative model of major depression and has accompanied the rise of antidepressants. The current pharmacologic arsenal is based on this theory as the main antidepressants, such as selective serotonin reuptake inhibitors, serotonin–noradrenaline reuptake inhibitors, and monoamine oxidase (MAO) inhibitors, are designed to increase the availability of monoamines (serotonin, noradrenaline, dopamine). According to this theory, it is thought that the depletion of these neurotransmitters in the central nervous system (CNS) constitutes the core of depression pathophysiology (14).

Evidence of curcumin being able to influence levels of monoamines in the central nervous system has emerged from animal and in vitro studies conducted over the past two decades. In a study, Bhutani et al. (15) showed that curcumin reversed the depressive-like behavior induced by chronic stress on mice and enhanced the serotoninergic and dopaminergic transmission alongside an inhibition of the MAO-A. Kulkarni et al. (16) had similar results in a study on rats in which curcumin dose-dependently increased serotonin and dopamine as well as inhibited the monoamine oxidase enzymes. More recent studies also showed that curcumin could elevate norepinephrine, serotonin, and dopamine in the frontal cortex, hippocampus, and striatum in rats (17–22).

Wang et al. (23), in an animal study on the effects of curcumin on serotonin (5-HT) receptors, stated that the antidepressant-like effect that they could notice was related to the serotoninergic system, possibly due to an interaction with 5-HT1A/1B and 5-HT2C receptors. Similarly, Xu et al. (24) conducted a study in which the antidepressant effect of curcumin seemed related to the expression of 5-HT1A receptors, as 5-HT1A receptor mRNA levels across all hippocampal subfields were increased after curcumin administration. These results have been replicated by more recent studies like by Li et al. (25) or Lian et al. (26) in which they noticed an upregulation of 5-HT1A receptor expression after curcumin administration in chronically stressed mice and a prevention of its antidepressant-like effect with the administration of a 5-HT1B receptor antagonist.

Taken together, these animal studies strongly support the hypothesis that curcumin can modulate monoaminergic systems in pre-clinical rodent models.



Curcumin and Glutamate

In 1959, Crane (27) made an observation that the anti-tuberculosis agent d-cycloserine, which acts as a glutamatergic modulator, could possess an antidepressant effect, yet this observation gained little attention during the following decades until 2000, when Berman et al. (28) reported that ketamine, an antiglutamatergic anesthetic agent, could induce a rapid antidepressant effect in severely depressed patients. This triggered vigorous research to understand how modulating glutamate signaling could be beneficial in depression and to develop new antidepressants targeting glutamate neurotransmission. It is worth noting that ketamine has now proven its efficacy in treating depression (29).

Glutamate is the major excitatory neurotransmitter in the central nervous system and has a vital role in the regulation of synaptic plasticity. By binding to its receptors, notably NMDA receptors (NMDAR), glutamate will modulate post-synaptic plasticity as well as exert longer-term changes in synaptic strength and neuroplasticity. However, the abnormal elevation of NMDAR signaling leads to deleterious effects on neurons (30). As such, excitotoxicity is the phenomenon associated with excessive glutamate release and subsequent overactivation of NMDA receptors and has long been described (31).

A number of reports suggest that the glutamate system and excitotoxicity are involved in MDD pathophysiology. For example, glutamate levels have been shown to be elevated in the plasma, cerebrospinal fluid, and brains of patients with depression (32).

Chronic stress is believed to lead to detrimental changes within glutamate synapses, including reduced extracellular glutamate clearance by glia, especially in the pre-frontal cortex, leading to increased extrasynaptic glutamate levels and excitotoxicity, potentially contributing to synaptic loss (33). Hence, in a study conducted by Lin et al. (34), curcumin was shown to inhibit the liberation of glutamate in the rat pre-frontal cortex, counteracting this phenomenon in a similar way (yet greater) to that of fluoxetine (suggesting that “classic” antidepressants like fluoxetine also act on the glutamate pathway).

A study by Zhang et al. (35) suggested that the antiglutamatergic action of curcumin could be mediated by the GluN2B subunit of NMDA receptors. Also, they noted that the administration of a sub-effective (that did not produce antidepressant effect when administered alone) dose of curcumin produced an antidepressant-like effect when paired with a sub-effective dose of fluoxetine, leading to the hypothesis of a synergistic interaction between NMDA and 5-HT receptors. These results have been clarified by further in vitro studies showing that curcumin could reverse glutamate-induced neurotoxicity on hippocampal cells and downregulate the expression of the GluN2B subunit of NMDA receptors (36, 37). The antagonization of the GluN2B subunit seems to have a crucial role in the effect of anti-NMDAR drugs such as ketamine, as the activation of this subunit inhibits the synthesis of certain synaptic proteins, such as brain-derived neurotrophic factor (BDNF), thus altering synaptic function (38). Hence, the antagonization of GluN2B subunit permits an enhancement of synaptic function. For instance, memantine, which is also an antagonist of NMDA receptors, after acute administration, had no effect on hippocampal BDNF and failed to show immediate antidepressant behavioral effects in an animal depression model (39). However, the prolonged administration of memantine was associated with an increase in BDNF levels and hippocampal cell proliferation while displaying antidepressant-like effects in other animal studies (40, 41). In studies displaying the action of curcumin on the glutamatergic system, these effects were associated with increased levels of BDNF (23, 42) that might account for its antidepressant efficacy.

Collectively, those results suggest that an inhibitory effect of curcumin on excitotoxicity may be one of the mechanisms underlying its antidepressant effects.




DEPRESSION, INFLAMMATION, AND CURCUMIN

In the past decades, as the monoamine depletion theory has been the prime model of depression pathophysiology, other hypotheses have emerged. One of them implies that inflammation has a key role in depression pathophysiology. This hypothesis was prompted by the comparison we can make between “sickness behavior” and depression symptoms like anorexia, reduction of locomotor activity, anhedonia, and cognitive disturbances (43) which can be found in both conditions, and some studies showed that these types of symptoms in depression were positively correlated with C-reactive protein levels (CRP) (44, 45). Furthermore, some reports pointed the elevation of inflammatory cytokines [mainly interleukin-1 (IL-1), interleukin-6 (IL-6), and tumor necrosis factor-α (TNF-α)] in depression (46–48). A meta-analysis displaying a reduction of inflammatory cytokine levels after antidepressant medication administration brought further support for the relationship between depression and inflammation (49). There have also been studies showing that cytokines or CRP levels could predict the antidepressant effect of the therapeutics used, including antidepressant medication (50, 51), physical exercise (52), or electroconvulsive therapy (53). While the meta-analysis performed did not show increased inflammation in every patient, its presence may be relevant to a subset of patients (45, 54), especially since it can guide the therapeutics.


Curcumin and Immunoinflammatory Pathways

As stated in the introduction, most of the first studies trying to unravel the beneficial effects of curcumin came from research on cancer and inflammatory diseases, and many anti-inflammatory effects of curcumin are now being acknowledged (55). A number of studies have indeed shown that curcumin could inhibit TNF production by macrophages and downregulate its expression by modulation of its transcription factors. Notably, it has been shown that curcumin was able to down-modulate the activation of nuclear factor kappa beta (NF-κβ) (56).

A study conducted by Wang et al. (57) in 2014 has reported the effects of curcumin on inflammation and depressive symptomatology in mice treated with lipopolysaccharide (LPS). This study showed that administrating curcumin reverted the depressive-like behavior and attenuated LPS-induced microglial activation and overproduction of pro-inflammatory cytokine (interleukin-1β and tumor necrosis factor-α). It could also inhibit LPS-induced NF-κβ activation in the hippocampus and pre-frontal cortex (PFC). In addition, curcumin could counteract the increase in the levels of nitric oxide synthase and cyclooxygenase-2 mRNA in the hippocampus and pre-frontal cortex. Jangra et al. (58) reported similar results, as the administration of curcumin in LPS-treated mice improved the depressive-like symptoms, reversed the depletion of glutathione level in the hippocampus, and decreased the level of pro-inflammatory cytokines (IL-1β and TNF-α) in the hippocampus.

Fan et al. (59) showed that chronic unpredictable mild stress exposure in mice induced microglia activation and overexpression of the cytokines IL-1β, IL-6, and TNF-α within the medial pre-frontal cortex, effects which were paralleled with neuronal structural changes. They showed that curcumin administration produced antidepressant-like actions and reversed the inflammatory responses and neuronal structural abnormalities, thus concluding that inhibiting the IL-1β pathway could account for curcumin efficacy.

With regards to studies of human patients, a clinical trial conducted by Yu et al. (60) showed that curcumin decreased the inflammatory cytokines IL-1β and TNF-α in depressed patients in comparison with the placebo group. Moreover, it has been shown in other clinical trials that curcumin can lower TNF-α, IL-6, and CRP levels in patients' plasma (56, 61, 62).

All in all, what we can draw from these studies is that curcumin permits a decrease in inflammation, acting on pro-inflammatory cytokine pathways, notably TNF-α, IL-6, and IL-1β in the hippocampus and pre-frontal cortex.



Curcumin and Inflammasome Activation

Clinical depression is characterized by inflammatory cascades as indicated by elevated concentrations of pro-inflammatory cytokines in the serum and in the CNS tissue. Given the known action of curcumin on some immunoinflammatory pathways, the pivotal role of IL-1β and microglia activation in the pathophysiology of depression, and the relevance of these processes to the therapeutic properties of curcumin, we can highlight a probable role for the inflammasomes.

Inflammasomes are crucial components of the innate immune response that initiate immunological reactions against microbial infections, tissue injury, and other aggressions. The key inflammasome in depression is the NLRP3 inflammasome complex, which, upon activation, consists of a NOD-like receptor protein containing pyrin domain (NLRP3) associated with an adaptor protein ASC and an effector caspase-1 (63).

NLRP3 inflammasome activation is related to microglial activation. Upon initially recognizing an environmental stressor, the microglia can indeed enter in an active state and are thereafter more prone to induce a prolonged inflammatory response following the upcoming exposure to those stressors. NLRP3 inflammasome has drawn interest as an explanatory element as to why primed microglia cells display sensitivity to environmental stressors. In fact, NLRP3 inflammasome acts as a transducer of neuroinflammatory responses. A lowered threshold for NLRP3 activation induces an increased production of inflammatory cytokines, such as IL-1β and IL-18, and then causes a persistent neuroinflammation (64). This chronic inflammation results from chronic exposure to noxious threats that negatively affect the homeostatic feedback mechanisms. In sum, NLRP3 inflammasome is a molecular mechanism that translates psychological stressful stimuli into inflammatory responses.

The activation of the NLRP3 inflammasome relies on a two-step mechanism. It requires a priming signal to initiate the transcription of the NLRP3 inflammasome to above a certain threshold, while a second signal will then promote the formation of the NLRP3 inflammasome by recruiting ASC and pro-caspase-1 proteins.

The priming of NLRP3 transcription is mediated by NF-κβ activation, which can result from the stimulation of membrane-bound receptors by TNF or pathogen-associated molecular patterns like LPS (63) or damage-associated molecular patterns whose presence indicates cellular or metabolic stress. It is worth noting that there were some reports indicating that corticosterone may also stimulate the transcription of NLRP3 via glucocorticoid receptor activation, involving the NF-κβ pathway but also independently of NF-κβ activation (65, 66).

Another way of activating NLRP3 inflammasome is the reduction of intracellular potassium (K+) levels via the activation of the P2X7 purinergic receptors. Extracellular ATP is released by neurons and astrocytes following excitotoxicity. Activation of these receptors causes potassium efflux in microglia, which is crucial for the activation of the NLRP3 inflammasome (67). Besides that, P2X7 receptor is being investigated as a potential drug target in mood disorders (68). Reactive oxygen species (ROS) can also promote NLRP3 activation (69). An activated NLRP3 inflammasome will then cleave pro-IL-1β and pro-IL-18 into active IL-1β and IL-18.

There have been a few studies highlighting the role of NLRP3 inflammasome in depression. Animal studies investigating this theory showed that chronic stress could stimulate NLRP3 activation in rodent brains and that, accordingly, in the absence of the NLRP3 inflammasome activation, stress did not produce a depressive behavior, anhedonia, or social impairment in those mice (70–73). It has also been shown that NLRP3 is activated in mononuclear cells in patients with depressive disorder and that some antidepressants compounds seem to show a decrease in NLRP3 activation (74).

Concerning curcumin, in an in vitro study conducted by Li et al. (75) on rat hippocampal cells, excessive glutamate release induced IL-1β secretion and generation of ROS. Curcumin was able to inhibit the generation of ROS and NLRP3 inflammasome activation assessed by NLRP3 and caspase-1 expression, which resulted in a reduction of IL-1β secretion. In addition, curcumin could prevent glutamate-induced cell apoptosis. In the same vein, Fan et al. (76) showed that curcumin administration could prevent IL-1β-induced apoptosis in stressed rats in the ventromedial pre-frontal cortex and alleviate depressive behavior.

In a study conducted by Zhang et al. (77), rats were exposed to chronic unpredictable stress, and this exposure led to depressive-like behaviors. Curcumin successfully corrected the depressive-like behaviors in those stressed rats. Additionally, curcumin could effectively decrease the mRNA expression of proinflammatory cytokines (IL-1β, IL-6, and TNF-α) and suppress NF-κβ activation as well as inhibit the expression of P2X7 receptors, thus preventing NLRP3 activation. These results were in accord with a study conducted by Wang et al. (78), in which curcumin could inhibit the activation of the P2X7 receptor and thus inhibit the inflammatory response and the microglial activation, thus preventing NLRP3 activation.

It is also worth quoting a recent study conducted by Ozkartal et al. (73) that highlighted the role of nitric oxide synthase (NOS) in the activation of NLRP3 inflammasome; in this study, the administration of NOS inhibitors in chronically stressed mice prevented the activation of NLRP3 inflammasome and the production of IL-1β.

In some reports, depression has been associated with an excessive activity of nitric oxide synthase (79). Also, some antidepressant medications in current use, such as paroxetine, inhibit NOS activity (80). In some other studies, suicidal and depressed patients had elevated levels of plasma NO and its metabolites (81, 82). The overactivation of NOS pathway and subsequently increased nitric oxide has been described as an important pathophysiological factor in neuroinflammation and neurotoxicity processes involved in stress and depression (79, 83) as well as an important modulating factor in the production of neurotransmitters such as noradrenaline, serotonin, and dopamine (79), thus explaining why NOS inhibitors can exert antidepressant and anxiolytic-like effects (73, 84).

In human cultured neurons exposed to quinolinic acid, quinolinic acid increased NOS activity and consequently increased the nitrite levels. In those neurons, curcumin could counteract this increase of NOS activity (85). Studies investigating the influence of curcumin on NOS pathway in animal models have shown that, in rat (86) or pig (87) stress models, curcumin could inhibit NOS hyperactivation and the subsequent increase in hippocampal NO. As previously cited in the study conducted by Wang et al. (57) on mice with LPS-induced depressive symptomatology, curcumin could attenuate the LPS-induced microglial activation and NF-κβ activation in the hippocampus and PFC as well as decreased the levels of NOS in the hippocampus and PFC.

These data suggest that NLRP3 activation can play a major role in inflammatory-related depressive symptoms and that its inhibition by curcumin might be a key feature of its effectiveness.



Curcumin and Kynurenine Pathway

Indoleamine 2,3-dioxygenase (IDO) is an enzyme that is strongly activated by proinflammatory cytokines (such as TNF-α, IL-1, and IL-6) (88). This enzyme has an important role in depression by catabolizing tryptophan (the primary precursor of serotonin) into kynurenine pathway metabolites: IDO leads to tryptophan depletion and thus inhibits serotonin synthesis. As stated before, the role of serotonin in depression is already admitted. However, research shows that kynurenine pathway metabolites can impact several mechanisms associated with depression, such as pro-apoptotic changes in the CNS or generation of free radicals (89). Preclinical studies have shown that IDO activation results in depressive-like symptoms and that IDO inhibitors could relieve depression-like behaviors in mice (90).

There are two main kynurenine pathway metabolites studied in depression: one of them is quinolinic acid, an NMDA agonist, that is thought to be excitotoxic, thus leading to synaptic loss. It can also disrupt the oxidant/antioxidant balance by increasing the generation of free radicals and induce lipid peroxidation (88). Excess quinolinic acid levels were found in depression (91), however inconsistently (92). The levels of quinolinic acid were still shown to predict the response to antidepressant medications such as ketamine (93). The second main kynurenine pathway metabolite is kynurenic acid, considered to be neuroprotective. Its balance with quinolinic acid is considered to be protective against the excitotoxicity of the latter (94). Moreover, studies reported lower levels of kynurenic acid in depression (92).

In vitro studies demonstrated that curcumin could counteract the inflammation-induced overexpression of IDO (95), and more recently, a study conducted by Zhang et al. (77) showed that curcumin could inhibit the stress-induced overexpression of IDO in rats and normalize the quinolinic acid/tryptophane ratio.

Another important co-factor of the increase of IDO is cyclo-oxygenase 2 (COX-2) (96). COX-2 is an enzyme responsible for the production of prostaglandin E2 (PGE2), which is a pro-inflammatory chemical messenger. Studies have shown an increase in PGE2 production and COX-2 expression in depressed patients (97, 98). The peripheral blood cells of patients with recurrent depression also exhibited an increased expression of the genes encoding for COX-2 (99). A number of clinical trials have yielded promising results for the use of COX-2 inhibitors as an augmentation of antidepressant treatments (100). Their use could also help decrease inflammatory cytokine levels (101).

Regarding curcumin, studies have shown that it can downregulate COX-2 expression and PGE2 synthesis in vitro (102) and in animal models of depression (103), highlighting its potential role as an alternative natural COX-2 inhibitor option. It is relevant to mention that COX-2 can induce NOS activity and vice versa (104). The 2014 Wang et al. (57) study mentioned before (see the previous section) illustrates the interplay between NOS, IDO, and inflammatory cytokines.

Considering the possible role of COX-2 in depression and its role in IDO synthesis and the role of IDO in depression that we illustrated, these data suggest interesting mechanisms of action for the use of curcumin as an augmentation therapy.



Curcumin and Intestine Hyperpermeability

As the largest mucosal surface in the human body, the intestinal epithelium acts as an interface with the external environment (105). In some situations, the permeability of the intestinal epithelium can be altered in a state also called “leaky gut.”

Lipopolysaccharides (LPS) are large molecules found in the outer membrane of gram-negative bacteria. In a state of “leaky gut,” there will be an increased translocation of those gram-negative bacteria from the intestine into the systemic circulation and, with them, the LPS (106, 107). LPS can then stimulate toll-like receptors, generating an inflammatory process. This will result in pro-inflammatory cytokine secretion and neuroinflammation (108) and also activation of IDO with the previously described consequences (109–111).

Some studies have reported increased serum IgM and IgA levels directed against the LPS of gram-negative enterobacteria in depressed patients, reflecting an increased translocation of LPS from those gram-negative enterobacteria, with the authors of such studies concluding that depressive disorder was accompanied with intestinal hyperpermeability (107, 112).

In animals, LPS induces depressive behaviors (110). Thus, a number of studies investigating the anti-inflammatory effects of curcumin were carried out using LPS models. In such models, curcumin reversed LPS-induced behavioral and molecular changes. Moreover, a handful of in vitro studies have shown that curcumin could increase the expression of tight junction proteins, thus preventing the disruption of tight junction organization and decreasing LPS increase due to paracellular permeability (113).

These data suggest that one antidepressant mechanism of action of curcumin could be its ability to counteract this state of gut permeability and subsequent LPS-induced inflammation.




DEPRESSION, METABOLISM, AND CURCUMIN


Curcumin and HPA Axis

The HPA axis is a central system in the body's stress response, and abnormalities in its activity have long been noted in MDD (114). Studies have shown that depression was associated with impairment in the responsiveness to glucocorticoids and a subsequent hypersecretion of CRH. This phenomenon is known as glucocorticoid resistance and can, in turn, prime the inflammatory response (114). We have indeed highlighted the role of corticosterone in the activation of NLRP3 inflammasome (65, 66). Depression is also associated with an increased size and activity of the pituitary and the adrenal glands (115).

Based on these assumptions, animal models of depression related to stress and elevated cortisol levels have been developed. In such models, curcumin has been shown to alleviate the depressive symptoms and other physiological alterations induced by cortisol.

Li et al. (25) showed that, in stressed rats, curcumin could restore the normal level of corticosterone. Rinwa and Kumar later found similar results (116). Researchers showed that curcumin could protect against corticosterone-induced neurotoxicity and downregulation of mRNA levels of serotoninergic receptors in a rodent model (5-HT1A, 5-HT2A, and 5-HT4) (117). Curcumin could also normalize the adrenal gland size in stressed rats (118). Furthermore, curcumin decreased the salivary cortisol concentrations in depressed patients compared with the placebo group in the clinical trial of Yu et al. (60).



Depression, Insulin Sensitivity, and Curcumin

Insulin receptors are present throughout the brain, and they play a central role in regulating its use of glucose for energy (119). Moreover, some of insulin's actions are specific for the CNS, like promoting neuronal survival or synaptic plasticity and regulation of brain functions including memory, cognition, learning as well as attention (120, 121). Insulin also inhibits norepinephrine and serotonin reuptake and downregulates alpha-2 receptor expression in hypothalamic neurons (122).

Consequently, there has been a hypothesis suggesting that insulin resistance played a role in depressive disorder pathophysiology, which was reinforced by epidemiological studies. For example, adults with insulin resistance are more at risk for the development of future depression (123), and a meta-analysis has shown an association between insulin resistance and depression incidence (124). Significantly, insulin resistance interacts with other depressogenic processes. Given the insulin functions in the brain, it has also been shown that reduced brain sensitivity to insulin can manifest as impaired neuroplasticity and disturbances in neurotransmitter's release and uptake (125). Insulin resistance has also been shown to be associated with altered dopamine signaling in rodents (126).

Inflammation and oxidative stress are both involved in the pathogenesis of insulin resistance (127, 128). In turn, insulin has antioxidant properties which become disrupted following insulin resistance (129). As described earlier, oxidative stress resulting from the disruption of insulin functions can, in turn, trigger the production of pro-inflammatory cytokines. The desensitization of glucocorticoid receptors that can be associated with insulin resistance (130) may potentiate this depressogenic cascade.

There is an emerging research field trying to reposition some antidiabetic medications as new means in depression management like GLP1 functional agonists, pioglitazone, or even metformin (131).

Concerning curcumin, Shen et al. (132) have conducted a study on mice with unpredictable chronic mild stress in which they showed that curcumin could attenuate insulin resistance alongside a decrease in depressive-like symptoms. There were also other studies showing the positive effects of curcumin on insulin resistance in in vitro, animal, or even human studies (133).




DEPRESSION AND NEUROPLASTICITY, CURCUMIN, AND NEUROPROTECTION

The 1990s witnessed the rise of the “neurotrophic” hypothesis of depression, which associated chronic stress and depression with a deficit in BDNF and demonstrated that traditional antidepressants increased BDNF expression (134). Hence, by the early 2000s, studies progressively exhibited increasing evidence of the presence of cellular atrophy and neuronal death in major depressive disorder. Studies also showed increased growth factor (such as BDNF) levels associated with antidepressant therapies such as physical exercise (135), antidepressants (136), electroconvulsive therapy (137), or lithium (138). This supports the hypothesis that the neurotrophic effects of antidepressants account for their efficacy in treating MDD, with some authors even viewing BDNF as an essential determinant of antidepressant efficacy (136).

We have already underlined the neuroprotective effect that curcumin could exert via its inhibition of inflammatory pathways and the mitigation of glutamate excitotoxicity (59, 76). This is particularly illustrated by a study conducted by Choi et al. (103) in which curcumin administration permitted an improvement of the depressive behavior induced by chronic unpredictable stress in mice alongside reduced hippocampal neuronal cell death, attenuated long-term depression, increase in BDNF, and COX-2 inhibition, suggesting neuroprotection via anti-inflammatory effects. Curcumin can also exert neuroprotective effects by stimulating the production of neurotrophic factors, especially BDNF.

The extracellular signal-regulated kinase (ERK) is a subfamily of mitogen-activated protein kinase (MAPK), an essential family of serine/threonine kinase regulating cellular growth, differentiation, and survival in proliferative cells including brain cells (139). ERK, alongside BDNF, has shown to be downregulated in the PFC and hippocampus of depressed humans and animals, and antidepressants could, in turn, reverse the hypoactivity of ERK and alleviate depression-like behaviors. Reciprocally, in animal studies, blocking the BDNF pathway resulted in a loss of effects of antidepressants (140).

The transcription factor CREB is also a downstream target of ERK, and other studies found that CREB phosphorylation was decreased in the frontal cortex and the hippocampus of stressed humans and animals, accompanied with a decrease in ERK activity. Antidepressants reversed the reduction of CREB phosphorylation in stressed animals (140). In short, the activation of the ERK pathway by antidepressants increases the expression of nuclear CREB, which facilitates the expression of neurotrophic/neuroprotective proteins such as the BDNF.

In an adult male Wistar–Kyoto rat model of depression, Hurley et al. (141) showed that curcumin had an antidepressant activity and found an increase in hippocampal BDNF. Similarly, Xu et al. (24) showed that administrating curcumin to chronically stressed mice increased the hippocampal BDNF. Liu et al. (142) showed similar results in chronically stressed mice with a positive effect on stress-induced learning and memory deficits and an upregulation of BDNF and ERK in the hippocampus.

Some authors have also shown a neuroprotective effect of curcumin in the amygdala. For example, Zhang et al. (143) showed in a study that curcumin could increase BDNF levels in rat amygdala via ERK phosphorylation and alleviate depressive behavior. They later replicated those results (144). Similarly, Abd–Rabo (145) could show that the administration of curcumin in ovariectomized rats could alleviate depressive behavior and upregulate the BDNF mRNA in the limbic system. With regards to human studies, Yu et al. (60) showed, in a clinical trial, that curcumin increased the plasma BDNF levels compared to the placebo group.

These studies suggest that curcumin can alleviate depressive behavior through activation of the ERK/BDNF neurotrophic pathway, especially in the hippocampus, the pre-frontal cortex, or the amygdala that are involved in depression pathophysiology.



OXIDATIVE STRESS, DEPRESSION, AND CURCUMIN

As stated in the introduction, depression pathophysiology may involve several interconnected biochemical pathways including nitrosative stress and oxidative stress. Generally, oxidative stress is defined as an imbalance between the production of reactive oxygen and nitrogen species as well as the efficiency of enzymatic (like catalase, glutathione peroxidase, and superoxide dismutase) and non-enzymatic (like reduced glutathione and uric acid) antioxidative systems, so cells are said to be in a state of oxidative stress when the level of reactive oxygen species exceeds the endogenous antioxidant defense mechanisms (for e.g., the enzymes catalase, glutathione peroxidase, or superoxide dismutase) (146).

Studies to date indicate that patients with depression have lower levels of antioxidative systems, and at the same time, they display an increased amount of oxidative stress markers when compared with healthy individuals (147, 148). Some antioxidant therapeutics, like N-acetyl-cysteine, seem to show some effect in depression treatment (149).

Recently, Naqvi et al. (150) have shown that, on chronically stressed mice, curcumin administration could correct depressive behaviors and improve memory functions as well as improve oxidative stress as measured by the peroxidation of lipid and the antioxidant enzyme activities. Fidelis et al. (151) administrated curcumin in a model of oxidative stress induced by beta amyloid infusion in mice and noticed an antidepressant-like effect as well as a reduction of the Aβ-generated oxidative stress in the pre-frontal cortex, as evidenced by the reactive species levels and the superoxide dismutase and catalase activities. Rinwa and Kumar (116) exposed mice to a chronic unpredictable stress that significantly impaired the oxidative parameters (elevated malondialdehyde and nitrite concentrations and decreased glutathione and catalase levels) and mitochondrial enzyme complex activities. Those effects were reversed by the administration of curcumin; there was an improvement in the depressive-like behavior as well. Jangra et al. (58) were also previously able to show that curcumin could reverse glutathione depletion in the hippocampus induced by LPS administration. Concerning nitrogen species and nitrosative stress, we previously addressed this issue and how curcumin could oppose this noxious phenomenon by its action on NOS.

As we have stated before, oxidative stress and mitochondrial dysfunction leading to the formation of reactive oxygen species are involved with other pathophysiological mechanisms such as inflammation. As a consequence, tackling this pathogenic cascade could be an interesting way to improve treatment outcomes in depression.



CURCUMIN AND THE ENDOCANNABINOID SYSTEM

Two kinds of cannabinoid (CB) receptors have been found in the human body: CB1 and CB2 receptors. They can activate multiple cell signaling pathways to regulate the neurotransmitter release process (152). CB1 receptors are mainly distributed in the central nervous system and may be related to the cannabinoid functions of memory and cognition regulation as well as motor control and show relatively low expression levels in the peripheral nervous system (153). On the other hand, CB2 receptors are mostly distributed in peripheral immune cells, mainly affecting immune regulation (153).

Considering the regulatory function of CB receptors on mood (154) and their distribution in brain regions related to mood and reward (pre-frontal cortex, limbic system, raphe nuclei) (155), some authors proposed that the endocannabinoid signaling pathway may be involved in the formation and development of depression, as suggested by diverse animal studies showing the apparition of depressive behaviors with the blockade of CB1 receptors (156). We could also cite the example of rimonabant (a CB1 antagonist used to treat obesity) that has been forced out of the market due to anxiety and depression reported as frequent and important side effects (157) and studies reporting that the use of rimonabant could inhibit positive emotional memory as well as the reward system (158). Based on these observations, reports have also shown that the activation of CB1 receptors could result in similar behavior and biochemical changes as those caused by antidepressants (159).

He et al. (160) tested an association of curcumin and HU-122, a cannabinoid known for having no effect on CB receptors. They showed some efficacy in a corticosterone-induced model of depression. The administration of this dual drug could prevent corticosterone-induced neural cell apoptosis and improve the dopamine levels, especially in the hippocampus and the striatum. Alongside those effects, the authors noted an enhanced expression of CB1 receptors, which could have an important role in the antidepressant potency of curcumin. Hassanzadeh and Hassanzadeh (161) suggested that the endocannabinoid system could have a pivotal role in emotion regulation and neuroplasticity exerted by curcumin as they showed in their study that chronic curcumin administration in rats could increase endocannabinoid levels as well as nerve growth factor levels in key structures like the amygdala and the hippocampus. Witkin et al. (162) noted that curcumin had no effect on depression-like behavior on CB1 KO (–/–) mice, highlighting the role of CB1 receptors in curcumin efficacy.

In sum, these data highlight the role of CB1 receptors as a novel and multimodal target of curcumin.



TRANSLATION INTO CLINICAL PRACTICE

To date, clinical trials have yielded conflicting results regarding the efficacy of curcumin in depression; however, there has been two meta-analyses concluding that curcumin could be effective in depression: the first one was in 2017 (163), which included six studies with a total of 377 patients comparing the use of curcumin to placebo, supporting a significant clinical efficacy in depression, and the second one was conducted by Fusar-Poli et al. (13), in which curcumin was evaluated as an add-on therapeutic, that included 10 studies with a total of 531 patients, supporting the efficacy of curcumin as an add-on.

However, even though there were moderate to large effect sizes in those meta-analysis, it is important to note that not every study yielded significant results and that the studies were heterogeneous, especially with the formulations and the dosage of curcumin used. Yet a concern about curcumin has been its bioavailability, and thus diverse formulas are being developed to enhance its bioavailability, like the use of curcumin nanoparticles, liposomal encapsulation, emulsions, lipid complexes, use of piperine, or development of synthetic curcumin analogs (164, 165). However, no statistical analysis could be performed in those meta-analysis regarding a potential difference in efficacy between formulas due to the small number of studies, so further clinical trials with diverse curcumin formulations will be important since, in animal studies, different magnitudes of effects on the behavioral, molecular, and electrophysiological levels have been reported depending on the curcumin formula administered (20, 151). Nonetheless, the meta-analyses conducted did not show significant differences with respect to the dosage of curcumin used (> or ≤500 mg/day). Moreover, it is important to note that the clinical trials conducted were generally small, with samples varying from 14 to 123 (13). Thus, enlarging samples in future studies would be desirable.

Curcumin generally appears to be well-tolerated, with only mild side effects like yellow stool, headache, or diarrhea noted in doses up to 12 g/day (166).

On another hand, most of the studies were conducted in Asian countries, where dietary regimens usually include curcuminoids, so it would be interesting to test the effects of curcumin in Western countries to see if the dietary regimen influences curcumin potency. Nonetheless, the most convincing effects of curcumin were shown in studies conducted in Australia (167, 168).

Due to the poor bioavailability of curcumin, turmeric ingestion as powder might instinctively be thought unlikely to have therapeutic potency, particularly as the curcumin content of pure turmeric powder is only around 3% (169). However, as we have previously highlighted the neuroprotective potency of curcumin, in some studies, dietary curcuminoid consumption was positively correlated with an overall better cognitive performance in the elderly (170). In fact, this lack of bioavailability could also account for curcumin efficacy via its direct effects in the intestine, as it can act on intestinal barrier dysfunction as described earlier and thus tackle the subsequent systemic inflammation. Gut microbiota can also, via demethylation, metabolize curcumin into active metabolites, such as methexylcurcumin that has been evaluated as a potential effective synthetic analog, so the metabolization by gut microbiota into active metabolites may also exert systemic effects (171). Primarily targeting enterocytes because of this lack of bioavailability and a subsequent extensive first-pass metabolism may also account for the increased efficacy of co-administered drugs (172), supporting the use of curcumin as an add-on agent. Giving further arguments to this hypothesis, Lopresti et al. (173) have conducted a clinical trial in which the basal levels of endothelin-1 were predictive of a greater effect of curcumin administration on depressive symptoms (assessed by the inventory of depressive symptomatology). Since endothelin-1 has shown in rat models that it had a role in bacterial translocation (174), this supports the fact that ameliorating intestinal permeability and bacterial translocation may play an important role in curcumin antidepressant efficacy. The basal levels of endothelin-1 may also reflect the systemic effects of curcumin as endothelin-1 influences oxidative stress (175), HPA activity (176), and cytokine production (177).

Although curcumin has displayed an efficacy as monotherapy in placebo-controlled trials (163) or in antidepressant-controlled trials (178), this study of Lopresti et al. (173) raises the question of the subset of patients in which curcumin could be beneficial. Since curcumin has been studied in various diseases, especially inflammatory diseases, perhaps curcumin could be beneficial in patients with comorbidities. There have been two studies evaluating the use of curcumin in such conditions. The first was an 8-week randomized, double-blind, placebo-controlled trial conducted by Asadi et al. (179), testing the efficacy of curcumin on depression and anxiety in diabetic patients with polyneuropathy and showing a significant reduction of depression and anxiety in the curcumin group. The second was a 4-week randomized, double-blind, placebo-controlled trial (180) testing the antidepressant effects of curcumin in patients with systemic lupus erythematosus and that yielded positive results. There was also a positive correlation between TNF-α levels and depressive symptoms (assessed with the Beck depression inventory) that both decreased with curcumin administration. By analogy, in a meta-analysis on patients with chronic inflammatory conditions, anti-cytokine agents exhibited an antidepressant effect, especially on severely depressed patients, that was not associated with improvement in primary physical illness (181). This highlights the fact that assessing the inflammatory status of patients may be of relevance when treating patients with curcumin since immuno-inflammatory dysregulation may account for the increased efficacy of curcumin in some patients due to its anti-inflammatory properties. This hypothesis is supported by a clinical trial in which curcumin showed a greater efficacy in patients displaying “atypical” depressive symptoms (168). These symptoms are defined as leaden palsy, hypersomnia, and increased appetite, symptoms that are associated with higher levels of CRP (45). In sum, although further trials are needed, curcumin could be used in a personalized fashion in which using markers such as high-sensitive CRP could serve a biomarker-based personalized antidepressant treatment selection based on patient inflammatory status before treatment, as it has been described as a predictive factor of efficacy of certain treatments (50, 51, 182).



CONCLUSION AND PERSPECTIVES

In this review, we highlighted the wide range of targets and modes of action of curcumin. However, as many as they are (as summarized in Figure 1), they are also interconnected (as shown in Figure 2). This illustrates the complexity of depression pathophysiology that could be described as psychophysiopathologic processes. Given the diversity of pathways involved in depression, the unidimensional nature of existing pharmacologic therapeutics may be a cause for their limited efficacy. As a consequence, an enhancement of treatment efficacy is likely to occur from therapies that target multiple mechanisms. It is under this foregoing logic that curcumin may find a place as an augmentation treatment through diverse mechanisms that have been described in this review.


[image: Figure 1]
FIGURE 1. Summary of the potential mechanisms of action of curcumin in depression.
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FIGURE 2. Pathways potentially involved in curcumin efficacy. Arrow indicates activation or enhancement; broken line indicates inhibitory action. 5-HT, serotonin; BDNF, brain-derived neurotrophic factor; CUR, curcumin; COX, cyclo-oxygenase; IDO, indoleamine 2,3-dioxygenase; LPS, lipopolysaccharide; MAO, monoamine oxidase; NMDAR, N-methyl-D-aspartate receptors; P2X7R, P2X7 receptor.


Given its major anti-inflammatory properties, curcumin could also be of use in a subset of patients. As inflammatory mechanisms are relevant to some patients, those differences could account for the lack of efficacy of classical antidepressants (181).

As we have discussed in the introduction, as society evolves, patients' demands do, too. As some patients are reluctant to take medication in fear of adverse effects, alternative medicine appears to be a seductive option. Thus, curcumin could embody the dawn of nutriceuticals as anti-inflammatory and antioxidant components appear to be a possible alternative in the treatment of depression. As curcumin displays neuroprotective effects, especially against stress-induced toxicity, it also suggests the use of such molecules as prophylactic agents.

All things considered, we have highlighted that curcumin is a promising molecule as it appears to be safe and displays positive results in studies, although more clinical trials on the antidepressant effect of curcumin are still required to determine its efficacy and optimal dosage.
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Depression is a common yet severe neuropsychiatric condition that causes imposes considerable personal, economic, and social burdens worldwide. Medicinal plant species (e.g., Panax ginseng and Polygala tenuifolia) demonstrate potent antidepressant-like effects with less toxicity and other side effects. Shen yuan prescription (SY), composed of Panax ginseng (GT) and Polygala tenuifolia (YT). The present study aimed to elucidate the effects of SY treatment on chronic unpredictable mild stress (CUMS) rats and study the underlying mechanism. Our results indicated that SY (67.5, 135, or 270 mg/kg) significantly reverses the depressive-like behaviors in rats with a 5-week CUMS exposure, as demonstrated by increased sucrose consumption in the sucrose preference test, and decreased immobility time in the tail suspension and forced swim test. Moreover, SY altered serum corticosterone levels, pro-inflammatory cytokines (IL-6, IL-1β, and TNF-α), and oxidative markers (SOD, CAT, and MDA), and increased the levels of hippocampal neurotransmitters (5-HT, DA, and NE) in rats exposed to CUMS. Furthermore, rats treated with SY showed a reduction in the protein expression of BDNF, p-TrkB, p-Akt, and p-mTOR proteins induced by CUMS exposure in the hippocampus. In conclusion, SY prevented depressive-like behaviors in CUMS-exposed rats by preventing hypothalamus-pituitary-adrenal axis dysfunction, decreasing the levels of the neurotransmitters, minimizing oxidative stress, suppressing neuroinflammation, and activating the PI3K/Akt/mTOR-mediated BDNF/TrkB pathway, all of which are the key players in the pathological basis of depression.
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INTRODUCTION

The onset of depression, a neuropsychiatric disease, inflicts a significant global socioeconomic burden. With the ever-increasing pace of modern life, people experience increased stress in their professional and personal lives. The incidence of depression has increased throughout these years (1, 2). However, the pathogenic mechanisms underlying the onset of depression are unknown. Mounting evidence suggests that depression results from the dysfunction of the hypothalamus-pituitary-adrenal (HPA) axis, reduced secretion of neurotransmitters (such as 5-hydroxy tryptophan, norepinephrine, and dopamine), neuro-inflammation, oxido-nitrosative stress, reduced cell proliferation, abnormal cytokine secretion, depleted levels of neurotrophic factors, and disordered neuroplasticity (3–5). At present, antidepressants such as selective serotonin reuptake inhibitors mainly target monoamine levels; however, these drugs have side effects and high failure rates (6). Thus, antidepressants with increased effectiveness and acceptable safety profiles should be developed.

In recent years, the search for effective low-toxicity antidepressants, mostly from natural products and underlying mechanisms, is a promising research area. Panax ginseng (GT) and Polygala tenuifolia (YT), the traditional Chinese herbal medicines, possess a broad spectrum of neurotrophic and neuroprotective effects and are widely used for treating several neurological disorders, including depression (7, 8). In one of our earlier studies, we demonstrated the superior antidepressant efficacy of SY prescription compared with GT or YT alone using tail suspension and forced swim tests (9). Recent studies have indicated that SY upregulates hippocampal BDNF and TrkB expression and induces antidepressant-like effects in learned helplessness (LH) and chronic mild stress rat models (10, 11). In the present study, we utilized the chronic unpredictable mild stress (CUMS)-induced depression animal model to explore SY's antidepressant effects using the sucrose preference test, tail suspension test, and forced swimming test. We also measured the neurotransmitters and corticosterone levels, inflammatory mediators, and oxidative stress levels and studied the PI3K/Akt/mTOR-mediated BDNF/TrkB pathway to elucidate the underlying mechanism of action.



MATERIALS AND METHODS


Chemicals and Reagents

Fluoxetine HCl (>98%) was procured from Aladdin Biochemical Technology Co., Ltd. (Shanghai, China). Norepinephrine (NE, noradrenaline) was purchased from the National Institute for Food and Drug Control (Beijing, China); dopamine (DA), 5-hydroxy tryptamine (5-HT) and DOPAC (dihydroxy-phenyl acetic acid) were purchased from Sigma-Aldrich Co. (St. Louis, MO, USA); and commercial kits for CORT, IL-6, IL-1β, TNF-α, superoxide dismutase (SOD), (LPO) and malondialdehyde (MDA) were from Jiancheng Biological Technology Co., Ltd. (Nanjing, China).



SY Preparation

Ginseng was purchased from the Jilin Shennong Traditional Chinese Medicine Technology Development Co., Ltd. (Jilin, China), and Polygala tenuifolia Willd was purchased from Shanxi Yuncheng Tiandi Net Chinese Herbal Medicine Co., Ltd (Shanxi, China). SY was prepared by water extracts from the stems of P. tenuifolia and P. ginseng. Briefly, dried roots of P. tenuifolia and P. ginseng (crude drug quantity ratio, 3:2) were extracted three times with deionized water, each time for 1 h, and the solid-liquid ratio was 8, 6, and 6, respectively. The extract was filtered through a 100-mesh sieve and combined. The filtrate was concentrated to a relative density of 1.125 (1.10–1.15, 25°C), followed by alcohol precipitation [concentration at 70% (w/w)], and refrigerated for 12 h at 10°C. Finally, after filtration by a 200-mesh sieve, the filtrate was evaporated and concentrated by spray drying (air inlet temperature was 180°C, air outlet temperature was 90°C) to obtain dry extract powder, and the paste extraction rate relative to crude drug was 26.4–27%. The refined anhydrous SY contained 0.26% 3',6-disinapoyl sucrose (DISS), 0.12% ginsenoside Rg1 (Rg1), 0.12% ginsenoside Re (Re), and 0.30% ginsenoside Rb1 (Rb1), as determined by HPLC on an anhydrous basis (Figure 1).


[image: Figure 1]
FIGURE 1. HPLC chromatogram of the water extract of Panax ginseng and Polygala tenuifolia (SY); DISS; Rg1; Re; Rb1.




Animals and Treatments

Sixty Sprague-Dawley (SD) rats (male; 180–200 g) (Institute of the Chinese Academy of Medical Science Center, Beijing, China) were housed under standard experimental conditions (20–22°C, 55% humidity, food and water ad libitum, 12:12 h light/dark cycle) and acclimatized. The animals had unrestricted access to food and water and were acclimatized to these conditions for 7 days. The animal ethics committee of the Institute of Medicinal Plant Development, Peking Union Medical College, sanctioned all animal experiments (approval no. SYXK 2017-0020).

Animals were randomly divided into six groups: the control group, the CUMS model group, the SY-treated groups (67.5, 135, and 270 mg/kg) and the fluoxetine group (10 mg/kg). Different doses of SY or fluoxetine were administered orally to CUMS rats for 35 consecutive days until the behavioral tests were completed. The experimental procedure is illustrated in Figure 2.


[image: Figure 2]
FIGURE 2. Experimental design procedure.




Chronic Unpredictable Mild Stress Model

The CUMS model was established following a modified procedure (9). The five test groups (excluding the control group) of rats were housed in individual cages and exposed to these stressors for 35 d: 24 h deprivation of food/water, 6 h restraint, 12 h illumination, 24 h light/dark alterations, 3 min tail pinch, predator sounds for 30 min, cold water (4°C) swimming for 5 min, electrical stimulation for 3 min, and hot water (40°C) swimming for 5 min. Rats were exposed to one or two different stressors daily for 5 weeks.



Behavioral Tests
 
Open Field Test (OFT)

We used a self-developed computer-aided controlling system to assess the locomotive activity of the experimental rats on day 34 via OFT (12). The system constituted round metal pools (d × h: 75 cm × 40 cm) with a video camera fixed at the top, and four rats were placed at the center to explore freely for 5 min in light condition at 100 lux.



Sucrose Preference Test (SPT)

Post-CUMS period, we performed the SPT following previously described method with slight modification (13, 14). All rats were housed in individual cages for a 2 day adaptation phase and could drink from two bottles ad libitum (first day: two 1% sucrose solutions; the second day: 1% sucrose solution or tap water). Next, SPT was performed post-24 h food/water deprivation. Every rat was allowed to drink the pre-weighed sugar water and pure water for 1 h in a quiet and peaceful environment. Then, all the bottles were removed, weighed, and recorded. The following equation was used to calculate the sucrose preference: sucrose preference index (%) = (sucrose solution consumed/total solution consumed) × 100%.



Tail Suspension Test

The TST was performed following a previously described method (15, 16). Each rat was hung from a ledge for 6 min by the tail ~70 cm above the floor using adhesive tape. The “despair behavior” was recorded as the period of immobility during the total 6 min test duration.



Forced Swimming Test

The FST was conducted following a previously described method (11, 17). On the first day, each rat was constrained to swim for 15 min at a depth of 30 cm in an acrylic cylinder (d × h: 18 × 40 cm) at a temperature of 25°C). After 24 h, we reintroduced the rats into the same cylinder for a 5 min swimming test. The total period of immobility during the 5 min test duration was noted.




Biochemical Analysis
 
Blood Sampling and Tissue Extraction

The rats were decapitated, and brain tissues were collected, followed by the isolation and weighing of the hippocampal tissue. After collection, blood was centrifuged (4°C; 15 min; 3,000 rpm). Both brain tissues and serum samples were stored at −80°C.



Measurement of the Neurotransmitter Levels in the Hippocampus

We used liquid chromatography-tandem mass spectrometry (LC-MS/MS) to determine the hippocampal levels of 5-HT, DA, and NE (18, 19). After homogenization, the hippocampal tissues were added to the acetonitrile solution containing 5 μg/mL of 3,4-dihydroxybenzylamine (DHBA, the internal standard) and centrifuged (4°C; 20,000 rpm; 30 min). Next, we measured the levels of the neurotransmitters in the supernatant via LC-MS/MS. We used a TSKgel Amide-80 column, maintained at 35°C. The separation was done at a flow rate of 0.4 mL/min using an 15 mM ammonium formate-acetonitrile solution in a 60:40 ratio (pH 5.5). The system was operated in the positive ion ESI mode under the multiple reaction monitoring (MRM) mode, at the m/z 177.0→ 160.0, 170.0→ 152.0, 154.2→ 136.6, 140.0→ 123.0 for 5-HT, NE, DA, and DHBA, respectively. The ratio of the peak areas of the analyte and DHBA were used to determine the concentration of the neurotransmitters.



Determination of Serum Corticosterone, Pro-inflammatory Cytokines, and Oxidative Stress Levels

The serum levels of IL-1β, IL-6, and TNF-α (Pro-inflammatory markers); catalase (CAT), superoxide dismutase (SOD), malondialdehyde (MDA), and corticosterone (CORT) (oxidative stress markers) were determined using commercial ELISA kits (Jiancheng, Nanjing, China).



Western Blot

After homogenization in RIPA lysis buffer (with protease/phosphatase inhibitors), the hippocampal homogenate was centrifuged (4°C; 12,000 g; 15 min), and quantified via the BCA protein assay. Next, the samples (30 μg) were electrophoresed (10% SDS-PAGE), and then transferred onto a PVDF membrane (Millipore, USA). The non-specific sites on the membrane were blocked by incubation for 1 h in 5% non-fat dry milk in TBS-T. Next, the membranes were kept in overnight incubation at 4°C with primary antibodies, including mTOR (1:1000, Cell Signaling); phospho-Akt (1:2000, Cell Signaling); phospho-TrkB (1:1000, Abcam); phospho-mTOR (1:1000, Cell Signaling); BDNF (1:5000, Abcam), and β-actin (1:1000, Cell Signaling). After washing, the membrane was incubated for 1 h with HRP-conjugated secondary antibody at room temperature. The enhanced chemiluminescence method was used to visualize the bands, which were captured using ChemiDoc XRS (Bio-Rad, USA). To eliminate variations in protein expression, three independent experiments were performed, and the data were adjusted to correspond to internal reference expression (β-actin), and the results are shown as a percentage of controls.




Data and Statistical Analyses

All results were analyzed using SPSS Statistics 21.0 (SPSS Inc., Illinois, Chicago, USA). The differences between the means were analyzed by one-way analysis of variance (ANOVA) followed by Fisher's LSD post hoc test. Significance levels were considered at p < 0.05, and values are displayed as the mean ± standard error of the mean (SEM).




RESULTS


Effects of SY on Depression-Like Symptoms in the CUMS Rat Model

As per OFT results, we observed an insignificant difference in the total distance among all groups (p > 0.05; Figure 3A), which implies that SY treatment did not affect the locomotor activities of rats. Thus, the following behavioral tests could be used reliably to assess the animals.


[image: Figure 3]
FIGURE 3. Antidepressant-like effects of chronic SY treatment on CUMS rats. (A) Open field test. (B) Sucrose preference test. (C) Tail suspension test. (D) Forced swim test. Data represent the mean ± S.E.M. (n = 10 per group). #p < 0.05, ##p < 0.01, vs. the control group; *p < 0.05, **p < 0.01 vs. the CUMS group.


Figure 3B shows the performance of rats in the sucrose preference test (SPT). Sucrose consumption was decreased in CUMS-exposed rats to the same extent as in the control rats [F(5,54) = 4.606, p < 0.01]; the decreases in both the groups were significant. However, the decreases in sucrose consumption were considerably alleviated in all SY treatment groups (p < 0.05, p < 0.01, p < 0.01), consistent with the decrease in 10 mgkg−1 fluoxetine group (p < 0.01).

In the tail suspension test (TST), CUMS-exposed rats exhibited behavioral despair, as shown by substantially enhanced immobility time as compared with no-stress control rats [Figure 3C; F(5,54) = 4.606, p < 0.01]. However, treatment with SY (67.5, 135, and 270 mgkg−1) considerably reduced the immobility time in CUMS-exposed rats, especially at 270 mgkg−1 (all p < 0.05).

Figure 3D shows the results of the forced swimming test (FST). We observed a substantial increase in the immobility time in the CUMS group as compared with the control group after a 5 week exposure to the stressors [F(5,54) = 7.495, p < 0.01], which was considerably reversed after administration of SY (67.5, 135, and 270 mgkg−1) or fluoxetine (10 mgkg−1) (p < 0.01, p < 0.01, p < 0.01, and p < 0.05, respectively).



Effects of SY on the Levels of Oxidative Stress Markers

The CUMS-exposed rats exhibited elevated levels of serum corticosterone (CORT) than the controls [Figure 4A; F(5,54) = 5.987, p < 0.01]. However, 42 d treatment with SY (135 and 270 mgkg−1) or fluoxetine (10 mgkg−1) substantially reversed the CUMS-induced elevation of serum CORT levels (p < 0.05, each).


[image: Figure 4]
FIGURE 4. Effects of SY on the levels of CORT, 5-HT, NE, and DA in CUMS rats. (A) Levels of corticosterone (CORT). (B) Levels of 5-hydroxy tryptamine (5-HT). (C) Levels of norepinephrine (NE). (D) Levels of dopamine (DA) in each group. Data represent the mean ± S.E.M. (n = 10 per group). ##p < 0.01, vs. the control group; *p < 0.05, **p < 0.01 vs. the CUMS group.


Figures 4B–D demonstrate a significant reduction in the hippocampal levels of NE, 5-HT, and DA post-CUMS induction as compared with the unstressed controls (p < 0.01 each). However, SY (270 mgkg−1) or fluoxetine (10 mgkg−1) considerably suppressed the decrease in the elevated levels of 5-HT [Figure 4C; F(5,54) = 4.425, p < 0.01]. All SY-treated groups (67.5, 135, and 270 mgkg−1) exhibited significantly increases in NE [Figure 4C; F(5,54) = 11.666, p < 0.01 each] and DA levels [Figure 4D; F(5,54) = 4.220, p < 0.01, p < 0.01, and p < 0.05, respectively].



Effects of SY on Serum Oxidative Stress Biomarkers and Pro-Inflammatory Levels

We measured the serum concentration of SOD, CAT, and MDA to assess the impact of the CUMS procedure and SY treatment on redox homeostasis. We observed a substantial reduction in SOD and CAT levels [Figures 5A–C; F(5,54) = 2.851, F(5,54) = 10.940, F(5,54) = 2.218, p < 0.01 each] and a substantial increase in MDA levels (p < 0.01) in CUMS group as compared with the control group. Serum levels of SOD and CAT increased after treatment with SY (270 mgkg−1) (p < 0.05, p < 0.01); MDA levels decreased considerably post-treatment with SY (67.5, 135, and 270 mgkg−1) as compared with the CUMS group (Figure 4C; p < 0.05, p < 0.05, and p < 0.01, respectively).


[image: Figure 5]
FIGURE 5. Effects of SY on oxidative stress biomarkers and pro-inflammatory cytokines in CUMS rats. (A) SOD activity. (B) CAT activity (C) MDA level. (D) IL-1β level. (E) IL-6 level. (F) TNF-α level. Data represent the mean ± S.E.M. (n = 10 per group). #p < 0.05, ##p < 0.01, vs. the control group; *p < 0.05, **p < 0.01 vs. the CUMS group.


Next, we estimated the hippocampal levels of IL-1β, IL-6, and TNF-α to confirm the protective response of SY on CUMS-induced neuroinflammation in vivo. CUMS procedure induced a substantial increase in the serum levels of IL-1β, IL-6, and TNF-α [Figures 5D–F; F(5,54) = 3.948, F(5,54) =2.294, F(5,54) = 1.728, all p < 0.01]. Additionally, there was a significant decrease in serum IL-1β levels after treatment with SY (135 and 270 mgkg−1) in the CUMS group (Figure 4D; p < 0.05 and p < 0.01). Treatment with SY (67.5, 135, and 270 mgkg−1) significantly reversed the elevation in the serum levels of IL-6 and TNF-α (Figure 4E; p < 0.01, Figure 4F; p < 0.01, p < 0.01, and p < 0.05, respectively).



Effects of SY on PI3K/Akt/mTOR-Mediated BDNF/TrkB Pathway-Related Protein Expression

We further evaluated the expression of PI3K/Akt/mTOR-mediated BDNF/TrkB pathway-related proteins to investigate the role of SY in depression. The western blotting results (Figures 6A–D) indicated that CUMS exposure significantly induced a decrease in hippocampal phosphorylated PI3K, phosphorylated Akt, phosphorylated mTOR, and BDNF expression as compared with control rats (all p < 0.01). However, varying degrees of increases were observed in the expression of BDNF, phosphorylated PI3K, Akt, and mTOR in all the SY-treated groups (p < 0.01 each).


[image: Figure 6]
FIGURE 6. Effects of SY on the hippocampal expression of p-PI3K, p-AKT, p-mTOR, and BDNF in CUMS rats. (A) Levels of p-PI3K. (B) Levels of p-AKT. (C) Levels of p-mTOR. (D) Levels of BDNF in each group. Data represent the mean ± S.E.M. (n = 10 per group). ##p < 0.01, vs. the control group; *p < 0.05, **p < 0.01 vs. the CUMS group.





DISCUSSION

We observed that high concentrations of SY alleviated CUMS-induced depression symptoms, including anhedonia and despair, as demonstrated by significantly increased sucrose preference in SPT and reduced immobility in TST and FST in rats. At the same time, SY treatment significantly decreased the serum levels of CORT and increased hippocampal levels of neurotransmitters (NE, 5-HT, and DA) in CUMS-exposed rats. SY also alleviated oxidative stress and inhibited inflammation in CUMS-exposed rats, as evidenced by elevated SOD activity and CAT levels, lowered MAD content, and decreased IL-1β, IL-6, and TNF-α serum levels. Moreover, we found that SY-treated rats displayed enhanced hippocampal expression of BDNF, p-Akt, p-PI3K, and p-mTOR proteins.

Katz (20) observed that the rats showed reduced activity ability after getting exposed to a series of stress factors such as bright light stimulation, noise, and prolonged behavioral restriction. Willner (21) developed a CUMS depression model based on their observations. As compared with Katz's scheme, Willner's procedure had two changes: the reduced intensity of stimulants and the use of anhedonia as the measure of the model's success instead of the change in exercise ability. CUMS model simulates human beings' continuous acceptance of uncontrollable adverse events in social life and applies several different stress factors in random order throughout the experiment so that the animals cannot anticipate the occurrence of stimuli. As compared with the animal model of depression caused by acute stress such as forced swimming or electric shock, CUMS model can better simulate the social and environmental stress caused by depression, with higher credibility, and is the most important animal model for screening antidepressants and their mechanism of action (22). Accumulating evidence has demonstrated that a 5-week CUMS exposure can elicit depression-like symptoms, including anhedonia and despair behavior, as shown by reduced sucrose intake in the SPT and enhanced immobility time in the TST and FST (23), which is consistent with the current study. As compared with treatment with classical antidepressants (fluoxetine and imipramine), SY treatment was found to significantly reverse the depression-like behaviors, consistent with a previous report (11). Therefore, this study proved that SY possesses significant antidepressant activity.

When the organism is in a state of stress, the hypothalamic-pituitary-adrenal (HPA) axis will improve its excitability and promote the organism's effective adaptive regulation, which is conducive to preserving life and adaptation to the environment. The HPA axis eventually releases CORT or cortisol that acts on corticosteroid receptors in the brain and is involved in negative feedback regulation in the hypothalamus and pituitary gland. Serum CORT or cortisol levels can largely reflect the status of the HPA axis. However, under long-term stress, the HPA axis is continuously excited and may even damage its negative feedback regulation mechanism; thus, the entire HPA axis cannot be suppressed. Excessively high CORT or cortisol levels for a long time are implicated in the pathophysiology of depression. Depressed patients have significantly high cortisol concentrations, and depression model animals also show sharply rising corticosterone levels (24). In the present study, CUMS exposure caused a significant increase in rats' serum CORT levels, reflecting HPA axis hyperfunction, which is in line with previous studies. SY significantly decreased these elevated CORT levels, indicating that SY might elicit its antidepressant effects by inhibiting the hyperactivation of the HPA axis. The monoamine hypothesis put forward in the last century is the classical hypothesis of depression, which has been widely accepted and verified. This hypothesis suggests that depression results from a deficiency in monoamine neurotransmitters in the brain, and the clinical antidepressants currently in use target the monoaminergic system (25). CUMS procedure reduces hippocampal and prefrontal cortex levels of monoamines, including DA, 5-HT, and NE, inducing monoamine deficiency (18). Our results also showed that NE, 5-HT, and DA levels in CUMS-exposed rats were significantly lower than those of non-stressed control rats. As expected, the administration of SY significantly reversed this effect for 5-HT, DA, and NE and increased their secretion to levels similar to those in rats that were given the antidepressant Flu. These observations indicated that this normalization of neurotransmitter expression might induce the antidepressant effects of SY.

Increasing evidence supports the view that depression and chronic stress-induced depression-like behavior are associated with inflammation (26). Excessive secretion of IL-1β, IL-6, and TNF-α triggers depression-like symptoms. Indeed, depressive patients exhibit upregulated levels of pro-inflammatory cytokines (27). Animal studies have also shown that some depressive-like symptoms are related to the chronic stress-mediated secretion of inflammatory cytokines (28). Accordingly, rats subjected to CUMS exhibited elevated levels of IL-1β, IL-6, and TNF-α; however, SY treatment successfully reversed this effect. Inflammation is closely related to oxidative stress. Under normal circumstances, there is a dynamic balance between the body's antioxidant capacity and oxidative capacity. During oxidative stress, a large number of free radicals are generated, causing an imbalance in the body's oxidation-antioxidant system, leading to mitochondrial damage, NO release, and MDA accumulation (29). The level of cytokines is increased, and the activity of antioxidants (SOD, CAT, and GSH) is decreased, causing damage and apoptosis of hippocampal neurons in the brain. These manifestations induce depression or aggravate the course of depression (30, 31). Similar to previous studies, our study also reports that a 5-week exposure to CUMS causes substantially reduced SOD and CAT levels and a notable increase in the serum concentration of MDA in rats. However, SY (67.5, 130, and 270 mgkg−1) regulated the expression of these oxidative stress indicators in model rats to varying degrees and improved the depression-like symptoms. These findings suggest that SY exhibits its antidepressant effects by inhibiting immune-mediated inflammation and suppressing oxidative stress.

The hippocampus, which is a key brain area for learning, memory, and emotional disorders, is important in mediating the stress response and is also extremely vulnerable to damage, and it has been implicated in mood disorders (32). BDNF is one of the four major members of the neurotrophic factor family and is widely distributed in the mammalian brain. It is primarily expressed in the hippocampus and prefrontal cortex, among other areas. BDNF is vital for the pathogenesis of depression, cell plasticity regulation, inhibition of cell cascade death, increase of cell survival proteins related to neuron proliferation and maintenance, etc. Large evidence suggests that human and animal cases of depression exhibit downregulated hippocampal expression of BDNF (33). A variety of antidepressants (serotonin reuptake inhibitors and tricyclic antidepressants) can reverse the decrease in BDNF expression and significantly improve neuronal damage (7). Similar to other reports, we found that SY significantly improves depression-like symptoms and reduces CUMS-induced BDNF expression. This observation confirmed that SY exhibits its neuroprotective ability via the BDNF signaling pathway.

CUMS not only reduces BDNF expression but also results in significantly downregulated phosphorylation of Akt, PI3K, and mTOR in the hippocampus. These manifestations were reversed via SY treatment. The PI3K/Akt signaling pathway is the primary downstream signaling pathway in BDNF/TrkB signaling, regulating neuronal cell growth and survival in the hippocampus and mediating stress-induced depression and antidepressant effects (34, 35). Mammalian target of rapamycin (mTOR) is a downstream signaling molecule of PI3K/Akt pathway that regulates protein translation and synthesis. Depression is caused by synaptic protein defects induced by abnormal mTOR signaling (36). Recent studies have identified mTOR signaling as one of the targets involved in the rapid antidepressant response. Animal studies detected reduced phosphorylation of mTOR and Akt in the hippocampus of CUMS-exposed mice (37). Previous studies demonstrated that ketamine increases synaptic protein synthesis by activating the mTOR pathway, increases synaptic function, promotes synapse occurrence, and produces rapid antidepressant effects (38, 39). Similarly, the classical antidepressant fluoxetine modulates the mTOR signaling pathway in the hippocampus of mice exposed to chronically CUMS (40). These results suggest that the PI3K/Akt/mTOR signaling pathway plays an irreplaceable role in treating depression. We found that CUMS induced depression-like symptoms and reduced PI3K/Akt/mTOR phosphorylation in the hippocampus were ameliorated by long-term SY treatment. Overall, these neurochemical results suggest that SY upregulates the expression of BDNF/TrkB and the PI3K/Akt/mTOR signaling pathway to ameliorate CUMS-induced depression-like symptoms in rats.

Our study showed that SY prevents depression-like symptoms in CUMS-exposed rats by preventing HPA dysfunction, decreasing the neurotransmitter levels, minimizing oxidative stress, suppressing neuroinflammation, and activating the PI3K/Akt/mTOR-mediated BDNF/TrkB pathway, all of which are the key players in the pathological basis of depression. These findings suggest that SY can function as a potent therapeutic agent for preventing and treating stress-associated disorders, including depression.
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Although cannabis has been known for ages as an “alternative medicine” to provide relief from seizures, pain, anxiety, and inflammation, there had always been a limited scientific review to prove and establish its use in clinics. Early studies carried out by Carlini's group in Brazil suggested that cannabidiol (CBD), a non-psychotropic phytocannabinoid present in Cannabis sativa, has anticonvulsant properties in animal models and reduced seizure frequency in limited human trials. Over the past few years, the potential use of cannabis extract in refractory epilepsy, including childhood epilepsies such as Dravet's syndrome and Lennox-Gastaut Syndrome, has opened a new era of treating epileptic patients. Thus, a considerable number of pre-clinical and clinical studies have provided strong evidence that phytocannabinoids has anticonvulsant properties, as well as being promising in the treatment of different neuropsychiatric disorders, such as depression, anxiety, post-traumatic stress disorder (PTSD), addiction, neurodegenerative disorders and autism spectrum disorder (ASD). Given the advances of cannabinoids, especially CBD, in the treatment of epilepsy, would the same expectation regarding the treatment of other neuropsychiatric disorders be possible? The present review highlights some contributions from Brazilian researchers and other studies reported elsewhere on the history, pre-clinical and clinical data underlying the use of cannabinoids for the already widespread treatment of refractory epilepsies and the possibility of use in the treatment of some neuropsychiatric disorders.
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INTRODUCTION

Cannabis sativa, a plant popularly known for giving rise to marijuana, has in its composition more than 140 compounds called phytocannabinoids. In addition to the phytocannabinoids present in the plant, endocannabinoids (eCB) are produced endogenously through physiological stimulation and cannabinoids of synthetic origin, all called cannabinoids. Both together and isolated, cannabinoids have a wide variety of effects on the nervous system, making these compounds promising psychopharmacological alternatives in treating many neuropsychiatric disorders (1–3). Among the possibilities for pharmacotherapeutic use, stand-depression, anxiety, post-traumatic stress disorder (PTSD), addiction, neurodegenerative disorders, autism spectrum disorder (ASD), and especially refractory epilepsy, among others (4–12).

Concerning the treatment of refractory epilepsies, the last few years have shown a significant increase in studies evaluating the risks and benefits of using cannabinoids in this context (13, 14). Epilepsy is a pathological condition that affects about 65 million people worldwide, and its principal characteristic is recurrent seizures, and its etiology can be varied, ranging from genetic syndromes to brain damage (15–18). It is also a condition that often does not respond to the pharmacotherapy used, and, in this sense, cannabinoids appear as a promising alternative. The two phytocannabinoids most researched for the treatment of epilepsies are delta-9-tetrahydrocannabinol (THC—main psychoactive compound) and especially cannabidiol (CBD—main non-psychoactive compound), which are useful in preventing seizures and reducing mortality, with low toxicity and high tolerability (11, 17–20). The path to the safe and effective use of cannabinoids in treating epilepsy seems to be unraveled by science; however, the next question: would the same expectation regarding the treatment of other neuropsychiatric disorders be possible? To shed light on this issue, this review, in addition to emphasizing the use of CBD in the treatment of epilepsy, examines the possibility of using this compound as an alternative to the treatment of some neuropsychiatric disorders. For more details about the botany, psychobiology, and the medical potential of cannabis, the readers can examine the various reviews available in the literature or direct toward an elegant review by Solymosi and Köfalvi (21).



“FROM AN ALTERNATIVE MEDICINE:” FIRST EVIDENCE AND CARLINI'S GROUP CONTRIBUTION

The use of Cannabis for the treatment of epilepsy has been going on for a long time, with evidence found in Sumerian tablets more than 3,800 years ago (14). The most recent reports started in the middle of the nineteenth century when the Irish surgeon William O'Shaughnessy announced the plant's therapeutic effects in the treatment of epilepsy, a fact that was soon reinforced by two other renowned English neurologists, J. R. Reynolds and W. Gowers (22, 23). Scientific publications from the 1940s, both in animal models (24) and in children with epilepsy (25), were the first reports of the therapeutic use of Cannabis for this condition. A significant step in the study of cannabinoids was taken by Mechoulam in the 1960s, when he isolated, clarified the structure, and synthesized THC and CBD, the most abundant and most studied phytocannabinoids in Cannabis to date, including for epilepsy (26–28).

In the sequence, and even before the discovery of the eCB system (which occurred only in the '90s), the Brazilian researcher Elisaldo Carlini started studies using CBD in animal models of epilepsy, suggesting the first scientific evidence about the therapeutic potential of CBD in treatment of this pathology (29, 30). Next, in partnership with the Mechoulam group, Carlini et al. conducted the first placebo-controlled study of CBD in patients with refractory epilepsy. At the time, the authors showed that two of the four epileptic patients treated with 200 mg of CBD daily showed an improvement in their epileptic status, without having any seizures within 3 months of treatment. The third patient had a partial improvement, while the fourth patient treated with CBD, and the other five patients in the placebo group showed no improvement. No toxic effects were observed, and this was the first study in humans from the “modern scientific era” to consider the possibility of CBD's therapeutic potential, isolated, in the treatment of refractory epilepsies (31).

Continuing the investigations, Carlini et al. published a series of studies that confirmed CBD's therapeutic potential in the treatment of seizures. In the early 1980s, a double-blind controlled trial was performed with CBD 200–300 mg/kg or placebo administered daily over more than 4 months in 15 patients with generalized epilepsy. Of the eight patients treated with CBD, four of them had practically no seizures throughout the experiment, and three had partial improvement, while the seven patients in the placebo group showed no improvement in the clinical picture of the seizures (32).

Subsequently, other studies by Carlini et al. have reinforced CBD's therapeutic potential, a non-psychoactive phytocannabinoid and, therefore, with fewer side effects than THC, in the treatment of epileptic conditions (33–35). Since then, different researchers have confirmed the pioneering studies of Carlini et al. since the 1970s, that is, that CBD can be a safe and effective therapeutic alternative for the treatment of epilepsy, a condition that affects millions of people across the world (11, 36–40). This contribution made an extensive article published recently (2020) in The NY Times about CBD, which considers Carlini as the “discoverer” of the use of this compound in epilepsy (41). A recent and simple search made based on scientific articles PubMed, using the descriptors “cannabidiol” and “epilepsy” lists ~470 publications addressing this topic. Although there is now much more evidence from studies in animals than in humans, in addition to few randomized controlled trials (28, 42), many clinical observations have suggested cannabinoids, not just CBD, as a new treatment for refractory epilepsies (for better visualization of the contribution of Carlini et al., see Figure 1).


[image: Figure 1]
FIGURE 1. Brief history of Carlini's contribution to cannabidiol research in the treatment of epilepsy.




“TO A NEW TREATMENT FOR REFRACTORY EPILEPSIES:” CLINICAL CONFIRMATION AND THE ROLE OF ANECDOTAL REPORTS

The fact that medical cannabis is still illegal in several countries, coupled with the high financial cost for patients, when available, ends up favoring the use of artisanal extracts. In turn, these extracts do not always have strict quality control over the quantity and quality of the components present in the formulation. This situation makes it difficult to obtain reliable scientific data regarding the efficiency and safety of the drug use of cannabinoids. However, it is precisely anecdotal reports, mostly obtained through the use of cannabis herbal extract oil, that have provided a considerable amount of evidence for the use of cannabis and CBD in isolation as a treatment for epilepsies (43).

In a study of 74 children resistant to traditional treatment of epilepsy, treatment with CBD-rich herbal cannabis extract (20: 1 THC; ~10 mg/kg CBD per day) reduced the frequency of seizures by 89% of the studied population, with 43% of these children had a reduction that surpassed 50%. Only 6.7% of these children worsened in seizures, with treatment discontinue (44). In another prospective open-label study, using CBD-rich herbal cannabis extract (50: 1 THC; ~13 mg/kg CBD per day) to treat 20 children with Dravet's syndrome for 20 weeks, there was a reduction of more than 70% in seizures (45). Also, about the effectiveness of treatments using artisanal cannabis preparations, a retrospective study investigating the effects of CBD oil in 108 children with epilepsy is highlighted. In this study, 10% of children treated with CBD oil had no seizures, and 39% had a reduction more significant than 50% of those seizures, showing promising potential for this type of preparation. Less than 4% had sedation as an adverse effect (46). These studies, together, point to a direction and show that controlled clinical tests using different cannabinoid compounds, including standardized ones, are necessary, as well as they are promising in the treatment of epilepsy.

In this sense, some clinical studies have been done with standardized cannabinoid compounds, therefore, with better possibilities for the treatment's efficacy and safety. Among these, we highlight the open-label trial by Devinsky et al., which showed the effectiveness of Epidiolex in the control of refractory epilepsy in a study involving 162 patients. These patients received CBD 2 at 50 mg/kg per day, in stages, for 12 weeks. There was a reduction of ~36% in seizures compared to baseline. Mild adverse effects involving drowsiness, reduced appetite, diarrhea, fatigue, and seizures were reported in 79% of patients. Another 12% of patients had serious adverse effects (47). Besides, quality of life was measured in 48 of the 162 initial participants. There was an improvement in the scores obtained through the Quality of Life in Childhood Epilepsy (QOLCE) (48). In short, treatment with CBD proved to be relatively safe, reducing seizures and promoting an improvement in patients' quality of life (47, 48).

Facing the need for a double-blind/randomized/placebo-controlled trials, Devinsky et al. developed a study that reinforced the effectiveness of Epidiolex in the control of epilepsy in patients with Dravet's syndrome. The study included 120 subjects, including children and young adults, who were randomized to receive CBD (Epidiolex) at a dose of 20 mg/kg per day or placebo over 14 weeks. After treatment, 5% of participants who received CBD were free from seizures than the placebo group (0%). Also, 43% of patients treated with CBD had a 50% reduction in seizures, against 27% in the placebo group. It is also important to note that 93% of patients who received CBD treatment had an adverse effect, with the majority (89%) of these effects being considered mild or moderate (e.g., diarrhea, vomiting, drowsiness, etc.) (49). These results reinforce the evidence from the same group in previous studies (47, 48).

In another double-blind, placebo-controlled trial, two groups, one with 86 and 85 patients with Lennox-Gastaut syndrome, were treated, respectively, with CBD or placebo for 14 weeks. In this study, the group that received CBD, 20 mg/kg per day, had an average monthly reduction in epileptic seizures of around 43%, while the placebo group had an average of 21%. Mild and moderate adverse effects occurred in 86% of patients treated with CBD vs. 69% of patients in the placebo group, with diarrhea, drowsiness, decreased appetite, pyrexia, and vomiting being the most frequent. This study points to CBD as useful in treating seizures associated with Lennox-Gastaut syndrome and being relatively well-tolerated, as it has not caused severe adverse effects (50).

A point that has been discussed in the clinic and, therefore, deserves to be highlighted concerns the possible interactions of CBD with other anticonvulsant agents through the so-called polytherapy, so common in patients with refractory epilepsies. A better understanding of this adjunctive therapy is necessary so that there is greater clarification concerning the adverse effects, quality of life of the patient, as well as the effectiveness of the doses used. This understanding should involve, for example, genetic, pharmacodynamic, and pharmacokinetic issues that influence the effects of CBD in the presence of other drugs (and vice versa), thus providing greater security in choosing an appropriate pharmacotherapeutic strategy [for a more detailed review, see (51)]. One of these possibilities that have been documented is the interaction of CBD with benzodiazepine clobazam. Both are metabolized by the cytochrome P450 (CYP) pathway, and CBD could be potentiating the effects of clobazam by inhibiting this metabolism pathway. Likewise, clobazam could also be potentiating the antiepileptic effects of CBD by inhibiting its degradation pathway. This possibility raised a question about the effectiveness of CBD in the treatment of epilepsy, which was: would CBD have effects per se in the treatment of epilepsy, or would it need to be associated with clobazam? (52, 53) Although this answer is not yet clear, CBD in Europe has been approved only as an adjunctive treatment with clobazam. However, a study carried out with Lennox-Gastaut syndrome patients and Dravet syndrome who received CBD in the absence of clobazam (54), in addition to other studies (55, 56), strongly point to the fact that this phytocannabinoid exerts its therapeutic effects independently of its interaction with the mentioned benzodiazeinic. Therefore, the evidence suggests that the European Medicines Agency Public Assessment Report's prescription restriction is not supported. The lack of randomization for studies involving CBD interaction with clobazam may have contributed to some misconceptions (52).

In recent years, there have also been some systematic reviews of clinical trials, including meta-analysis, which have reinforced the effectiveness and safety of CBD or CBD-Rich Cannabis Extracts in the treatment of epilepsies (18, 40, 57). After a long time where anecdotal reports predominated, the evidence through well-conducted clinical studies indicates a safe use of cannabinoids, especially CBD, in the treatment of epilepsies. Further studies are needed to understand better the benefits to the possible risks of using cannabinoids in this situation. Studies are needed to better elucidate another prevalent issue among anecdotal reports, which concerns the interaction between CBD and THC influencing antiepileptic effects' effectiveness (20, 58). Would CBD alone be more effective, or would it need to interact with THC and other constituents of Cannabis sativa? Such an issue will be further discussed in the next section of this article.



THE POSSIBILITY OF THE ENTOURAGE EFFECT: WHAT IS KNOWN ABOUT?

“One plus one is always more than two,” phrase of the song “O sal da terra” by Beto Guedes, a singer of Brazilian popular music. Obviously, he was not referring to cannabinoids but to the need to bring people together to build a better world. The same phrase can also make sense when speculating about the entourage effect observed in many studies that address the therapeutic application of cannabinoids.

The entourage effect is a term suggested referring to a situation where a group of endogenous compounds similar to eCB, when acting together, potentiate the effects mediated by cannabinoid receptors. This term was first mentioned by Bem-Shabat et al. (59), and soon expanded to also define the synergistic effects observed through the use of mixtures of plants in general, including concerning the different compounds present in cannabis. It is worth mentioning in this topic another pioneering aspect of Carlini and his group. Long before the advent of this terminology on cannabinoid effects, the Brazilian group published studies showing the relevance of the interaction between the different phytocannabinoids present in cannabis samples (60–62). Thus, evidence indicates that many of the therapeutic effects observed through the use of phytocannabinoids occur, in fact, much more from the complex and poorly understood interaction of all the compounds present in the plant (mainly THC and CBD) rather than the isolated action of a single compound (63, 64). In this case, can one plus one also be more than two?

Studies, mainly in animals but also in humans, have shown that the answer is yes. A recent meta-analysis study published by Pamplona et al. (40), which searched 199 articles (with 11 validated references) with a total of 670 patients, showed that CBD-rich extracts seem to present a better therapeutic profile than purified CBD. In this meta-analysis, 71% of patients treated with CBD-rich extracts reported some improvement in their epileptic condition, compared to 46% of patients treated with purified CBD. Patients treated with CBD-rich extracts also required lower doses (6 mg/kg/day) than patients who used only CBD (25.3 mg/kg/day), that is, an effect four times greater on the part of the unpurified extract. Still, in the same study, it was also possible to notice that patients treated with CBD-rich extracts had fewer side effects, both mild (33%) and severe (7%) when compared to those who received purified CBD (76% mild and 26% serious).

In addition to the main constituents of cannabis CBD and THC, another possibility that favors the entourage effect is the findings of the anticonvulsant potential of other phytocannabinoids, for example, delta-9-tetrahydrocannabivarin (THCV) and cannabidivarin (CBDV). These phytocannabinoids also proved useful anticonvulsants, with THCV having its effects via CB1 receptors, while CBDV did not (65–67). CBDV also had their anticonvulsant effects enhanced by CBD (66). Additional contributions to these specific topics through Carlini-trained researchers can be found in recent reviews (68–71). Considering the spectrum of possibilities of cannabis expanded to more than 200 terpenes present in the plant, the findings can be even more promising. Some terpenes are known to have pharmacological activities in the central nervous system, although they have not been tested in patients with epilepsy (63, 72). Although such interactions do seem to occur, more controlled clinical studies proving such a possibility are needed. However, regardless of whether they are better together or apart, one thing is sure, phytocannabinoids are proving to be increasingly influential in the treatment of epilepsies.



IF CANNABIDIOL WORKS, HOW DOES IT WORK?

To speculate about the neurobiological mechanisms involved in the antiepileptic activity of cannabinoids, including cannabidiol, it is necessary to understand a little more about the eCB system's physiology. This fact has been well-elucidated since the early 90s, when the discovery of this system occurred, which revolutionized the understanding of many neurophysiological responses. The eCB system consists of two receptors (CB1 and CB2), endogenous ligands (anandamide/AEA and 2-arachidonylglycerol/2-AG), and enzymes involved the synthesis and degradation of these ligands. It is a system with neuromodulatory functions, which regulate the presynaptic release of both excitatory and inhibitory neurotransmitters (73, 74). These neuromodulatory functions appear to play an essential role in controlling epilepsies, for example, through the activation of CB1 type cannabinoid receptors (75).

These receptors are located presynaptically, and their activation, either by endogenous ligands (e.g., AEA) or exogenous (e.g., THC), results in a transient hyperpolarization of the presynaptic membrane that, consequently, inhibits the release of excitatory neurotransmitters like glutamate (76). This fact agrees with the evidence that shows the downregulation of CB1 receptors in axial glutamatergic terminals extracted from the brain tissue of patients with epilepsy. On the other hand, the evidence also points to the upregulation of the same receptors at the GABAergic axonal terminals. In both possibilities, there is a loss of control over neuronal hyperexcitability, favoring epilepsy. The antiepileptic effects obtained from manipulating the eCB system or using exogenous phytocannabinoids may be related to the reestablishment of control over this hyperexcitability (19, 77–79).

In the case of phytocannabinoids, THC has a high affinity for the CB1 receptor and, through this receptor, can regulate neuronal excitability. This compound was the first phytocannabinoid to have its anticonvulsant properties evaluated, which must result from a reduction in the levels of excitatory neurotransmitters caused by its agonist action on CB1 receptors (19, 20). While CBD, the plant's non-psychoactive phytocannabinoid and possibly the most studied when it comes to antiepileptic properties, has a mechanism of action that has not yet been elucidated. This phytocannabinoid has a low affinity for CB1 receptors and may have its antiepileptic effect related to neuronal excitability's modulation through changes in the influx of Ca and Na ions, as well as actions in vanilloid receptors, adenosinergic and serotonergic systems (80–82). Another possibility to explain CBD's antiepileptic effects would be an eventual ability to inhibit both uptake/hydrolysis of the eCB and, thus, indirectly, to decrease neuronal excitability (83) by potentiating this system (84, 85). The fact is that this issue of the neurobiological mechanisms involved in the antiepileptic action of cannabinoids is not entirely defined and still requires a better understanding [for a complete review of the possible mechanisms of action of cannabinoids in epilepsy, see (80)]. As science grasps these mechanisms, this will result in more efficient pharmacotherapeutic approaches for the treatment of epilepsy and make it possible to expand the medicinal use of cannabinoids, including CBD, for other neuropsychiatric diseases.



CAN THE SUCCESS OF CANNABIDIOL IN THE TREATMENT OF EPILEPSY PREDICT THE SAME PATH FOR THE TREATMENT OF NEUROPSYCHIATRIC DISORDERS?

It is not yet possible to say whether the use of CBD and other cannabinoids to treat different neuropsychiatric disorders will follow the same route observed for the treatment of epilepsy. However, significant steps have also been taken for these other possibilities. From depression to anxiety, including PTSD, addiction, neurodegenerative diseases, and ASD, these are disorders that, according to some studies, can use cannabinoids, especially CBD, as a pharmacotherapeutic alternative (4, 8, 86–88).


Depression

Regarding depression and anxiety, it is known that many cannabis users report its use for its relaxing effects; therefore, as a way to reduce the symptoms of these disorders (87, 89, 90). Additionally, several studies have pointed to the potentization of the eCB system or the use of exogenous ligands as promising possibilities in treating depression (5, 7, 91–97). Reinforcing this possibility, the blockade of this system, whether through the use of antagonists or genetic deletion, seems to lead to depressive and anxiety symptoms, which caused the withdrawal of the CB1 antagonist rimonabant, proposed for the treatment of obesity, from the market (98–100). According to this perspective, patients with major depression had reduced serum levels of eCBs, in addition to a lower density of CB1 receptors in the glial cells of the brain gray matter (101, 102). In this sense, a proposal to reestablish the eCB system's functions by inhibiting the degradation of its endogenous ligands can be explored as an antidepressant potential (103). Remembering that CBD, a phytocannabinoid with few side effects, may be acting in this way, potentiating the eCB system (84), even being reported in different studies as an effective antidepressant (6, 104, 105). Considering that traditional antidepressants (serotonin and/or noradrenaline reuptake inhibitors) have relatively low efficiency and still need weeks for their effects (106), it is suggested that the manipulation of the eCB system, which even has a response rate faster, can be an alternative for the treatment of depressive disorders [for a more detailed review, see (7, 91, 93, 96)].



Anxiety

About anxiety, CBD has also been shown to be a more exciting alternative, given the potentially anxiogenic effects of THC (107, 108). Several pre-clinical studies using different animal models (109–116), as well as some clinical studies (117–121), confirm the anxiolytic effects of CBD (122). In this research area, it is worth mentioning the vital participation of groups from the Faculty of Medicine of Rib. Preto—University São Paulo, BR, led by Zuardi and Guimaraes. In addition to the use of CBD, manipulation of the eCB system is an alternative in treating anxiety. This system is located in brain regions important for modulating responses related to fear and anxiety (123), with increased anandamide via inhibition of its degradation, promoting anxiolytic effects (109, 124–127). Considering the high abuse potential of benzodiazepines and the slow response of selective serotonin reuptake inhibitors (SSRIs), both CBD and potentiation of the eCB system are promising alternatives in pharmacotherapy of anxiety disorders [for a mor detailed review, see (87, 122, 127, 128)].



PTSD

Until recently considered as an anxiety disorder, post-traumatic stress disorder (PTSD), which from the DSM-5 was included in a new category called “trauma and stress-related disorders,” has also responded very well to research that involves cannabinoid treatment, especially CBD (8). The speculations started from the work of Marsicano et al. (129), showing the eCB system's role in the extinction of aversive memories. From then on, a series of pre-clinical studies started to indicate that the potentiation of the eCB system (130), the use of exogenous agonists for the CB1 receptor (131) or even the CBD (109, 132) could facilitate the extinction of aversive memories. In addition to facilitating the extinction process, different studies have shown the effect of cannabinoids impairing the processes of retrieval and consolidation of these memories, that is, more possibilities for intervention in the remembrance of traumatic events (133–135). In the face of so many reports of pre-clinical studies, it was not long before evidence also emerged from clinical studies (119, 136–140) and thus reinforced the potential of cannabinoids, including CBD, as a therapeutic alternative for the treatment of this disorder [for a more detailed review, see (8, 141–145)].



Addiction

In addition to PTSD, another neuropsychiatric condition where memories play a fundamental role, and that there is also evidence for the use of cannabinoids, is addiction/relapse to drugs of abuse. Although it seems to be a paradoxical variant, understanding the action of cannabinoids in the breakdown of hedonic or reinforcing memories can provide up-and-coming therapeutic alternatives. In this perspective, de Carvalho and Takahashi showed in a pioneering way the inhibitory effect of CBD in reactivation sessions in animals that previously had conditioned place preference induced by morphine or cocaine (88). This finding suggests CBD's disruptive effect on the reconsolidation of memories associated with drugs of abuse, thus reducing the risk of relapse (146). A similar result was reported by Luján et al. (147), showing that the CBD attenuated cocaine-induced conditioned place preference, in addition to reducing voluntary consumption by mice. Besides, this work showed that CBD increased the expression of CB1 receptors and neural cell proliferation in the hippocampus, reinforcing the ability of this cannabinoid to modulate both behavioral and molecular manifestations related to cocaine reinforcement (147). Cannabinoid receptors CB1 and CB2 even seem to perform opposite functions, and the antagonism of CB1 receptors has the same inhibitory effects seen in the activation of CB2 receptors concerning the modulation of cocaine-induced sensitization and conditioned place preference (CPP). These effects probably occur due to a block in neuronal activation of the hippocampus (148). Other studies have also shown the CBD's ability to also reduce alcohol consumption in animal models of an alcohol use disorder, in addition to reducing alcohol-related steatosis and fibrosis in the liver, and alcohol-related brain damage, preventing neuronal loss (149). From a clinical perspective, promising results showed that the voluntary use of cannabis caused a decrease in crack use and also promoted an improvement in the quality of life in individuals dependent on this substance (150–152). The evidence from CBD as a treatment for drug abuse disorders is still discreet but deserves a closer look [for a more detailed review, see (10, 149, 153)].



NDDs

One possibility that is increasingly attracting researchers' attention to the use of cannabinoids is related to the application of these compounds in neurodegenerative disorders (NDDs). These NDDs are strongly related to oxidative damage and a series of neuroinflammatory responses that ultimately lead to cell death (154). Among the NDDs, the most common are Parkinson's disease (PD) and Alzheimer's disease (AD), conditions in which the potentiation of the eCB system (155) or even the use of phytocannabinoids, especially CBD (156, 157), can play an auspicious role as neuroprotectants (4). This promising possibility on CBD is pointed out in vitro and in vivo studies (158–160), and even in clinical studies (161). Taking into account that the current classic treatments for NDDs do not stop and/or slow the progression of the disease, alternatives such as CBD or any other substances that target the eCB system can be good candidates as prototypes for the development of neuroprotective drugs [for a more detailed review, see (154–157, 161)].



ASD

Another neuropathology that appears to be associated with inflammatory processes and, therefore, can also be a target for cannabinoids is an autism spectrum disorder (ASD) (86, 162). This disorder is characterized by constant communication and social interaction deficits and restricted and repetitive behavior patterns, which still have unknown etiopathogenesis (163). One of the possibilities may be an imbalance in the eCB system, responsible for regulating some typically impaired functions in the ASD (164–168). This fact, associated with the anti-inflammatory activity of cannabinoids, has encouraged pre-clinical (169–171) and clinical (12, 172, 173) research to investigate the therapeutic potential of cannabinoids for the treatment of ASD. Among the possibilities, CBD seems to be the safest and most promising alternative (12, 172, 173), although other phytocannabinoids like CBDV also present themselves as candidates (171). The reestablishment of the balance of the eCB system and the anti-neuroinflammatory activity seems to support these compounds' activities as a treatment to ASD [for a more detailed review, see (86, 163, 164, 166, 174)].

There are still many other possibilities for neuropsychiatric disorders that can find cannabinoids as a possible therapeutic option. In this case, CBD, the main focus of this review, and other phytocannabinoids (e.g., THC, THCV, CBDV) appear to present quite promising pharmacotherapeutic alternatives for an increasingly broad number of neuropsychiatric disorders. However, for all these possibilities, including those mentioned here, further prospective, double-blind, placebo-controlled studies must be needed (for a summary, see Table 1). These studies are essential to ensure the effectiveness and safety of these compounds in each specific situation. In any case, this is a promising field of study where many pharmacotherapeutic alternatives may be revealed.


Table 1. CBD as a promising psychopharmacological alternative in the treatment of neuropsychiatric disorders.
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CONCLUSION AND FUTURE PERSPECTIVES

In conclusion, we emphasize promising pre-clinical and clinical findings with cannabinoids, mostly from Brazilian-based researchers and other researchers worldwide. Specific studies have focused on the multifunctional phytocannabinoid, CBD, showing remarkable benefits, mainly for refractory epilepsy in children. These data contributed to the considered “prohibited substance” to enter the list of medicines for controlled use by the National Health Surveillance Agency (ANVISA), the regulatory agency responsible for the approval of new drugs in Brazil. Besides, one may anticipate other phytocannabinoid-based preparations and even new drugs acting at the endocannabinoid system as a promising therapeutic advance for other neuropsychiatric disorders, represented here by depression, anxiety-related disorders, PTSD, drug addiction and drug-induced relapse, neurodegenerative disorders, and ASD. If CBD (or other cannabinoids) with regard to neuropsychiatric disorders, will follow the same path observed for refractory epilepsies-from alternative medicine to a new treatment-, only advances in research can respond. While the definitive answers do not arrive, the fact is what we have so far allows us to glimpse a promising path.
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Bulleyaconitine A (BAA), a C19-diterpenoid alkaloid, has been prescribed as a nonnarcotic analgesic to treat chronic pain over four decades in China. The present study investigated its inhibition in morphine-induced withdrawal symptoms, conditioned place preference (CPP) and locomotor sensitization, and then explored the underlying mechanisms of actions. Multiple daily injections of morphine but not BAA up to 300 μg/kg/day into mice evoked naloxone-induced withdrawal symptoms (i.e., shakes, jumps, genital licks, fecal excretion and body weight loss), CPP expression, and locomotor sensitization. Single subcutaneous BAA injection (30–300 μg/kg) dose-dependently and completely attenuated morphine-induced withdrawal symptoms, with ED50 values of 74.4 and 105.8 μg/kg in shakes and body weight loss, respectively. Subcutaneous BAA (300 μg/kg) also totally alleviated morphine-induced CPP acquisition and expression and locomotor sensitization. Furthermore, subcutaneous BAA injection also specifically stimulated dynorphin A expression in microglia but not astrocytes or neurons in nucleus accumbens (NAc) and hippocampal, measured for gene and protein expression and double immunofluorescence staining. In addition, subcutaneous BAA-inhibited morphine-induced withdrawal symptoms and CPP expression were totally blocked by the microglial metabolic inhibitor minocycline, dynorphin A antiserum, or specific KOR antagonist GNTI, given intracerebroventricularly. These results, for the first time, illustrate that BAA attenuates morphine-induced withdrawal symptoms, CPP expression, and locomotor sensitization by stimulation of microglial dynorphin A expression in the brain, suggesting that BAA may be a potential candidate for treatment of opioids-induced physical dependence and addiction.
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INTRODUCTION
Opioid addiction is the accumulated results of tolerance and dependence, mainly including physical and psychological dependence (Wang et al., 2019). Physical dependence seeks drug repeatedly and increases gradually doses of the drug to avoid any withdrawal symptoms (Nestler et al., 1993). Psychological dependence refers to drug craving and euphoria achieved by repeated medication, which is difficult to eliminate. Drug relapse can persist for a long time after drug cessation in human being (Robbins et al., 2008) and the high rate of relapse after detoxification is a major clinical problem and becomes a severe challenge to treat drug abuse (Aguilar et al., 2009). Morphine and related opioids are the most potent and widely used analgesics in treating moderate to severe pain. However, development of tolerance and dependence are the important limitation to use of opioid drugs in chronic pain management (Thorn et al., 2016; Ruzza et al., 2019). Opioid addiction in Western countries, particularly in the United States, has become a serious health and social problem in recent years, which requires to be urgently addressed (Wingo et al., 2016; Ezard et al., 2018).
Dynorphin A is widely distributed in the central nervous system to bind to three opioid receptor subtypes with different affinities, especially to κ-opioid receptors (KORs) (Fallon and Leslie, 1986; Schwarzer, 2009). KORs are also widely distributed in the brain (Yuferov et al., 2004; Shippenberg et al., 2007; Bruchas et al., 2010), and the dynorphin/KOR system plays an important role in pain/analgesia, temperature, emotions, and neuroendocrine functions (Pfeiffer et al., 1986; Bodnar, 2010). The dynorphin/KOR pathway is also a major anti-reward system and participates in development of drug addiction. There is growing evidence showing that administration of dynorphin A and other related opioid peptides alleviates withdrawal symptoms of morphine physical dependence (Takemori et al., 1993; Hooke et al., 1995). The KOR agonists, unlike the μ-opioid receptor agonists, do not produce any reinforcing effects but reduce drug abuse under certain conditions. Indeed, it was reported that the KOR agonists ethylketocyclazocine and U50,488 attenuated cocaine behavioral sensitization, conditioned place preference (CPP) acquisition, and self-administration in rhesus monkeys by repressing the release of dopamine (Maisonneuve et al., 1994). It was also reported that the dynorphin/KOR system antagonized the rewarding effects in drug abuse and inhibited the brain reward function by suppressing dopamine release from the mesolimbic reward pathway (Chartoff et al., 2008; Mysels and Sullivan, 2009). On the contrary, it was also reported that the KOR antagonists nor-BNI and arodyn blocked stress-induced reinstatement of cocaine-induced self-administration or CPP acquisition (Beardsley et al., 2005; Carey et al., 2007). These data suggest a complex role of the dynorphin/KOR system in the drug abuse development.
Bulleyaconitine A (BAA), isolated from the rhizomes of Aconitum bulleyanum, is a C19-diterpenoid alkaloid without activities of binding to opioid receptors (Wang et al., 2007). As it is a nonnarcotic analgesic and has lower toxicity and wider treatment window than aconitine, BAA has been widely prescribed in China to treat various forms of chronic pain over four decades (Bello-Ramirez and Nava-Ocampo, 2004; Xie et al., 2018). Accumulated evidence demonstrated that BAA and its analogs aconitine (C19-diterpenoid), bullatine A (C20-diterpenoid), and lappaconitine (C18-diterpenoid) produced antinociception without inducing antinociceptive tolerance in various rodent models of pain hypersensitivity, including neuropathic pain, bone cancer pain, inflammatory pain, diabetic pain, and visceral pain (Li et al., 2016a; Li et al., 2016b; Huang et al., 2016; Sun et al., 2018; Huang et al., 2020a; Huang et al., 2020b). Our recent studies further uncovered that BAA, aconitines, bullatine A, and lappaconitine alleviated pain directly through stimulating spinal microglial dynorphin A expression and subsequently activating KORs (Huang et al., 2016; Li et al., 2016a; Li et al., 2017; Sun et al., 2018). In addition, BAA and bullatine A injection blocked chronic morphine-induced antinociceptive tolerance in rats and mice (Li et al., 2016a; Huang et al., 2017a). These studies led to our hypothesis that aconitines including BAA may have a therapeutic potential in treatment of morphine withdrawal symptoms and compulsive drug-seeking and abuse.
In this study, we assessed the inhibitory effects of BAA on regulation of morphine-induced withdrawal symptoms, CPP acquisition and expression, and locomotor sensitization. We first tested whether a subcutaneous BAA injection attenuated naloxone-induced withdrawal symptom in chronic morphine-treated mice. We then assessed whether subcutaneous BAA inhibited morphine-induced CPP acquisition and expression and locomotor sensitization. Thereafter, we explored the involvement of microglial dynorphin A expression and subsequent KOR activation in BAA-induced anti-addictive effects. Our results uncover that BAA inhibits morphine-induced withdrawal symptoms, CPP acquisition and expression, and locomotor sensitization through microglial expression of dynorphin A, suggesting that stimulation of microglial expression of dynorphin A is a potential strategy in treatment of opioid addiction and abuse.
MATERIALS AND METHODS
Drugs and Reagents
BAA was purchased from Zelang Bio-Pharmaceutical (Nanjing, China) with a purity no less than 98% determined by manufacturer with high performance liquid chromatography. Morphine hydrochloride, minocycline, and pentobarbital sodium were obtained from the Northeast Pharmaceuticals Group (Shenyang, China), Yuanye Biotech (Shanghai, China), and Sinopharm Chemical Reagent Co., (Shanghai, China), respectively. Both 5′-guanidinonaltrindole (GNTI) and naloxone hydrochloride were from Sigma-Aldrich (St. Louis, MO, United States). Furthermore, the rabbit polyclonal antiserum neutralizing dynorphin A was purchased from Phoenix Pharmaceuticals (Burlingame, CA, United States). The antiserum was specific to dynorphin A (100%), but not to dynorphin B (0%), β-endorphin (0%), α-neo-endorphin (0%) or leu-enkephalin (0%) according to the manufacturer′s datasheet. Its specificity was also validated by the antigen absorption test from other laboratories (Wakabayashi et al., 2010; Yamada et al., 2013). All the drugs and reagents were dissolved or diluted in 0.9% normal saline.
Experimental Animals
Adult male Swiss mice (8–9 weeks and 20–25 g bodyweight) were purchased from the Shanghai Experimental Animal Institute for Biological Sciences (Shanghai, China). The animals were maintained in a 12-h light/dark cycle (light period 7:00 a.m.—7:00 p.m.) with free access to food and water at standard room temperature (22 ± 2°C) in the Shanghai Jiao Tong University Experimental Animal Center (Shanghai, China). All mice were acclimatized 3–5 days before the experiments. Mice (n = 10–12 per group) were randomly assigned and the behavior tests were performed in a blind manner. All housing conditions and experimental procedures were approved by the Animal Care and Welfare Committee of Shanghai Jiao Tong University (Shanghai, China).
Induction of Morphine-Induced Withdrawal Symptoms in Mice
The paradigm in induction of morphine-induced withdrawal symptoms was performed as established previously (Goeldner et al., 2011; Bobzean et al., 2019). Briefly, morphine was administered in mice with escalating doses (5, 10, 20, 40, 80, and 100 mg/kg) by twice-daily subcutaneous injections at 10:00 a.m. and 4:00 p.m. for six consecutive days. On the seventh day, mice received a single subcutaneous injection of morphine (100 mg/kg) at 10:00 a.m., followed by an intraperitoneal injection of naloxone (5 mg/kg) 4 h later. Naloxone, by blocking opioid receptors, can expedite morphine withdrawal symptoms and is widely applied in the morphine addiction studies. The withdrawal symptoms, including shakes, jumps, genital licks, fecal excretion and loss of body weight, were observed and recorded for 30 min immediately after naloxone injection. To test the effect of BAA on morphine-induced withdrawal symptoms, mice received a single bolus BAA injection (30, 100, or 300 μg/kg) 40 min prior to the intraperitoneal injection of naloxone.
Conditioned Place Preference Apparatus and Paradigm
CPP is a widely used model to assess the reinforcing effect of drug abuse in laboratories (Wu et al., 2016). As like other addictive drugs, morphine-induced CPP expression is considered to constitute a part of the addiction process associated with the opioid reinforcing properties. The apparatus in the CPP test consists of three compartments: two equal-sized chambers (25 × 25 × 40 cm) with a connecting white protruded chamber (null compartment, 25 × 5 × 40 cm) separated by a removable door. To distinguish each other, one of the main chambers was decorated with black walls and a striped floor, while the other one was with black and white striped wall and round dot floor. The environmental lighting was adjusted to exclude baseline preference. The apparatus was kept in a quiet room and dim 40 lx illumination (Marszalek-Grabska et al., 2018).
The 10-day scheduled CPP paradigm included three distinct phases: preconditioning, conditioning, and post-conditioning (Khaleghzadeh-Ahangar and Haghparast, 2015; Khaleghzadeh-Ahangar and Haghparast, 2017). The preconditioning phase started with a 3-day twice-daily (10:00 a.m. and 4:00 p.m.) mouse handling with the cupping open gloved hand method (Gouveia and Hurst, 2017). On Day 4, each mouse was placed into the null compartment with full access to the entire apparatus for 15 min. The time spent in each chamber was recorded by a 3CCD camera (Panasonic Inc., Japan) and analyzed using the EthoVision XT 8.0 (Noldus Information Technology Co., China) to determine the baseline preference. Animals that spent more than 450 s in any of the three chambers were excluded from the experiment. During the conditioning phase, mice underwent 5 days of morphine (10 mg/kg) or saline (10 ml/kg) alternatively subcutaneous injections, with a 6-h interval (between 10:00 a.m. and 4:00 p.m.) and included ten 45-min sessions in a five-day schedule. On day 5, 7, and 9 of the conditioning phase, mice were treated with morphine in the morning and immediately confined to the morphine-paired chamber for 45 min and received saline in the afternoon and then put into the saline-paired chamber for 45 min. On day 6 and 8, the injection sequence of morphine and saline was changed. Morphine-induced CPP in mice was tested by being allowed with free access to all three compartments for 15 min in the post-conditioning phase (on Day 10). The conditioning score was expressed by the time spent in the drug-paired chamber minus that in the saline-paired chamber. To determine the influence of BAA on morphine-induced CPP acquisition and expression, BAA was administration 30 min prior to morphine injection during the conditioning phase and 50 min prior to the post-conditioning phase, respectively.
Morphine-Induced Locomotor Sensitization
The locomotor sensitization is a phenomenon that repeated administration of opioids can induce a progressive and long-lasting enhancement in behavioral response, which is associated with relapse and compulsive drug-seeking (Zhang et al., 2003). The methods for the behavioral sensitization in mice were described previously (Cordonnier et al., 2007). Mice were placed into a locomotor detection chamber (40 × 40 × 35 cm) under a video tracking system, and the data were analyzed automatically using ANY-maze. The procedure of the development of morphine-induced behavioral sensitization included habituation phase (Day 1–3) and morphine-induced behavioral sensitization phase (Day 4–8). In the habituation phase (Day 1–3), all mice were injected normal saline (10 ml/kg) and placed into the test apparatus for 3 days (1 h per session). In the morphine-induced behavioral sensitization phase (Day 4–8), mice were injected with saline (10 ml/kg) or morphine (10 mg/kg), and then placed into the test apparatus, where their locomotion was recorded for 1 h/day for 5 days. Mice received subcutaneous BAA injection (300 μg/kg) 20 min before morphine injection for 5 days (Day 4–8).
Intracerebroventricular Catheterization and Injection in Mice
For intracerebroventricular catheterization, mice were anesthetized by intraperitoneal injection of 1.5% pentobarbital sodium and positioned in a stereotaxic instrument (Stoelting Company, Wood Dale, IL, United States). The surgical site was shaved and sterilized with 70% ethanol and a 1.5 cm incision was made to expose the skull. A 22-gauge stainless steel cannula was directed to 1.0 mm lateral and 0.6 mm caudal to bregma and inserted 3 mm deep according to the mouse brain stereotaxic coordinates (Figure 1A). Dental cement was applied to adhere the cannula to the skull. The incision was sutured and the cap of cannula was covered. Animals were returned to their cages and allowed recovery at least for three days. The drug was administrated slowly over 3 min in a 6-μL volume through the planted cannula, using an insulin needle mated with a 10-μL microsyringe via a polyethylene tube (Kim et al., 1998; Lenard and Roerig, 2005; Glascock et al., 2011; Kim et al., 2016). It is noted that the ventricular injection may be a limit as its injection volume more than 2 μL could affect the behaviors of the animals. To verify the causal relationship between the microglial expression of dynorphin A in the brain and BAA-inhibited withdrawal signs in morphine-treated mice, the microglial metabolic inhibitor minocycline (10 μg) (Neigh et al., 2009), dynorphin A antiserum (1:30 dilution) (Li et al., 2016a) and KOR antagonist GNTI (5 μg) (Loh et al., 2017) were intracerebroventricularly injected into mice separately.
[image: Figure 1]FIGURE 1 | Localization of mouse cerebroventricle [in blank, (A)], nucleus accumbens shell [NAcSh, in red, (B)] and hippocampal CA1 [in red, (C)], displayed in the coronal plane. The cerebroventricle is approximately 1.0 mm lateral to the sagittal suture and 0.6 mm caudal from the bregma; the NAcSh is 1.70 to 0.98 mm from the bregma; hippocampal CA1 is −1.46 to −1.94 mm from the bregma.
RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction
The total RNA was isolated from mouse nucleus accumbens (NAc) and hippocampus using the TRIzol reagent (Invitrogen, Carlsbad, CA, United States) and reversely transcribed into cDNA using the ReverTraAce RT-qPCR kit (Toyobo Co., Osaka, Japan) according to the manufacturers’ instructions. qPCR was performed with a Mastercycler ep realplex (Eppendorf, Hamburg, Germany) using the Realmaster Mix (SYBR Green I, Toyobo, Japan). The forward and reverse primer sequences were 5′-ATG ATG AGA CGC CAT CCT TC-3′ and 5′-TTA ATG AGG GCT GTG GGA AC-3′ for prodynorphin, which was designed by Premier 6 (version 6.0, Premier Biosoft, San Francisco, United States); and 5′-CCA AGG TCA TCC ATG ACG AC-3′ and 5′-TCC ACA GTC TTC TGA GTG GC-3′ for GAPDH (Reiss et al., 2017). The fold change was calculated using the 2−△△Ct method after normalization to level of GAPDH mRNA (Huang et al., 2017b).
Measurement of Dynorphin A
Mouse NAc and hippocampus were obtained and immediately frozen in liquid nitrogen and stored an –80°C until use. Tissues were homogenized at 4,000 rpm for 15 s with a homogenizer (Fluko Equipment Co., Shanghai, China) in 10 mM Tris-HCl (pH 7.4) and centrifuged at 1,500 rpm at 4°C for 15 min. The total protein concentrations in NAc and hippocampus were determined by a standard bicinchoninic acid protein assay (Beyotime Institute of Biotechnology, Jiangsu, China) and dynorphin A was assayed using a commercialized fluorescence enzyme-linked immunosorbent assay (ELISA) kit (Phoenix Pharmaceuticals, Burlingame, CA, United States) according to the operation manual (Leitermann et al., 2004; Nocjar et al., 2012).
Immunofluorescence Staining
Double immunofluorescence labeling of dynorphin A and cellular biomarkers of microglia, astrocytes, and neurons in mouse NAc and hippocampus was carried out using a TCS SP8 confocal microscope (Leica Microsystems, Wetzlar, Germany) according to the previously published method with minor modifications. Mice were deeply anesthetized by intraperitoneal 1.5% pentobarbital sodium (5 ml/kg), and intracardially perfusion with 20 ml of 0.9% saline, followed by 20 ml of 4% paraformaldehyde. The brain was dissected and fixed in the 4% paraformaldehyde for 12 h at 4°C. Paraformaldehyde was then removed with phosphate buffered saline (PBS) and the brain was dehydrated with the gradient sucrose solutions (10%, 20% and 30% diluted with PBS) at 4°C. The dehydrated brain was embedded in the optimal cutting temperature embedding agent (Leica Microsystems) and cut into 30-μm-thick transverse sections with a sliding microtome. The frozen sections were incubated in 10% goat serum (v/v) and 0.5% Triton X-100 (v/v) for 1 h at the room temperature and then incubated at 4°C for 24 h with different primary antibodies. The primary antibodies included an anti-dynorphin A antibody (1:100; rabbit polyclonal; Phoenix Pharmaceuticals) and cellular markers, i.e., anti-Iba-1 (1:100; mouse monoclonal; Millipore, Darmstadt, Germany) for microglia, anti-GFAP (1:100; mouse monoclonal) for astrocytes, and anti-NeuN (1:60; mouse polyclonal; Millipore) for neurons. After washing with PBS, the sections were incubated for 1 h at 37°C with the Alexa-555-conjugated goat anti-rabbit secondary antibody for dynorphin A and the Alexa-488-conjugated goat anti-mouse secondary antibody for microglia, astrocytes or neurons (Qi et al., 2018). Expression of dynorphin A, Iba-1, GFAP, and NeuN was visualized in the shell of nucleus accumbens (NAcSh) (from bregma 1.70 mm to 0.98 mm, according to the mouse brain stereotaxic coordinates, Figure 1B) and hippocampal CA1 (from bregma −1.46 to −1.94 mm, according to the mouse brain stereotaxic coordinates, Figure 1C) under a confocal microscope. To quantify the relative intensity of dynorphin A in Iba-1-, GFAP- or NeuN-immunopositive cells in NAcSh and hippocampal CA1, the images were acquired at a 10× or 30× magnification. The background fluorescence was normalized and only immunofluorescent intensity from positively stained areas were included using the low and high thresholds. A co-localization analysis was performed using the ImageJ software with a co-localization finder to generate images in which the co-localized pixels appeared as white. All surface areas in each group were measured following the same setup configurations at the same time. The averaged value of the immunolabeled surface area was recorded as the positive immunofluorescence area from three nonadjacent sections of NAcSh or hippocampal CA1. Data were calculated from six mice of each group.
Statistical analysis
For the dose-response curve analysis, the parameters, i.e., the minimum effect, half-effective dose (ED50), Emax and Hill coefficient (n), were calculated by fitting nonlinear least-squares curves to the relation Y = a + bx, where x = [D]n/(ED50n + [D]n). The values of ED50 and b (Emax) were projected by yielding a minimum residual sum of squares of deviations from the theoretical curve (Zhang et al., 2013).
The data were summarized as means ± standard error of the mean (S.E.M.). The statistical significance was evaluated by unpaired and two-tailed Student t-test, one-way or repeated-measures two-way analysis of variance (ANOVA) using the Prism (version 7.00, GraphPad Software Inc., San Diego, CA, United States). The ANOVA analysis was performed based on the assumptions of normal distribution and variance consistency verified by residual plots. The post-hoc Student-Newman-Keuls test was used when the effect of the drug (for the one-way ANOVA, the factor was drug; for the two-way ANOVA, the factors were drug, time and their interaction) was observed to be statistically significant. The probability values were two-tailed and the statistical significance criterion value was 0.05.
RESULTS
Bulleyaconitine A Attenuates Naloxone-Induced Withdrawal Symptoms in Morphine-Treated Mice
Six groups of mice (n = 10 per group) were subjected to bi-daily subcutaneous injections of normal saline (10 ml/kg), BAA (300 μg/kg) or morphine (escalating doses of 5, 10, 20, 40, 80, and 100 mg/kg) for 7 days. On Day 7, mice received an intraperitoneal injection of naloxone (5 mg/kg) 4 h post last injection of saline, BAA, or morphine (100 mg/kg), and their withdrawal symptoms were observed immediately for 30 min. For the BAA inhibitory effects, mice received a single injection of saline (10 ml/kg) or BAA (30, 100, or 300 μg/kg) 40 min prior to the intraperitoneal naloxone injection. The experiment procedure is shown in Figure 2A. Intraperitoneal naloxone injection did not induce any abnormal behaviors in bi-daily saline- or BAA-treated mice. In contrast, naloxone in bi-daily morphine injected mice induced significant withdrawal symptoms, including shakes [F (5, 54) = 23.13, p < 0.05; Figure 2B], jumps [F (5, 54) = 13.50, p < 0.05; Figure 2C], genital licks [F (5, 54) = 6.578, p < 0.05; Figure 2D], fecal excretion [F (5, 54) = 7.284, p < 0.05; Figure 2E], and body weight loss [F (5, 54) = 2.356, p < 0.05; Figure 2F]. In addition, pretreatment with a single subcutaneous BAA injection (30, 100 and 300 μg/kg) dose-dependently attenuated naloxone-induced withdrawal signs in bi-daily morphine-treated mice, with a maximal inhibition of around 70–100% in each sign. The dose-response analyses were performed after data transformation, yielding ED50 values of 74.4 μg/kg in shakes (Figure 2B), and 105.8 μg/kg in body weight loss, respectively (Figure 2F).
[image: Figure 2]FIGURE 2 | Inhibitory effects of subcutaneous (sc) injection of bulleyaconitine A on naloxone-induced withdrawal symptoms in morphine-treated mice (A), the timeline of the experiment procedure), including shakes (B), jumps (C), genital licks (D), fecal excretion (E) and body weight loss (F). Mice were subjected to bi-daily subcutaneous injections of normal saline (10 ml/kg), BAA (300 μg/kg) or morphine (an escalating doses of 5, 10, 20, 40, 80 and 100 mg/kg) for 6 days. On Day 7, mice received an intraperitoneal injection of naloxone (5 mg/kg) 4 h post last injection of morphine (100 mg/kg) to induce withdrawal signs, which were observed immediately for 30 min. For the BAA inhibitory effects, mice received a single injection of saline (10 ml/kg) or BAA (30, 100 or 300 μg/kg) 40 min prior to naloxone intraperitoneal injection. The dose-response data were best projected by the nonlinear least squares methods in B and F. The data are presented as means ± S.E.M (n = 10 per group). *, #p < 0.05 compared with the saline control mice and morphine-treated mice, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test.
Bulleyaconitine A Attenuates Morphine-Induced Conditioned Place Preference Acquisition and Expression
To assess the inhibitory effect of BAA on morphine-induced CPP acquisition, four groups of mice (n = 12 per group) were subjected to the preconditioning phase of three days and conditioning phase of five days. The alternative daily subcutaneous injections of saline (10 ml/kg) or BAA (300 μg/kg) 30 min were prior to each morphine (10 mg/kg) or saline injection (10 ml/kg) during the conditioning phase (Figure 3A). There was no significant difference between the time spent in morphine-paired and saline-paired compartments during the preconditioning phase. Repeated morphine subcutaneous injections during the conditioning phase produced significant CPP acquisition, whereas saline or BAA did not show any CPP responses. Co-administrations of BAA (300 μg/kg) completely inhibited morphine-induced CPP acquisition [F (3, 40) = 21.42, p < 0.05, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test; Figure 3B].
[image: Figure 3]FIGURE 3 | Inhibitory effects of subcutaneous (sc) injection of bulleyaconitine A (BAA, 300 μg/kg) on morphine-induced conditioned place preference (CPP) acquisition (A,B) and expression (C,D) in mice. For morphine-induced CPP acquisition, mice were treated with saline (10 ml/kg) or BAA (300 μg/kg) 30 min before each normal saline (10 ml/kg/day), BAA (300 μg/kg/day) or morphine (10 mg/kg/day) treatment during the conditioning phase. For morphine-induced CPP expression, mice were subjected to alternatively daily subcutaneous injections of normal saline (10 ml/kg/day), BAA (300 μg/kg/day), or morphine (10 mg/kg/day) for 5 days followed by a single subcutaneous injection of saline (10 ml/kg) or BAA (300 μg/kg) 50 min before the post-conditioning phase. Results are presented as means ± S.E.M. (n = 11 or 12 per group). *p < 0.05, compared to the saline control and morphine CPP control groups, respectively, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test.
To further determine the influence of BAA on morphine-induced CPP expression, four groups of mice (n = 12 per group) were subjected to alternative daily subcutaneous injections of normal saline (10 ml/kg), BAA (300 μg/kg) or morphine (10 mg/kg) for 5 days after the preconditioning phase of three days. On the 10th day, mice received a single subcutaneous injection of saline (10 ml/kg) or BAA (300 μg/kg) 50 min prior to the post-conditioning and the place preference test was conducted immediately afterward (Figure 3C). Bi-daily subcutaneous injections of morphine but not saline or BAA showed remarkable CPP expression, while pretreatment with a single subcutaneous BAA injection completely attenuated morphine-induced CPP expression [F (3, 44) = 6.043, p < 0.05, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test; Figure 3D].
Bulleyaconitine A Suppresses Morphine-Induced Locomotor Sensitization Development
To investigate the inhibitory effect of BAA on morphine-induced locomotor sensitization development, four groups of mice (n = 12 per group) were subjected to the habituation phase (Day 1–3). After that, mice received a subcutaneous injection of saline (10 ml/kg) or BAA (300 μg/kg) 20 min before normal saline (10 ml/kg), BAA (300 μg/kg) or morphine (10 mg/kg) injection for 5 days (Day 4–8). The locomotion activity was then recorded for 1 h in each time point (Figure 4A). The 5-day BAA treatment did not significantly influence the locomotion activity compared to the saline control group. However, morphine treatment significantly increased the locomotion activity and the multi-daily treatment further significantly increased the travel distance [F (3, 155)Day = 119.3, p < 0.05]. BAA co-treatment completely attenuated development of morphine-induced locomotor sensitization [F (4, 155)Treatment = 3,398, p < 0.05, by repeated-measures two-way ANOVA followed by the post-hoc Student-Newman-Keuls test; Figure 4B].
[image: Figure 4]FIGURE 4 | Inhibitory effects of subcutaneous (sc) injection of bulleyaconitine A (BAA) on morphine-induced locomotor sensitization (A,B). Mice received subcutaneous injection of saline (10 ml/kg) or BAA (300 μg/kg) 20 min before normal saline (10 ml/kg), BAA (300 μg/kg) or morphine (10 mg/kg) injection for 5 days (Day 4–8) and the locomotor activity was recorded for 1 h each time point. Results are presented as means ± S.E.M. (n = 12 per group). *, #p < 0.05 compared to the Day 4 and morphine group by repeated-measures two-way ANOVA followed by the post-hoc Student-Newman-Keuls test.
Bulleyaconitine A Specifically Stimulates Microglial Dynorphin A Expression in NAc and Hippocampus in Morphine-Multi-Daily Treated Mice
Two groups of mice (n = 10 per group) treated daily with morphine (10 mg/kg) for 5 days received a subcutaneous injection of normal saline (10 ml/kg) or BAA (300 μg/kg). Mice were sacrificed 1 h after the subcutaneous injection and NAc and hippocampus were obtained for the prodynorphin mRNA detection using qRT-PCR analysis. As shown, BAA treatment compared to the saline control group significantly increased prodynorphin gene expression by 1.9-fold in NAc Figure 5A) and 1.7- fold in hippocampus (p < 0.05, by unpaired and two-tailed Student t-test; Figure 5B). The stimulatory effects of BAA on expression of dynorphin A protein were also measured in NAc and hippocampus in the same mice using the commercial fluorescent ELISA kit. As exhibited, subcutaneous BAA significantly increased dynorphin A expression in NAc (Figure 5C) and hippocampus, compared to the saline control group (p < 0.05, by unpaired and two-tailed Student t-test; Figure 5D).
[image: Figure 5]FIGURE 5 | Stimulatory effects of subcutaneous (sc) injection of bulleyaconitine A (BAA, 300 μg/kg) on dynorphin A mRNA (A,B) and protein (C,D) levels in nucleus accumbens (NAc) and hippocampus in multiple daily morphine (10 mg/kg)-treated mice. Levels of dynorphin A mRNA and protein were measured by using qRT-PCR and fluorescent ELISA kit, respectively. The data are presented as mean ± S.E.M (n = 8–12 per group). *p < 0.05, compared to the saline control group, by unpaired and two-tailed Student t-test.
Dynorphin A is localized in neurons, astrocytes and microglia in the central nervous system (Wahlert et al., 2013; Ayrout et al., 2019). To verify cell types that specifically upregulate dynorphin A expression in NAcSh and hippocampal CA1 following BAA treatment, dynorphin A was immunofluorescence-labeled with the microglial cellular marker Iba-1, astrocytic cellular marker GFAP, and neuronal cellular marker NeuN. Two groups of mice (n = 6 per group) treated daily with morphine (10 mg/kg) for 5 days received a subcutaneous injection of saline (10 ml/kg) or BAA (300 μg/kg). Mice were then sacrificed 1 h after the subcutaneous injection and NAcSh and hippocampal CA1 were obtained for fluorescence immunostaining. As shown, dynorphin A was co-localized with Iba-1, GFAP and NeuN in NAcSh of saline-treated mice (Figures 6A–F). Subcutaneous BAA specifically increased co-labeling of dynorphin A/Iba-1 (Figures 6G,H) but not dynorphin A/GFAP (Figures 6I,J) or dynorphin A/NeuN (Figures 6K,L) at 10× and 30× magnification. Furthermore, the ImageJ software was used to quantify immunofluorescence intensity of dynorphin A with Iba-1, GFAP or NeuN at 10× magnification. Treatment with subcutaneous BAA significantly increased dynorphin A/Iba-1 by 2.4-fold compared to the saline control group (p < 0.05, by unpaired and two-tailed Student t-test; Figure 6M), but not dynorphin A/GFAP (Figure 6N) or dynorphin A/NeuN (Figure 6O). In addition, the same specific stimulatory effects of BAA on microglial dynorphin A expression were observed in hippocampal CA1 from the same mice as above (Figures 7A–L), with an increase in immunofluorescence intensity of dynorphin A/Iba-1 by 1.9-fold (p < 0.05, by unpaired and two-tailed Student t-test; Figure 7M), but not dynorphin A/GFAP (Figure 7N) or dynorphin A/NeuN (by unpaired and two-tailed Student t-test; Figure 7O).
[image: Figure 6]FIGURE 6 | Specific stimulatory effects of subcutaneous (sc) injection of bulleyaconitine A (BAA, 300 μg/kg) on dynorphin A expression in microglia, but not in astrocytes or neurons in the shell of nucleus accumbens (NAcSh) in multiple daily morphine (10 mg/kg)-treated mice. Frozen sections of the NAcSh were obtained 1 h after a subcutaneous injection of saline (10 ml/kg) or BAA (300 μg/kg) and subjected to double immunofluorescence staining with dynorphin A/microglial marker Iba-1 (A,B,G,H), dynorphin A/astrocytic marker GFAP (C,D,I,J) and dynorphin A/neuronal marker NeuN (E,F,K,L) under 10× magnification (The scale bar, 250 μm) and 30× magnification (The scale bar, 50 μm), respectively. The arrowheads indicate co-localization of dynorphin A with microglia, astrocytes or neurons. The co-localized areas of dynorphin A/Iba-1 (M), dynorphin A/GFAP (N) and dynorphin A/NeuN (O) were quantified at 10× magnification using the ImageJ software. The data are presented as mean ± S.E.M. (n = 6 per group). *p < 0.05, compared to the saline control group, by unpaired and two-tailed Student t-test.
[image: Figure 7]FIGURE 7 | Specific stimulatory effects of subcutaneous (sc) injection of bulleyaconitine A (BAA, 300 μg/kg) on dynorphin A expression in microglia, but not in astrocytes or neurons in hippocampal CA1 in multiple twice-daily morphine (10 mg/kg)-treated mice. Frozen sections of hippocampal CA1 were obtained 1 h after a subcutaneous injection of saline (10 ml/kg) or BAA (300 μg/kg) and then subjected to double immunofluorescence staining with dynorphin A/microglial marker Iba-1 (A,B,G,H), dynorphin A/astrocytic marker GFAP (C,D,I,J), and dynorphin A/neuronal marker NeuN (E,F,K,L) under 10× magnification (The scale bar, 250 μm, DAPI was also co-labeled with the nucleus in blue) and 30× magnification (The scale bar, 50 μm), respectively. The arrowheads indicate co-localization of dynorphin A with microglia, astrocytes or neurons. The co-localized areas of dynorphin A/Iba-1 (M), dynorphin A/GFAP (N), and dynorphin A/NeuN (O) were quantified at 10× magnification using the ImageJ software. The data are presented as mean ± S.E.M. (n = 6 per group). *p < 0.05, compared to the saline control group, by unpaired and two-tailed Student t-test.
Microglial dynorphin a Expression Mediates Bulleyaconitine A-Inhibited Morphine Dependence
To verify the causal relationship between the microglial expression of dynorphin A in the brain and the BAA-inhibited withdrawal signs in morphine-treated mice, the microglial metabolic inhibitor minocycline (Wu et al., 2002; Neigh et al., 2009; Kobayashi et al., 2013), dynorphin A antiserum (Li et al., 2016a), and KOR antagonist GNTI (Zhang et al., 2007; Liu et al., 2013) were intracerebroventricularly injected individually. Four groups of morphine-treated mice (n = 10 per group) received the first intracerebroventricular injection followed by the second subcutaneous injection of saline (6 μL) + saline (10 ml/kg), minocycline (10 μg) + saline (10 ml/kg), saline (6 μL) + BAA (300 μg/kg), or minocycline (10 μg) + BAA (300 μg/kg). The second subcutaneous injection was delivered 4 h post the first intracerebroventricular injection. Withdrawal signs were precipitated by the intraperitoneal injection of naloxone (5 mg/kg) 40 min after the subcutaneous injection. As shown in Figures 8A–E, subcutaneous BAA injection into morphine-treated mice significantly attenuated naloxone-induced withdrawal signs, including shakes, jumps, genital licks, fecal excretions, and body weight loss, whereas the intracerebroventricular minocycline failed to influence naloxone-induced morphine withdrawal responses in mice. However, pretreatment with intracerebroventricular minocycline nearly completely restored the systemic BAA-suppressed withdrawal symptoms.
[image: Figure 8]FIGURE 8 | Blockade effects of intracerebroventricular (icv) injection of the microglial metabolic inhibitor minocycline (A–E), specific dynorphin A antiserum (F–J), and selective KOR antagonist GNTI (K-O) on subcutaneous (sc) injection of bulleyaconitine A (BAA)-attenuated withdrawal signs in morphine-treated mice. Naloxone-induced withdrawal symptoms included shakes (A,F,K), jumps (B,G,L), genital licks (C,H,M), fecal excretion (D,I,N), and body weight loss (E,J,O). The data are presented as means ± S.E.M. (n = 10 per group). *, #p < 0.05, compared to the saline control group and BAA group, respectively, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test.
Additional four groups of morphine-treated mice (n = 10 per group) received the first intracerebroventricular injection followed by the second subcutaneous injection of saline (6 μL) + saline (10 ml/kg), dynorphin A antiserum (1:30 dilution, 6 μL) + saline (10 ml/kg), saline (6 μL) + BAA (300 μg/kg), or dynorphin A antiserum (1:30 dilution, 6 μL) + BAA (300 μg/kg). The second subcutaneous injection was 30 min post the first intracerebroventricular injection. Withdrawal symptoms were precipitated by intraperitoneal injection of naloxone (5 mg/kg) 40 min after the subcutaneous injection. Subcutaneous BAA injection into morphine-treated mice attenuated naloxone-induced withdrawal signs. Intracerebroventricular injection of the dynorphin A antiserum did not significantly affect baseline morphine withdrawal symptoms, but reemerged naloxone-induced withdrawal symptoms from BAA inhibition (Figures 8F–J).
Further four groups of morphine-treated mice (n = 10 per group) received the same treatments as above except that the dynorphin A antiserum was replaced with GNTI (5 μg). As shown in Figures 8K–O, intracerebroventricular GNTI injection predominantly restored BAA-suppressed withdrawal symptoms in morphine-treated mice, although it did not significantly alter naloxone-induced withdrawal signs in saline-treated morphine-treated mice.
Microglial Dynorphin A Expression Mediates Bulleyaconitine A-Inhibited Conditioned Place Preference Expression
Minocycline, dynorphin A antiserum, and GNTI, given intracerebroventricularly, were applied to further determine whether microglial expression of dynorphin A in the brain contributed to BAA-inhibited morphine-induced CPP expression. Four groups of morphine-treated mice (n = 10 per group) were first intracerebroventricularly injected followed 4 h later by subcutaneously injected with saline (6 μL) + saline (10 ml/kg), minocycline (10 μg) + saline (10 ml/kg), saline (6 μL) + BAA (300 μg/kg), or minocycline (10 μg) + BAA (300 μg/kg). The place preference test was assessed 50 min subsequent to the subcutaneous injection. As shown in Figure 9A, subcutaneous BAA injection but not intracerebroventricular minocycline completely attenuated morphine-induced CPP expression. However, pretreatment with intracerebroventricular minocycline entirely restored BAA-suppressed CPP expression [F (3, 36) = 3.829, p < 0.05, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test].
[image: Figure 9]FIGURE 9 | Blockade effects of intracerebroventricular (icv) injection of the microglial metabolic inhibitor minocycline (A), specific dynorphin A antiserum (B), and selective KOR antagonist GNTI (C) on a subcutaneous (sc) injection of bulleyaconitine A (BAA)-attenuated morphine conditioned place preference (CPP) expression in mice. The data are presented as means ± S.E.M. (n = 10 per group). *, #p < 0.05, compared to the saline control group and BAA group, respectively, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test.
Furthermore, four groups of morphine CPP mice (n = 10 per group) were first intracerebroventricularly injected 30 min later followed by subcutaneously injected with saline (6 μL) + saline (10 ml/kg), dynorphin A (1:30 dilution, 10 μL) + saline (10 ml/kg), saline (6 μL) + BAA (300 μg/kg), or dynorphin A (1:30 dilution, 10 μL) + BAA (300 μg/kg). The place preference test was assessed 50 min subsequent to the subcutaneous injection. Subcutaneous BAA injection but not intracerebroventricular dynorphin A antiserum totally inhibited expression of morphine-induced CPP. However, pretreatment with intracerebroventricular injection of dynorphin A antiserum completely attenuated BAA-suppressed morphine-induced CPP expression [F (3, 36) = 4.459, p < 0.05, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test; Figure 9B].
In addition, other four groups of morphine CPP mice (n = 10 per group) received the same treatment regimen as above except that the dynorphin A antiserum was replaced with GNTI (5 μg). As shown in Figure 9C, intracerebroventricular GNTI injection did not have any significantly inhibitory effects on morphine-induced CPP expression, but almost or totally restored the systemic BAA-suppressed withdrawal signs in morphine-treated mice (F (3, 36) = 1.330, p = 0.09, by one-way ANOVA followed by the post-hoc Student-Newman-Keuls test; Figure 9C).
DISCUSSION
Long-term use of morphine and other opioids induces addiction, including both physical and psychological dependences. In the present study, withdrawal symptoms were developed after bi-daily subcutaneous morphine injections into mice for 7 consecutive days, which was reflected by withdrawal signs (i.e., shakes, jumps, genital licks, fecal excretion, and body weight loss) following application of naloxone. In contrast, bi-daily subcutaneous BAA injections with a dose up to 300 μg/kg/day for 7 days did not induce any withdrawal symptoms, which is consistent with the previous finding in which daily subcutaneous BAA did not induce jumping responses following nalorphine challenge (Tang et al., 1986). Furthermore, a single subcutaneous BAA injection alleviated naloxone-induced withdrawal signs in morphine-treated mice. In a dose ranging between 30 and 300 μg/kg, BAA injection into morphine-treated mice caused a dose-related inhibition of abrupt withdrawal symptoms, typically shakes and body weight loss with ED50 values of 74.4 and 105.8 μg/kg respectively. Consistently, BAA analog lappaconitine was reported to alleviate morphine and cocaine physical dependence (Qu and Qu, 1994). On the other respect, a daily subcutaneous morphine injection but not BAA (300 μg/kg/day) for 5 consecutive days acquired remarkable CPP response with high conditioning scores. Co-administration of BAA significantly inhibited morphine-induced CPP acquisition during the conditioning phase. In addition, single subcutaneous BAA injection entirely abolished morphine-induced CPP expression in the post-conditioning phase. Furthermore, co-treatment with BAA entirely attenuated development of morphine-induced locomotor sensitization. All these results suggest that BAA does not induce physical or psychological dependence, but markedly alleviates morphine-induced withdrawal symptoms, CPP acquisition and expression, and locomotor sensitization. However, the hypothesis may be compromised because we just used male mice in this study and previous studies revealed that degrees of morphine-induced physical and psychological dependences varied with gender (Cicero et al., 2002; Mohammadian and Miladi-Gorji, 2019). Thus, future studies are needed to evaluate the anti-addictive effects of BAA in female animals.
Opiates, such as morphine and heroin, act at the mesolimbic dopamine pathway projecting from the ventral tegmental (VTA) to NAc (Patyal et al., 2012). Opiates drugs effectively stimulate dopamine release in the NAc within 1 h after intracerebroventricular injection or local administration into VTA (Murphy et al., 1996; Sebastian et al., 2016). Hippocampal input to NAcSh is important in rewarding behaviors (LeGates et al., 2018). Thus, it can be speculated that NAc and hippocampus, located around the cerebroventricular area, are important sites for development of drug addiction. Dynorphin A regulates the activity of dopamine neurons by acting on KORs in mesolimbic, NAcSh, prefrontal cortex and VTA that have been implicated in drug abuse liability (Meshul and McGinty, 2000; Volkow et al., 2009). In the current study, we explored whether the dynorphin A/KOR system in NAc and hippocampus was closely associated with BAA-attenuated naloxone-induced morphine withdrawal symptoms and CPP expression. Subcutaneous BAA injection into morphine-treated mice stimulated expression of dynorphin A in NAc and hippocampus at 1 h after injection, which was in agreement with the time-course of its anti-addictive effects. The results are parallel to the previous findings in which intrathecal and subcutaneous injection of BAA, bullatine A, and lappaconitine stimulated expression of dynorphin but not β-endorphin in the spinal cord (Li et al., 2016a; Li et al., 2016b).
The notion is further supported by the following interventional injections through the intracerebroventricular route, which is localized around NAc and hippocampus. It was previously reported that a single intravenous dynorphin A injection attenuated withdrawal symptoms of morphine dependence (Takemori et al., 1993). The present study demonstrated that intracerebroventricular dynorphin A antiserum injection totally eliminated systemic BAA-inhibited morphine withdrawal symptoms and CPP expression, although the injection volume more than 2 μL could affect the behaviors of the animals and might be a limitation. Moreover, the highly selective KOR antagonist GNTI, given intracerebroventricularly, also entirely eliminated the systemic BAA-inhibited morphine-induced withdrawal symptoms and CPP expression. These data are consistent with the previous studies showing that the KOR agonist salvinorin A punished self-administration of cocaine and remifentanil in monkeys (Freeman et al., 2014), and that addition of the KOR agonist U69,593 to fentanyl produced a proportion-dependent decrease in fentanyl self-administration in rats (Negus et al., 2008).
Drug abuse activates microglia to produce a large amount of inflammatory factors and affect synapse reconstruction, chemical changes in the neural signal transduction and phagocytosis of apoptotic neurons, and ultimately to regulate the dopamine reward-signaling pathway and enhance drug dependence and addiction (Kovacs, 2012; Garaschuk and Verkhratsky, 2019). However, recent studies also showed that microglia had an alternative activation or protective state to activate the anti-inflammatory cascades and exhibited neuroprotection and antinociception (Hu et al., 2012; Fan et al., 2015; Wu et al., 2017; Wu et al., 2018). Our present data provide additional evidence showing that BAA stimulated microglia to express dynorphin A for attenuation of the drug dependence and addiction. Subcutaneous BAA injection stimulated dynorphin A expression only in microglia and not in astrocytes and neurons in NAcSh and hippocampal CA1, similar to the previous findings in which injection of a BAA analog bullatine A specifically stimulated microglial (but not astrocytic or neural) expression of dynorphin A in the spinal cords of neuropathic rats (Huang et al., 2016). We further demonstrated that intracerebroventricular injection of the microglial metabolic inhibitor minocycline entirely blocked the systemic BAA-inhibited morphine-induced withdrawal symptoms and CPP expression. Consistently, the antinociceptive effects of BAA and its analogs bullatine A and lappaconitine were also blocked by the intrathecal injection of minocycline in the rat models of pain hypersensitivity (Huang et al., 2016; Sun et al., 2018; Huang et al., 2020b). These results highlight that stimulation of microglia expression and release of dynorphin A, in contrast to proinflammatory cytokines and neurotrophins, inhibited morphine-induced withdrawal symptoms and CPP expression as well as blocked pain hypersensitivity.
The main treatment option of the opioid addiction is detoxification and relieves withdrawal symptoms; for this purpose, methadone substitution is most commonly used. This treatment, however, is just provided to inpatients in well-equipped management institutions due to its own physical dependence and other adverse reactions (Kampman and Jarvis, 2015; Tran et al., 2017). On the other respect, psychotherapy of addiction should be emphasized conceptually. Only few patients are unfortunately willing to undergo drug addiction program, while many patients are still carving for addictive substances after improving withdrawal symptoms, which eventually leads to relapse (Arevalo et al., 2008). Thus, approaches at the current time to solve opioid addiction, especially psychological dependence, are limited and treatment strategy with novel mechanisms of actions is therefore, urgently needed. Our current study did provide a solid pharmacological base for BAA to alleviate morphine-induced withdrawal symptoms, CPP acquisition and expression, and locomotor sensitization in mice through the mechanism of microglial expression of dynorphin A. Moreover, oral administration of lappaconitine over 6 days reduced or eliminated withdrawal symptoms, like yawing, shedding tears, chilliness, mydriasis and restlessness in drug addict patients whose duration of heroin or opium addiction ranged from 1 to 4 years (Qu and Qu, 1994). Taken together, all these findings suggest that BAA is a promising clinical development candidate for treatment of opioid addiction, especially the psychological dependence. The data also indicate that targeting of microglial expression and secretion of dynorphin A is a potentially novel strategy in treatment of opioid drug addiction.
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Background: Our studies demonstrated that the space environment has an impact on the brain function of astronauts. Numerous ground-based microgravity and social isolation showed that the space environment can induce brain function damages in humans and animals. Dammarane sapogenins (DS), an active fraction from oriental ginseng, possesses neuropsychic protective effects and has been shown to improve depression and memory. This study aimed to explore the effects and mechanisms of DS in attenuating depressive-like behaviors and cognitive deficiency induced by simulated weightlessness and isolation [hindlimb suspension and isolation (HLSI)] in rats.

Methods: Male rats were orally administered with two different doses of DS (37.5, 75 mg/kg) for 14 days, and huperzine-A (1 mg/kg) served as positive control. Rats were subjected to HLSI for 14 days except the control group during drug administration. The depressive-like behaviors were then evaluated by the open-field test, the novel object recognition test, and the forced swimming test. The spatial memory and working memory were evaluated by the Morris water maze (MWM) test, and the related mechanism was further explored by analyzing the activity of choline acetyltransferase (ChAT), acetylcholinesterase (AChE), and superoxide dismutase (SOD) in the hippocampus of rats.

Results: The results showed that DS treatment significantly reversed the HLSI-induced depressive-like behaviors in the open-field test, the novel object recognition test, and the forced swimming test and improved the HLSI-induced cognitive impairment in the MWM test. Furthermore, after DS treatment, the ChAT and SOD activities of HLSI rats were increased while AChE activity was significantly suppressed.

Conclusions: These findings clearly demonstrated that DS might exert a significant neuropsychic protective effect induced by spaceflight environment, driven in part by the modulation of cholinergic system and anti-oxidation in the hippocampus.

Keywords: Dammarane sapogenins, simulated weightlessness, depression, cognitive dysfunction, hindlimb suspension and isolation, rats


INTRODUCTION

In long-term space missions, astronauts are exposed to complex and extreme environmental conditions (microgravity, circadian dys-synchrony, isolation, and confinement) which can negatively affect their physiological and psychological state and performance (1). Several studies have confirmed that the microgravity environment is an underlying factor for cognitive disorder. Cognitive impairment caused by weightlessness has also been reported earlier. For example, participants' reaction time of working memory is significantly decreased in head-down bed rest (HDBR) (2). Pavy-Le et al. (3) demonstrated that the balance between functional input and response output is disrupted, and HDBR detrimentally influence cognitive function under prolonged exposure to increased cephalic fluid distribution under simulated weightlessness (4). A human study of simulated weightlessness with 15° head-down tilt and 45° head-up tilt profoundly affects the brain function and mental arithmetic with impairment of memory processes (5). Additionally, simulated weightlessness increased cognitive impairment in rats (6). Effective countermeasures need to be explored regarding the health and performance of astronauts both during in- and post-flight conditions.

There is substantial evidence that Chinese herbs may provide a potential treatment of cognitive impairment induced by microgravity. Panax ginseng has been widely used as a tonic for over 2,000 years in China. It contains a diverse group of saponins known as ginsenosides with significant effects on cognition and depression. Dammarane sapogenins (DS), a kind of extracts derived from the P. ginseng, contains two main ingredients: 20(s)-protopanaxatriol (PPT) and 20(s)-protopanaxadiol (PPD) with neuroprotective effect (7, 8). In addition, DS caused improvement in cognitive impairment induced by sleep interruption in mice in a dose-dependent manner (9) and also has antidepressant-like properties (10). Head-down bed rest in human and hindlimb suspension (HLS) are popularly used in animals to simulate microgravity on earth. Liu et al. (2) reported that healthy young men (n = 16) who participated in the two-back task exhibited significantly lower reaction time, suggesting that the prolonged HDBR may have a detrimental effect on working memory. HLS has been recognized as a cost-effective ground-based rodent model mimicking weightlessness in microgravity research (11), which is acceptable by the National Aeronautics and Space Administration.

In the present study, the effect of DS on improving depressive-like behaviors and cognitive deficits induced by simulated weightlessness and isolation was addressed, as potential candidate for counteracting depression and memory deficiency induced in space environment.



METHODS


Drugs and Reagents

The DS was provided by Panagin Pharmaceuticals Incorporated (Canada, US patent 6888014B2, May 3, 2005, Huang D and Qi DF). It was prepared by alkaline hydrolysis of total ginsenosides derived from the stem and leaf of Panax ginseng C. A. Mayer and identified as described in our previous study. In brief, it contained 33% PPT and 16% PPD on the anhydrous basis (12) (Figure 1). Huperzine-A tablets were purchased from Shanghai Fudan Forward Pharmaceutical Co. Ltd. The acetylcholinesterase (AChE), choline acetyltransferase (ChAT), and superoxide dismutase (SOD) kits were purchased from Nanjing Jiancheng Bioengineering Research Institute (Nanjing, China).


[image: Figure 1]
FIGURE 1. Main components residing in DS include the following: (A) 20(S)-protopanaxatrriol (PPT) and (B) 20(S)-protopanxadiol (PPD).




Apparatus

The computer-aided open-field test, the novel object recognition test, the computer-aided forced swimming test, and the computer-aided Morris water maze apparatus were developed jointly by the China Astronaut Research and Training Center and the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences.



Animals

Fifty SPF male Sprague-Dawley rats (weighing 180–200 g) were purchased from Beijing Hua Fukang Biological Polytron Technologies Inc. (Beijing, China). They were housed individually in specific pathogen-free animal house with free access to standard diet and sterilized drinking water. Rats were maintained in a room with temperature of 22–25°C, relative humidity of 50–65%, and a 12-h light-dark cycle (lights on at 08:00 AM). Prior to experiments, rats were acclimatized for 3 consecutive days. All experiments were conducted according to the “Principles of Laboratory Animal Care” (NIH publication No. 86-23, 1996) and P.R. China legislation for the use and care of laboratory animals. The protocols were approved by the committee for the Care and Use of Laboratory Animals of IMPLAD, CAMS & PUMC, China (No. 2016515).



Experimental Design and Treatment

The rats were randomly divided into five groups with 10 rats per group: control, hindlimb suspension and isolation (HLSI), HLSI + huperzine-A 1 mg/kg (positive control), HLSI + DS 37.5 mg/kg, and HLSI + DS 75 mg/kg, with the latter two serving as DS treated groups. Rats of the control group were housed as five per cage, while rats with the HLSI groups were kept alone per cage. All rats were housed in the same environment with a natural light-dark cycle. The open-field test, the novel object recognition test, the forced swimming test, and the Morris water maze test were performed after 14 days of HLSI.

DS and huperzine-A were dissolved in distilled water and orally administered at 10 ml/kg to rats in the HLSI + DS group and HLSI + huperzine-A group. The control animals and the HLSI group received distilled water (10 ml/kg). Drugs and water were administered daily to rats. Behavioral test was performed 1 h after drugs or water administration in rats.



Hindlimb Suspension and Isolation Procedures

The hindlimb suspension is a classical method of simulating weightlessness. In order to reduce spontaneous activity and the damage to tail, a simulated weightlessness apparatus was developed (Chinese patent No. 201310228949.2) (Figure 2). In brief, rats were placed in a 26 × 26 × 30 cm black plexiglass box with animals isolated from each other. Rat tails were bound using medical adhesive tape and fixed with a small hook in a stainless chain mounted at the top of the cage, allowing free access to water and food. Rats were maintained at an angle of about 30° suspension between the floor and the body of the animal for 14 days, followed by behavior tests. After behavioral tests, rats were maintained HLSI again.


[image: Figure 2]
FIGURE 2. Rats in HLSI and the instrument for HLSI.




The Open-Field Test

To assess the locomotor activity and the response to a novel environment, rats were placed into an open box (100 cm diameter, 50 cm height) with two 60 lx lighting on the ceiling and allowed to explore freely for 10 min. The computer-aided image analysis system for real-time detection test was employed during the test. After every experiment, the rats were returned to the cage and the open-field boxes were cleaned with 70% alcohol solution and dried. The arena was divided into two areas, the center area (central diameter 40 cm), and the peripheral area (left diameter). The total locomotor activity and the performance in the two arenas (with four paws) were evaluated. The parameters recorded included: total movement distance, average speed, duration of movement, movement distance in the central area, duration of movement in the central area, average speed in the central area, number of rearings during former 5 min (animal's double forelimbs leave the ground at the same time, or the two forelimbs are placed on the wall of the cage) (13).



The Novel Object Recognition Test

After the open-field test, the novel object recognition test (NORT) was performed as described earlier (14). Firstly, the rats were placed in the box for 2 min for adaptation. After acclimatization period, a blue cylindrical object (5 cm × 5 cm in height and diameter) was introduced in the middle of the box. The time rats explored it for the first time was recorded for 10 min representing the exploration latency. The numbers of sniffing the object and the total time of sniffing were recorded as the numbers of exploring and the total time of exploration. The exploratory behavior is defined when the animals' mouth and nose are <1 cm away from the object or directly touching the object, but animals standing on objects are not considered explorations (15).



The Forced Swimming Test

The force swimming test (FST) is a behavioral test used in rodents to assess anti-depressant-like behavior and performed as previously described (10). All experimental animals were first habituated to the testing room 30 min prior to testing. A pre-swimming (10 min) was conducted initially 24 h prior to the experiment. On the test day, all animals were subjected to the plexiglass cylinder (40 cm tall × 20 cm in diameter) filled with water (24°C) to a depth of 18 cm. Test sessions (5 min) were recorded by a video camera positioned directly above the cylinder. Animals were removed from their home cage and placed into the tank for a 5-min test. After drying, they were returned to their home cages. Water was replaced between animal experiments. Behaviors such as immobility, swimming, and climbing in the tank were conducted. Climbing was defined by the rat presenting its forepaws along the edge of the cylinder in an upward movement. Any horizontal movement was classified as swimming. Finally, immobility was defined as no additional movement required by the animal to maintain its head above water (16).



The Morris Water Maze Test

This test was used to evaluate spatial learning ability that relies on distal cues to navigate from start locations around the pool to locate a submerged platform for escaping. The apparatus consisted of a circular pool (160 cm diameter, 50 cm height), filled with 22 ± 2°C water. In order to hide the platform, black ink was added to the water. In the pool, a platform (9 cm diameter) was placed at the center of a quadrant and adjusted 1.5 cm below the water level. Rats would start from two different starting points. It is worth mentioning that the position of the laboratory operator and the cues around the maze remained unchanged throughout the test.



Escape Acquisition (Days 1–5)

Each rat was tested in two independent trials per day for 5 days, each trial with a period of 90 s. Before each training, the rat was left on the platform for 15 s to be familiarized with the environment around the maze. Once the rat climbed the platform, they stayed there for 15 s. After that, it was removed from water, dried, and returned in its cage until the next trial. For each trial, latency to locate the hidden platform and the total swimming distances were measured representing spatial learning performance.



Probe Trial (Day 6)

After 24 h of training, a probe trial was conducted on day 6 without the absence of the platform. During 90 s test, rat was placed into the water in the opposite quadrant and the number of target crossing and the time spent in the target quadrant were recorded by the tracking system to assess the spatial memory ability.



Working Memory (Days 7–10)

After the probe trial test, the working memory evaluation was conducted. The procedure similar to the escape acquisition method was used, but the position of the hidden platform was changed daily. The starting position was randomly changed from trial to trial within a given day. Rats were submitted to two trials per day and were allowed to swim freely to search for the hidden platform for up to 90 s. The experimenters should guide the rat to stay on the platform for 15 s if it failed to find the platform. All rats were tested twice daily for 4 days, and the escape latency and the distance spent in the target quadrant were calculated for the evaluation of the working memory.



Tissue Preparation

After final behavioral tests, rats were anesthetized and killed. The hippocampus tissues were collected rapidly and stored at −80°C until further assays.



Biochemical Assays

In the hippocampus, AChE, ChAT, and SOD activities were measured using commercially available assay kits. Briefly, the hippocampus was homogenized in 10 × saline on ice, centrifuged (3,500 rpm/min) at 4°C for 15 min, and the supernatant was collected. AChE activity was determined using a thiol agent to form trinitrobenzene at 412 nm. ChAT activity was determined by using a commercial kit. All procedures completely complied with the manufacturer's instructions. The mixture was incubated at 37°C for 20 min and boiling water (100°C) was added to stop the reaction. It was centrifuged (4,000 r/m) for 10 min, and the suspension was used for color reaction. The SOD activity was based on its ability to inhibit the oxidation by superoxide anion free radical produced from the xanthine–xanthine oxidase system, measured at 560 nm.



Statistical Analysis

All data analyses were carried out using SPSS (version 19.0). Values are expressed as mean ± standard error of the mean (SEM). Group differences in the escape latency and swimming distance during acquisition of Morris water maze test (MWM) trials were analyzed using repeated-measure two-way ANOVA. Other data were analyzed by one-way ANOVA and the least significant difference required after ANOVA. The value of p < 0.05 was considered to be significant.




RESULTS


Body Weight

The body weight in the HLSI group decreased significantly (p < 0.001). However, after treatment with DS-1227 75 mg/kg, it was significantly reversed as compared with the control groups (Figure 3).
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FIGURE 3. The effects of DS on the body weight after HLSI in rats. All values are means ± SEM (n = 8–10). The symbols represent: ###p < 0.0001 vs. the control group; *p < 0.05 vs. the HLSI group.




Effect of DS on the Open-Field Test in Simulated Microgravity Induced by HLSI in Rats

In the open-field test (Figure 4), rats of the HLSI group covered less total movement distance, accompanied by less duration of movement and slower average speed compared with the control group (Figures 4A–C, p < 0.05 or p < 0.01). The DS treatment at 75 mg/kg reversed HLSI-induced decrease duration of movement. The huperzine-A demonstrated positive effects on HLSI-induced decrease in the total movement distance, less duration of movement, and slower average speed in rats (p < 0.05). In the center area of the open-field test, rats in the HLSI group covered shorter total movement distance, less duration of movement, and with slower average speed compared with the control group (p < 0.01) (Figures 5A–C). The huperzine-A treatment elicited positive effects by improving the locomotor activity in the HLSI rats in the center area (p < 0.05). Whereas, DS treatment showed a weak effect in enhancing the visit of the HLSI rats in the center area. The number of rearings in the HLSI group decreased significantly; however, DS or huperzine-A treatment increased the number of rearings in the open-field test, showing their protective effects on the HLSI rats (Figure 6; p < 0.05 or p < 0.01).


[image: Figure 4]
FIGURE 4. The effects of DS on the locomotor activity in the open-field test after HLSI in rats. The values are mean ± SEM (n = 8–9) for the following: (A) total movement distance, (B) duration of movement, and (C) average speed. The symbols represent: #p < 0.05 and ##p < 0.01 as compared with the control group; *p < 0.05 as compared with the HLSI group.
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FIGURE 5. The effects of DS on the locomotor activity in the open-field test after HLSI in rats. The values are mean ± SEM (n = 8–9) for the following: (A) movement distance in the central area, (B) duration of movement in the central area, and (C) average speed in the central area. The symbols represent: ##p < 0.01 as compared with the control group; *p < 0.05 as compared with the HLSI group.



[image: Figure 6]
FIGURE 6. The effects of DS on the number of rearings in the open-field test after HLSI in rats. The values are mean ± SEM (n = 7). The symbols represent: ##p < 0.01 as compared with the control group; *p < 0.05 and **p < 0.01 as compared with the HLSI group.




Effect of DS on the Novel Object Recognition Test in Simulated Microgravity Induced by HLSI in Rats

As presented in Figure 7, the latency to nose poke increased while it decreased in the HLSI rats compared with the control rats (p < 0.01). Both DS or huperzine-A treatment could significantly reversed the HLSI-induced damage to rats (p < 0.01).


[image: Figure 7]
FIGURE 7. The effects of DS on the novel object recognition test after HLSI in rats. The values are mean ± SEM (n = 8–9) for the following: (A) latency of nose poke and (B) number of nose pokes. The symbols represent: ##p < 0.01 as compared with the control group; **p < 0.01 as compared with the HLSI group.




Effect of DS on the Forced Swimming Test in Simulated Microgravity Induced by HLSI in Rats

The immobility time was increased in the HLSI rats as compared with the control rats (p < 0.01); however, DS or huperzine-A treatment significantly reversed the HLSI-induced despair in the force swimming test in rats (p < 0.01, Figure 8).


[image: Figure 8]
FIGURE 8. The effects of DS on the immobility time in the forced swimming test after HLSI in rats. The values are mean ± SEM (n = 8–9). The symbols represent: ##p < 0.01 as compared with the control group; **p < 0.01 as compared with the HLSI group.




Effect of DS on Spatial Learning and Memory in the MWM Test in Simulated Microgravity Induced by HLSI in Rats

In the MWM test, our results revealed significant differences on the swimming distance and escape latency between training days and among groups. The rats in the HLSI group showed significantly higher values regarding the total swimming distance and the escape latency as compared with the control group from days 3 to 5 (Figures 9A,B). Administration of DS (37.5 and 75 mg/kg) in rats reversed the HLSI-induced increase in the total swimming distance and the escape latency in the MWM test (p < 0.05 or p < 0.01). Whereas, administration of huperzine-A (1 mg/kg) in rats induced a significant reduction in the total swimming distance and the escape latency as compared with the HLSI group (p < 0.05).


[image: Figure 9]
FIGURE 9. The effects of DS on the spatial memory in the MWM test after HLSI in rats. All values are mean ± SEM (n = 8–10) for the following: (A) total swimming distance and (B) escape latency. The symbols represent: #p < 0.05 and ##p < 0.01 vs. the control group; *p < 0.05 and **p < 0.01 vs. the HLSI group.


In the probe trial, rats of the HLSI group spent less time and swam the least distances in target quadrant (p < 0.05) (Figures 10A,B). The DS showed non-significant reversal of this decline. Likewise, non-significant differences in speed and number of target crossings between control and HLSI rats were evident (Figures 10C,D). However, the rats after treatment with DS (75 mg/kg) demonstrated a significant rise in the number of target crossing as compared with the HLSI group (p < 0.05). Huperzine-A had no effect on either the swimming speed or the number of target crossing in the target quadrant in the probe test.


[image: Figure 10]
FIGURE 10. The effect of DS on memory of rats in probe trial of the MWM test. All values are means ± SEM (n = 7–8). In the target quadrant, parameters noted were as follows: (A) swimming time, (B) swimming distance, (C) swimming speed, and (D) the number of target crossings. The symbols represent: #p < 0.05 and ##p < 0.01 vs. the control group; *p < 0.05 vs. the HLSI group.


In the MWM test during 7–10 days, all rats were subjected to the working memory test, to assess working or trial-dependent learning and memory (Figures 11A,B). On day 7, DS (75 mg/kg) revealed a shorter distance and time to find the platform in novel position (p < 0.01). Likewise, on days 8–10, the latency still showed a shorter total swimming distance and escape latency than that of the HLSI group (day 8, p < 0.01; day 9, p < 0.01; day 10, p < 0.01). However, the total swimming distance and escape latency of the HLSI rats exhibited a tendency toward an increase during the MWM test.


[image: Figure 11]
FIGURE 11. The effect of DS on the working memory of rats in the MWM test. All values are means ± SEM (n = 8–9) for the following: (A) the total swimming distance, (B) the escape latency. The symbols represent: #p < 0.05 and ##p < 0.01 vs. the control group; *p < 0.05 and **p < 0.01 vs. the HLSI group.




Effect of DS on Acetylcholine-Related Enzymes in Simulated Microgravity Induced by HLSI in Rats

Figures 12A,B depicts the effect of DS on acetylcholine-related enzyme changes on the HLSI-induced cognitive deficit. Results showed that in rat hippocampus, AChE activity (p < 0.05) was significantly higher whereas ChAT activity (p < 0.01) decreased in the HLSI group compared with the control. After treatment with DS (75 mg/kg) for 2 weeks, AChE activity (p < 0.01) was reduced whereas the ChAT activity (p < 0.05) elevated significantly (p < 0.05 or p < 0.01). Huperzine-A (1 mg/kg) also produced an increase in ChAT activity (p < 0.05).


[image: Figure 12]
FIGURE 12. The effect of DS on acetylcholine-related enzymes in the hippocampus of rats. All values are means ± SEM (n = 6–8) for the following: (A) the AChE activity in the hippocampus and (B) the ChAT activity. The symbols represent: #p < 0.05 and ##p < 0.01 vs. the control group; *p < 0.05 and **p < 0.01 vs. the HLSI group.




Effect of DS on SOD Activity in Simulated Microgravity Induced by HLSI in Rats

As verified in Figure 13, SOD activity in the hippocampus of the HLSI group was significantly lower than the control group (p < 0.05). After treatment with DS (75 mg/kg), SOD activity was significantly increased in rats submitted to HLSI insult, up to levels similar to the control (p < 0.05). The SOD activity of the huperzine-A group also increased significantly (p < 0.05).


[image: Figure 13]
FIGURE 13. The effect of DS on SOD activity in the hippocampus of rats. All values are means ± SEM (n = 6). The symbols represent: #p < 0.05 vs. the control group; *p < 0.05 vs. the HLSI group.





DISCUSSION

In our study, protective effects of DS were evident in depressive-like behavior and cognitive dysfunction in rats after 14 days to HLSI exposure. Moreover, the protective effect of DS was highly significant at higher dose.

The DS is acquired from Panax ginseng C. A. Mey and predominantly contains PPT and PPD. Earlier studies demonstrated that they possesses various pharmacological activities, including anti-inflammatory, antitumor, and neuroprotective effects (17). Our research also showed that ginsenoside Rg1 and Rb1, PPD, and PPT were able to ameliorate memory impairments in mice induced by scopolamine (18) and chronic sleep deprivation (8). Ginsenoside Rg1 significantly reversed the low Bcl-2 with concomitant increase in Bax expression in the prefrontal cortex (PFC) in rats induced by chronic restraint stress (13), indicating its biological effect on anti-oxidation. Wu Xiaorui et al. showed that DS improved the cognition dysfunction in rats after 42 days of simulated long-duration spaceflight environment exposure (19). Thus, in the present study, we aimed to explore the beneficial effects of DS on depressive-like behaviors and memory dysfunction in rats after 14 days of simulated microgravity.

HLS in animals provides a popular animal model to simulate microgravity on earth. Rats exposed to HLS for 2 weeks showed a significantly lower performance in the water maze test, and Nissls and Golgi-Cox staining showed significant changes in hippocampus CA1 neuronal cytomorphometry (20). Our previous studies also strongly supported poor performance of rats in the Morris water maze and shuttle box test after encountering HLS for 2 weeks (21, 22). Simultaneously, isolation, as a kind of psychosocial stress (23), has a serious influence on emotion and cognition function. Gaskin et al. showed that 40 days of post-weaning social isolation caused novel object recognition impairment in isolation-reared rats compared with the group-housed rats (24). Likewise, in our study, HLSI-induced significant damage in novel object recognition test. Thus, a combination of hindlimb suspension and isolation provides an appropriate method to simulate the extreme environment of space.

It is known that simulated weightlessness can cause depressive-like behavior in rats (25). The simulated weightlessness led to weight loss, decreased locomotor activity, prolonged latency to nose poke, decreased number of nose poke, and increased immobility time in rats, indicating that the rats have depressive-like symptoms. The administration of DS (75 mg/kg) improved the weight loss caused by simulated weightlessness in rats. The open-field test, mainly used to study the exploratory behavior of animals and to test the ability of animals to perform in a relatively open and unfamiliar environment (26). Rodents suffering from depression, due to avoidance and fear of unfamiliar environment, mainly reduce their activities in the central area of the open field and increase their peripheral activities (27). In the open-field test, DS (37.5, 75 mg/kg) antagonized the depressive-like behavior caused by simulated weightlessness, as reflected by increasing duration of movement, and number of rearing, of which 75 mg/kg dose of DS was more effective. Huperzine-A also improved the locomotor ability of rats. The novel object recognition test is suitable to study the behavior of animals exploring novel things in a familiar environment, and its latency of nose poke reflects the exploration ability of rodents (15). The present experiment showed that HLSI can reduced the ability of mice to explore new things, while DS 37.5 and 75 mg/kg and huperzine-A can reduce the latency of nose poke thereby increasing the number of nose pokes. The effect of DS 75 mg/kg appeared to be better than its lower dose. The forced swimming test based on animals escaping from the water and struggle constantly. Depressed animals will show less struggling or even giving up struggling activity (28). In FST, DS (37.5, 75 mg/kg) and huperzine-A also reversed the increase in immobility time induced by HLSI. These behavioral experiments have indicated that DS possesses appreciable antidepressant effect.

The MWM is designed to test spatial learning and working memory and is a widely accepted method for assessing the therapeutic potential of new drugs for cognitive dysfunction (29). When the test is repeated several times, the changes in latency and distance covered to reach the platform are suitable indicators for the learning and memory abilities of the animals (29, 30). In our study, the HLSI rats demonstrated longer latency and swimming distance in the escape acquisition test. Moreover, the number in target crossings, the time, and the swimming distance toward the target quadrant were decreased in the HLSI group in the probe trail test, meaning that HLSI for 2 weeks possibly impairs spatial memory. After treatment with DS, the performance over the two trials of rats in MWM was significantly improved. It is very interesting to note that the HLSI rats required longer time to find the platform as compared with the control rats in the working memory task in the MWM test. The term working memory, defined as the capacity to maintain a limited amount of information through active rehearsal (1), provides temporary storage and manipulation of the information (31). It is well-established that working memory is crucial for arithmetic problem solving (32), language learning (33), and long-term memory consolidation (34). Moreover, spatial working memory is necessary for actions to guide thought processes. Previous research showed that participants' accuracy and reaction time decreased significantly in head-down bed rest, especially the Thurston's card rotation and cube mental rotation tasks, which usually measure the working memory. Our study showed for the first time that DS could improve spatial learning and working memory impairment induced by HLSI.

Indeed, cholinergic nervous system plays a vital role in the learning and memory processes. Both ChAT and AChE are the most specific indicators for monitoring the functional state of cholinergic neurons in the central nervous system. Reduced ChAT activity and increased AChE activity have been reported in the brains of patients with AD (35). Protecting central cholinergic neurons from functional degenerative disorders and maintaining the activities of ChAT and AChE in the neurons may be valuable for the prevention of the development or progression of AD and/or other chronic brain degenerative diseases (36). Thus, the activities of ChAT and AChE are popularly used to appraise the cognitive function in animals. Our results showed that HLSI did affect these two enzymes, especially ChAT activity which was reduced in the hippocampus of the HLSI group. The DS ameliorated the increased AChE activity and increased ChAT activity in the hippocampus. These results suggest that cognitive damage caused by HLSI is closely associated with dysfunction of the cholinergic system. In the brain of AD patients, changes in free radical-induced damages and SOD activity or expression have been reported (37). Simulated microgravity induced an oxidative imbalance in astronauts and other animal models. Our study confirmed that SOD activity was significantly decreased in the hippocampus of rats submitted to HLSI insult, indicating the activation of the oxidative stress system after exposure to microgravity.

Based on our findings, HLSI significantly induced the loss of locomotor rearings and exploration to novel object, despaired to survival in forced swimming, impaired reference, and working memory. Intragastric administration of DS could improve these depressive-like behaviors and cognitive impairments. The mechanisms were associated with inhibition of AChE activity and activation of ChAT and SOD activities in the hippocampus of rats. DS might be a potential agent for preventing and treating depressive-like behaviors and memory loss, especially for the deficiency of working memory under spaceflight.



CONCLUSIONS

In summary, our study provides evidence that DS from Panax ginseng significantly alleviated the depressive-like behaviors and cognitive impairment induced by HLSI in rats, and the psychotic and neuroprotective effects may be related to mediate the cholinergic system and oxidative stress, including activation of ChAT and SOD activities and inhibition of AChE activity. Further investigations on the protective activity of DS in depressive-like behaviors and cognitive impairments induced by weightlessness are needed to illustrate deep mechanisms and may provide a useful candidate during spaceflight.
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Daily rhythm of melatonin synchronizes the body to the light/dark environmental cycle. Several hypotheses have been raised to understand the intersections between melatonin and depression, in which changes in rest-activity and sleep patterns are prominent. This review describes key experimental and clinical evidence that link melatonin with the etiopathology and symptomatology of depressive states, its role in the follow up of therapeutic response to antidepressants, as well as the clinical evidence of melatonin as MDD treatment. Melatonin, as an internal temporal cue contributing to circadian organization and best studied in the context of circadian misalignment, is also implicated in neuroplasticity. The monoaminergic systems that underly MDD and melatonin production overlap. In addition, the urinary metabolite 6-sulfatoxymelatonin (aMT6) has been proposed as biomarker for antidepressant responders, by revealing whether the blockage of noradrenaline uptake has taken place within 24 h from the first antidepressant dose. Even though animal models show benefits from melatonin supplementation on depressive-like behavior, clinical evidence is inconsistent vis-à-vis prophylactic or therapeutic benefits of melatonin or melatonin agonists in depression. We argue that the study of melatonin in MDD or other psychiatric disorders must take into account the specificities of melatonin as an integrating molecule, inextricably linked to entrainment, metabolism, immunity, neurotransmission, and cell homeostasis.

Keywords: psychiatry, mood disorder, neuropsychaitric disorders, behavior, biological rhythms, chronobiology, 6-sulfatoxymelatonin (aMT6s), biomarker


INTRODUCTION

Melatonin (N-acetyl-5-methoxytryptamine) is an amphiphilic indoleamine conserved from unicellular organisms to plants and animals. In mammals, pineal and extra-pineal synthesis were described (1). Darkness at night triggers a polysynaptic pathway that begins with the retino-hypothalamic tract projecting to the suprachiasmatic nuclei (SCN) of the hypothalamus and ends as a sympathetic input to the pineal gland. Melatonin synthesis is prompted by norepinephrine and requires serotonin as a precursor (2). Pineal melatonin, a primary output of the circadian pacemaker (SCN), transduces light-dark information to the whole body, coordinating daily physiological functions and behaviors.

Biological rhythms and melatonin represent recent frameworks in the investigation of the etiology, prognostic improvement, and treatment approach in the clinical course of depression. The somatic, cognitive, and affective symptoms of depressive states that occur in association with neurochemical/hormonal imbalance, may result, among other factors, from the misalignment of biological rhythms (3–5). A summary of the physiological regulation and organization of biological rhythms is shown in Figure 1.


[image: Figure 1]
FIGURE 1. Environmental and internal regulation of biological rhythms, melatonin production and associations with behavior (A); the process of entrainment and alignment (B). The main environmental cue that synchronizes the circadian system is the light-dark cycle. The suprachiasmatic nucleus (SCN) receives photic information and projects to several structures in the body, coordinating peripheral tissues by modulating other oscillators according to light-dark transitions. Other stimuli of importance include feeding schedules, rest-activity rhythm and social cues. Peripheral tissues respond to timing neural and endocrine signals modulated by the SCN, including the release of melatonin to the bloodstream, as well as from feeding. On the other hand, endogenous circadian rhythms also influence daily patterns in behavior/exposure to environmental factors and might also influence melatonin production (see details in text). In (A), black arrows connect the environmental stimuli to the central and peripheral clocks and tissues and show the interconnection among systems. Continuous arrows represent higher levels of evidence and dashed arrows represent lower levels of evidence. Melatonin is produced in the pineal gland, as a result of darkness or on-demand via other pathways (see details in text), acting locally or transducing the dark signal to peripheral tissues (green arrows). Extra-pineal sources of melatonin include the skin, guts, and lungs, which only act locally with no known chronobiotic effect. While the physiological actions of melatonin potentially impact behavior, individual behavior might also determine the timing of light exposure, rest-activity rhythms and feeding behavior, thus regulating melatonin secretion. The first column at (B) shows rhythms of activity, temperature, and feeding behavior aligned with the light signal; the second depicts rhythms which are phase delayed. The rhythms at the third column are no longer entrained to the light signal and are not synchronous within themselves, determining a misalignment.


Considering the cyclic nature of mood disorders, the shared monoaminergic involvement, the data from seasonal depression, and the marked sleep and circadian changes in depressive disorders, several hypotheses have been raised to understand the intersections between melatonin with depression. Experimental and clinical studies were designed to understand possible pathophysiological connections and devise therapeutic strategies to optimize the pharmacological management of depressive patients. This review aims to discuss the interconnections of melatonin production pathways and its physiological actions with the etiopathology and clinical approaches to depression. We will initially describe the framework of depression relevant for the understanding its association with biological rhythms and melatonin. We proceed by discussing the role of melatonin as an internal temporal cue, its production and physiological actions, and its role as a neurohormone sharing common neuro-endocrine inputs with the pathways associated with depression. Finally, we describe the current knowledge from clinical research in the field, including the use of exogenous melatonin and urinary 6-sulfatoxymelatonin as treatment and response biomarker, respectively.



DEPRESSION AND BIOLOGICAL RHYTHMS


What Do we Mean by Depression?

Depression is a term with multiple meanings. As a state, a depressive mood may be an adaptive stress response (6). Depressed mood states manifest as typical behavioral phenomena (e.g., anhedonia, psychomotor disturbance) and dysregulation in neurovegetative functions (e.g., altered appetite, disturbed sleep), which may be a result of a great variety of physiological events. As part of a mental disturbance, depressive symptoms can manifest in several conditions such as unipolar or bipolar mood disorder, substance abuse, and general medical disease. On the other hand, Major Depressive Disorder (MDD), as defined by international guidelines such as the Diagnostic and Statistical Manual of Mental Disorders (DSM) and the International Classification of Diseases ICD, is a syndromic construct assembled as a distinct clinical condition (7, 8). According to the fifth edition of the DSM, at least one of the two cardinal symptoms must be manifested to reach a positive diagnosis: depressed mood and/or loss of interest or pleasure in daily activities. Of the nine cognitive (e.g., impaired concentration), emotional (e.g., feelings of worthlessness) and somatic symptoms (e.g., psychomotor agitation or retardation, changes in appetite, sleep disturbances) listed as diagnostic criteria, at least five must be present during the same 2-week period, with the symptoms representing a change from previous baseline. Of note, other medical conditions that can cause the same symptoms must be excluded. MDD is one of the most burdensome disorders and the leading cause of disability worldwide (9, 10). Therefore, the assessment of the severity of the depressive syndrome (as a continuous feature) in clinical and research settings is fundamental, which typically implies the use of validated self-reported instruments and structured interviews of cognitive, physical, and psychomotor changes. Though sadness and anhedonia are the cardinal symptoms of MDD, the multivariate features of depression, together with its multifactorial etiology and the lack of a reliable biomarker, can explain the individual differences in pharmacological response.

Clinical response is usually noticeable after 2–5 weeks (11–13). The poor or absent response to antidepressants that is associated with the morbidity and mortality of MDD justifies the search for improvement in diagnosis, while searching for subtypes of depression that show treatment idiosyncrasies. In addition, preventing the relapse and recurrence of clinically significant symptoms is essential for new treatment approaches and/or the identification of markers of response to established treatments. In fact, several studies document a vast heterogeneity of clinical features of depressive disorders, indicating that specific symptoms represent different physiological phenomena, boosting the search for specific diagnostic and treatment biomarkers and unraveling new therapeutic strategies (14). In this context, despite inherent limitations, animal models have been instrumental in the investigation of subjacent neuronal mechanisms associated with the genesis, trigger factors, and maintenance of depressive states, as well as potential treatments.

The difficulties in modeling depression and neuropsychiatric disorders in experimental non-human species may, in part, be attributed to the variability of depressive symptoms (across and within individuals), and the sheer impossibility to reproduce in non-human animals some important features, such as guilt and suicidality. This somehow mirrors the challenges of Psychiatry as a field in categorizing debilitating disorders (with overlapping symptoms and varied underlying mechanisms) as opposed to normal behavior. Chronic stress, maternal deprivation, and olfactory bulbectomy are among the models that present higher degrees of face validity (i.e., animal behavior correlates with MDD symptomatology), predictive validity (i.e., good chances of replicating the positive or negative results in human patients), and construct validity (i.e., consistent underlying pathology biomarkers, triggering factors, time course, and response to antidepressants). The majority of animal models only replicate anhedonia (with varying degrees of face value), which is certainly one of the core symptoms of depression. The widely used tail suspension and forced swimming tests have no pathophysiological or undisputed behavioral manifestations equivalent to those seen in depression but possess some degree of translation predictability. It is of utmost importance to select the model appropriate for a given question, and interpret results considering specific limitations.



Are Biological Rhythms Related to Depression?

Although the challenges of assessing behavior pose inherent limitations to both experimental and clinical studies, the relationships between depressive-like behavior and biological rhythms have been abundantly documented. Nile grass rats (Arvicanthis niloticus), a diurnal rodent, exposed to short photoperiod (5 h light/19 h dark) for 6 weeks presented reduced saccharin preference, higher immobility time in the forced swim test, and no changes on time spent in the light side of the dark/light box in comparison to controls (15). The same species submitted to low light intensity during the daytime (cycles of dim light of 50 lux during 12 h/dark during 12 h) for 4 weeks showed increased immobility and decreased climbing in the forced swim test; again, no effects were observed in the light/dark test or locomotion in the open field compared to bright light controls. Nile grass rats also show lower dopaminergic and somatostatin neurons in the hypothalamus under both short photoperiods and dim light/dark cycle (16). In nocturnal mice, dim light at night [16 h of light (~150 lux) and 8 h of darkness (5 lux)] for 4 weeks lead to depression-like behaviors such as increased immobility in the forced swim test and reduced sucrose preference (17). In addition, nocturnal rodents under constant light for 3–4 weeks, a light regimen known to render rats behaviorally arrhythmic (18), exhibited significant higher number of grooming events during the open field test, and diminished sucrose preference throughout the study (19). Under forced desynchrony (light/dark cycles of 22 h), a protocol known to uncouple neuronal oscillators in the suprachiasmatic nucleus (SCN; see Figure 1), rats develop into depressive-like phenotypes (i.e., anhedonia, sexual dysfunction, increased immobility in the forced swim test) (3).

Landgraf et al. (4) showed that knocking down Bmal1 (one of the essential clock genes that participate in the maintenance of the circadian periodicity at the cellular level) in mice suprachiasmatic nucleus (SCN) led to increased escape latencies and number of escape failures in the learned helplessness paradigm, induced higher immobility time in the tail suspension test, and decreased the time spent in the light compartment of the light/dark test. These results indicate that disrupting central SCN rhythms causes helplessness, behavioral despair, and anxiety-like behavior. The experiment supports a causal relationship because environmental light-dark cycles and light input pathways were unchanged. Therefore, results cannot be explained by light affecting depressive-like behavior through other pathways [i.e., without disturbing sleep or circadian rhythmicity, or through pathways unrelated to the SCN (20)]. Unlike in global knockouts in which mice may also present altered behavior related to pleiotropic functions of the clock genes, the model has the advantage of selectively inducing disturbed SCN rhythms while avoiding other neural damages caused by SCN lesions. Moreover, hedonic behavior measured by the sucrose preference test, spatial preference in the open field test, and aversion to eating in a novel environment were unchanged, suggesting that only specific aspects of depressive-like behavior are influenced by the disruption of the central clock (4). Of note, neurotransmitter systems altered in depression show blood levels circadian oscillations (21, 22), though it is unclear whether or how mood states could affect this circadian pattern.

Clinical evidence supports that dysfunctions of the circadian timekeeping system are present in a variety of morbid clinical conditions, such as obesity, diabetes, hypercholesterolemia, cardiovascular diseases, and cancer (23, 24). Mood alterations have also been extensively studied in models of circadian disruption or misalignment (see Figure 1). Of relevance to this discussion, depressive symptomatology can assume seasonal variation (i.e., seasonal affective disorder), and is associated with non-respiratory sleep disturbances and distinguishable daily motor activity patterns (i.e., comparing depressed individuals with non-depressed individuals and among depressive subtypes). Diurnal variations in mood have been seen in naturalistic conditions (25) and experimental results suggested mood to be affected by an interaction between circadian phase and duration of prior wakefulness (26). A few initiatives arouse in the past decade aiming to elucidated whether altered patterns of diurnal variations in mood are associated with depressive disorders. These reports show that individuals with depression are more likely to report diurnal variations in mood (27, 28).

Acute or chronic dysfunctions of the circadian timekeeping system (e.g., Eastbound travels across time-zones and rotating night shift workers, respectively) impact the organism with consequences at different biological scales, i.e., cellular, tissue, and systemic level. In the light of the above, circadian misalignment can result from: (1) damage to cerebral structures like the retina, the retino-hypothalamic tract or the SCN; (2) genetic manipulation or variations in clock and clock-controlled genes; (3) a response to external factors (zeitgebers) in situations of rotating night shift work, travel across time zones, lack of light exposure during daytime or the excessive exposure during the night. All these potentially impact the production of pineal melatonin, an important temporal cue of biological rhythms.




MELATONIN: THE NEUROENDOCRINE TIMING SIGNAL

The main environmental cue that synchronizes biological rhythms with the environment is the light-dark cycle. The SCN, a small collection of hypothalamic cells just above the optic chiasm, receives environmental photic information collected by intrinsically photosensitive ganglion cells (ipRGC) in the retina. The ipRGC expresses the photopigment melanopsin, which transduces light wavelengths into neural input through the retino-hypothalamic tract to the SCN. The SCN projects to several structures, including the paraventricular hypothalamic nucleus that communicate with the intermediolateral spinal column (29). The light/dark information reaches the pineal gland through sympathetic postsynaptic fibers of the superior cervical ganglion (30), and melatonin is simultaneously released to the peripheral circulation and to the cerebrospinal fluid (CSF) (31). It is the daily pattern of melatonin secretion that carries information for circadian and seasonal temporal organization (32). Melatonin is also synthesized by the skin, guts, and lungs in a constitutive manner, and on-demand by activated immune-competent cells, such as monocyte-derived and resident macrophages, microglia and lymphocytes (1, 33, 34).

It is currently impossible to monitor the central clock (SCN activity) directly in humans. Since the timing of melatonin secretion is strongly regulated by the SCN, the onset of melatonin secretion under dim light (dim light melatonin onset; DLMO) has been considered a gold standard to assess the central clock's phase and whether it is misaligned in relation to other internal rhythms or environmental cycles. A fair number of studies have investigated the relationship between depressive symptoms and the phase angle difference between DLMO and the timing of other rhythmic functions, including sleep (35, 36). Results are heterogeneous, which may reflect the multifactorial nature of depression and the multiple actions and regulatory systems related to melatonin. Aside from phase shifts, lower nocturnal melatonin levels are often, though not always, reported in depressed individuals (37–39).

Even though the molecular and mechanistic underpinnings are yet to be unveiled, the way the clock, sleep and behavior co-exist and co-affect each other seems crucial to balance health and disease [see (40) for discussion]. In the context of mood disorders, we still need to identify sub-optimal phase relationships and other altered circadian states that may affect the susceptibility to develop specific depressive-like behaviors. Melatonin—as the important phase marker and eigen-zeitgeber it is—is likely to remain a central player in this framework.



MELATONIN PRODUCTION AND PHYSIOLOGICAL ACTIONS


What Is the Pathway of Melatonin Production?

In mammals, the biosynthesis of melatonin starts with the conversion of tryptophan to l-5-hydroxytryptophan, which is converted to serotonin [5-hydroxytryptamine(5-HT)] by the aromatic l-amino acid decarboxylase (AADC). Serotonin is acetylated by the phosphorylated arylalkylamine N-acetyltransferase (P-AANAT), forming N-acetylserotonin (NAS), which is converted to melatonin by N-acetylserotonin O-methyltransferase (ASMT). The melatonin pineal daily rhythm is determined by the conversion of 5HT to NAS under sympathetic control (Figure 2). Environmental light modifies the structure of melanopsin in the retinal ganglion cells triggering glutamate excitation at the retino-hypothalamic tract that projects to the SCN. The SCN inhibits the hypothalamic paraventricular nucleus (PVN) via GABAergic projection. In the absence of light, the PVN activates the ganglion cervical nuclei (via the intermediolateral column of the medulla) activating noradrenergic fibers that innervate the pineal gland, ultimately releasing the co-transmitters noradrenaline and ATP (41). Consequently, the production of melatonin depends on the integrity of the brain monoaminergic system (2). Beta-1 adrenergic receptor activation leads to increase in cAMP and activation of protein kinase A, which promotes the phosphorylation of the cyclic AMP regulating element (CREB) and the phosphorylation of AANAT (P-AANAT). Phospho-CREB induces the transcription of the gene that codifies AANAT (the native form of the enzyme), which is immediately degraded by the proteasome. In nocturnal animals both the control of transcription and activation of AANAT plays an important role in melatonin synthesis, while in diurnal animals the transcription of the gene is constitutive (1); thus, nocturnal melatonin surge is delayed in nocturnal rodents when compared to humans. Circulating melatonin levels in the bloodstream accurately reflects pineal synthesis (2). At dark-night the pineal melatonin plasma levels show a 10–20-fold increase in normally entrained individuals. When light is turned on in the middle of the dark night, the pineal melatonin synthesis stops, and melatonin concentration in the blood is abruptly reduced due to liver metabolization (first-pass effect). In the liver, melatonin is metabolized to 6-sulfatoxymelatonin (aMT6s), excreted in the urine, which is well-correlated with plasma melatonin (Figure 2) (42).
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FIGURE 2. The canonical pathway of pineal melatonin production. The suprachiasmatic nucleus (SCN) receives environmental photic information collected by intrinsically photosensitive ganglion cells (ipRGC) in the retina. The ipRGCs express the photopigment melanopsin, which transduces light wavelengths into neural input through the retinohypothalamic tract (RHT) to the SCN. The SCN constitutively inhibits the hypothalamic paraventricular nucleus (PVN) via GABAergic projection. In the absence of light, the PVN activates the ganglion cervical nuclei (SCG, via the intermediolateral column of the medulla) triggering noradrenergic fibers that innervate the pineal gland (PG), ultimately releasing the co-transmitters noradrenaline and ATP. This sympathetic stimulus triggers the action of arylalkylamine N-acetyltransferase (AANAT) converting serotonin (5TH) into N-acetylserotonin (NAS) within the pinealocyte. With the constitutive action of N-acetylserotonin O-methyltransferase (ASMT), NAS is then converted to melatonin and immediately released into the cerebrospinal fluid and bloodstream. Through first-pass metabolism in the liver, melatonin is converted to 6-sulfatoxymelatonin (aMT6s), which is then excreted in the urine.




How Is Melatonin Production Regulated?

The pineal gland is a circumventricular organ that monitors the level of pathogen-associated molecular patterns (PAMPs) and damage-associated molecular patterns (DAMPs) in the cerebrospinal fluid (CSF) and peripheral circulation. In pinealocytes, the activation of the NFκB pathway by toll-like receptors and TNFRs inhibits AANAT-gene transcription both in diurnal and nocturnal animals. Cortisol or corticosterone at concentrations compatible with arousal (but not the ones found in models of chronic unpredictable mild stress) potentiate melatonin synthesis, while concentrations compatible with immune suppression blocks it. In immune-competent cells PAMPs and DAMPs promote the synthesis of melatonin by activating the transcription of the gene that codifies AANAT. This process is also dependent on the binding of NFkB dimers to the gene promoter, but it is not an immediate effect. Activation of PAMPs or DAMPs receptors promote the nuclear translocation of the NFkB dimer (p50/p65) that leads to the synthesis of the subunit (cRel) necessary for activating AANAT transcription. The induction of melatonin synthesis in rodents and human macrophages by the transcription factor is a hallmark in inflammatory responses and inflammation (43–46). The fact that stressful conditions increase extra-pineal melatonin synthesis independently of environmental light strongly suggests that the amplitude of daily melatonin rhythm, classically attributed to reduction of nocturnal melatonin synthesis, may also result from an increase of the output from extra-pineal sources (1).

During the mounting of an innate immune response melatonin plays various roles: the reduction of nocturnal melatonin leads to the mobilization of leukocytes from the bone marrow to the blood, and from the blood to the site of lesion; the synthesis of melatonin by macrophages/microglia increases its phagocytic ability and reduces the oxidative stress participating in the recovery phase of the inflammatory response (1). The return of macrophages/microglia/phagocytes counts to baseline requires the return of mediators' levels active at the recovery phase, including melatonin, to basal values. When the recovery from the acute inflammatory response is mediated only by pineal activity return to baseline, without restoration of macrophage melatonin synthesis to baseline, the result is a resilient state (low-inflammatory grade).

Over the past decades, studies reported neuroinflammatory responses in a series of neurodegenerative and psychiatric disorders. Intense research has been undertaken to determine the critical elements of such responses and putative therapies for their suppression. Some reports associate MDD to increased levels of cytokines including TNFα, IL-6, and IL-1β, as well as a reduction in complement C3 (47–49). Increased immune-inflammation, with high oxidative and nitrosative stress leading to changes in neuronal regulating tryptophan catabolites (TRYCATs) and mitochondrial dysfunction, have been documented in the progressive course of MDD (50, 51). In animal models, melatonin treatment significantly abolished the effects of LPS and reduced NF-κB in the cortex and the hippocampus, both effects resulting in an improvement of depressive-like behaviors (52). These results point to the possibility of an “antidepressant effect” of melatonin via the interplay with the immune system. Furthermore, as described above, cortisol functioning and its circadian fluctuation is essential for the adequate melatonin surge. Blunted cortisol rhythms (i.e., lower morning cortisol peak and higher daytime values) have been demonstrated in association with depressive symptoms in humans (49, 53, 54).



How Does Melatonin Exert Its Physiological Actions?

Melatonin effects triggered by a large range of concentrations (pM to mM) are mediated by mechanisms of action with different grades of sensitivity. The effects of exogenous vs. endogenous melatonin, as well as the concentration reached by intracrine/autocrine, paracrine and hormonal sources, depend on the melatonin bioavailability and the mechanisms that mediate each production source. In a concentration range compatible with the nocturnal surge (pM to nM), melatonin orchestrates a plethora of physiological functions by activating GPCRs receptors (MT1 and MT2) localized in plasmatic, nuclei and mitochondrial membranes. At much higher concentrations, melatonin may act as an electron donor, promoting a receptor free non-specific antioxidant response (55). Other non-receptor mediated actions include the regulation of clock genes expression (by directly inhibiting the proteasome), and inhibition of the ubiquitin–proteasome system that ultimately controls protein degradation.

Melatonin receptors MT1 and MT2 couple to Gi/o and beta-arrestins and depending on the context also couple to Gq (55). The second messenger immediate responses result in an increase/decrease of cAMP or increase in intracellular or intramitochondrial free calcium (56). The internalization of the receptors upon stimulation leads to the activation of ERK pathways, which modulate intranuclear responses. MT1/MT2 receptors form heterodimers with pharmacological properties different from MT2 homodimers. The heterodimerization of the MT1 receptor with the orphan receptor GPR50 impairs its interaction with melatonin (57). Thus, another source of variability of melatonin response are the changes in the expression and the dimerization of melatonin receptors induced by pathophysiological and pathological states.

Pineal melatonin exerts a wide range of physiological actions due to its release into the cerebrospinal fluid (CSF) and bloodstream. As a hormone that gains the bloodstream at night in the dark, melatonin is an internal temporal cue that has immediate interactions with its molecular effectors as well as prospective effects, since it primes physiological responses that will take place hours after its peak. The duration, timing, and cyclic-nature of pineal melatonin production, as well as its seasonal variation according to photoperiod changes, contribute to the temporal organization of physiological phenomena into circadian and circannual timescales (58). Finally, transgenerational effects have been described, as maternal melatonin reaches the fetus via placenta and constitutes the only fetal source of intrauterine melatonin. As previously stated, extra-pineal melatonin shows immediate effects in the cells and tissues where it is produced, and the current knowledge does not support any eigen-zeitgeber action (i.e., being an internal temporal cue) or seasonal effect resulting from these sources. A detailed review on the physiological actions of melatonin was composed by Cipolla-Neto and Amaral (59).




MELATONIN AND DEPRESSION: IS THERE A PHYSIOLOGICAL OVERLAP?


How Does Melatonin Relate to the Monoamine and Neurotrophic Hypotheses of Depression?

Since the report of two pharmacological agents in the late 1950s, the pathophysiology of MDD has been linked to a depletion in monoaminergic neurotransmitters, such as noradrenaline, serotonin and dopamine (5, 60). Initial studies showed that severe depressive episodes could be effectively treated with monoamine oxidase inhibitors (MAOi) and tricyclic antidepressants (TCA), which share increased availability of brain catecholamines as a common pathway. The involvement of other monoamines has been studied, with growing evidence to the role of serotonin with the introduction of Selective Serotonin Reuptake Inhibitors (SSRIs) in the 1960s.

Since melatonin production occurs from serotonin after stimulation of adrenoreceptors (see section What Is the Pathway of Melatonin Production? above), it has been hypothesized that a disturbance in melatonin secretion could be present in the acute phase of depressive illness, and possibly be related to its pathophysiology. Moreover, melatonin controls dopamine signaling in the forebrain, hypothalamic and hippocampal areas (61–63). Of note, dopamine is not only the precursor of noradrenaline, but also has been implicated in the circadian regulation of melatonin production (64), via activation of dopamine D4 receptors by noradrenergic signals (65).

Several clinical studies tried to identify alterations in absolute levels of melatonin as a possible maker of depressive states; considering the above detailed physiological regulation of melatonin, this was a misleading proposition, and the evidence is at best controversial. While some earlier studies reported lower nocturnal serum or saliva levels of melatonin in depressed individuals, others reported no differences, or even higher levels compared to controls (39). One study (38) reported that individuals with levels of melatonin in the two lowest quartiles had higher risk of severe symptomatology; nevertheless, the authors described similar levels of nocturnal melatonin in depressed patients and controls. Studies that investigated the nocturnal production of 6-sulfatoxymelatonin (aMT6s) found no difference between depressed individuals and controls before treatment (66, 67), suggesting the absence of a linear relationship between depressive behavior and melatonin levels. One study (37) found lower bedtime levels of plasma melatonin in depressed individuals with melancholic features; others (68, 69) indicated that subgroups of depressed individuals who do not suppress morning cortisol after dexamethasone stimulation test are more likely to present lower nocturnal melatonin. These data indicate that the lack of agreement in findings on melatonin levels in depressed individuals may be a result of (1) the diversity of behavioral and etiological phenomena in depressive states [as previously commented (14)]; (2) methodological heterogeneity, like inconsistency in the methods for melatonin assessment, difficulties in complying with the protocol of melatonin collection, and the distinctions among study designs; and (3) the erroneous premise that (lack of or excessive) melatonin could contribute or counteract (as antidepressant) depression needs to evolve to the understanding that melatonin is an integrative molecule which potentially affects mood through regulation of physiology and behavior in several levels.

Though the immediate mechanisms of action of current antidepressants are well-understood, the delay in clinical outcome conveys the gap of knowledge on the complete pathways that ultimately determine the clinical response. This delayed response shifted theories toward the neuroplastic hypothesis, whereby reduced levels of neurotrophic factors result in atrophic morphological changes, especially at the synaptic level (5). Animal studies that examine the neurobiological changes induced by experimental models that lead to depressive-like behaviors highlighted the relevance of the neuroplasticity phenomena in depression (70). The activation of cellular signaling pathways by antidepressant strategies would eventually elevate the levels of growth factors (e.g., BDNF, VEGF, VGF), promote proliferation on hippocampal progenitor cells, and ultimately restore monoaminergic synapses (70–72).

Melatonin exerts neuroprotective actions by counteracting the NMDA-mediated excitotoxic effects of glutamate, including the impaired BDNF signaling and cell death (73). Exogenous melatonin can differentially modulate glutamate release in CNS structures in rodents (74), suggesting it might correct the imbalance in the glutamatergic system in patients with mood disorders. This body of evidence suggests that melatonin may increase neuroplasticity in the CNS acting on the glutamatergic system.



Can Urinary 6-Sulfatoxymelatonin (aMT6S) Be a Treatment Biomarker?

Biomarkers are easily accessible molecules that discriminate the presence or absence of a disease or predict treatment response. They are based on genomic, proteomic, functional, and structural features that characterize the disorders. “Diagnostic biomarkers” identifiable at any stage of the illness are often measured before treatment. The term “treatment biomarkers” refers either to baseline values that predict how effective treatments may be and guide therapeutic choice, or short-term variation between baseline and an early phase in the course of therapy (75).

A promising group of “treatment biomarkers” for SNRI/SSRI search for consistent changes in monoamines neuronal reuptake inhibition associated with subsequent mood changes (usually after 4–6 weeks). To measure the blockage of neuronal monoamine transporters directly, it would be necessary to assess changes in an immediate molecular product on the postsynaptic level that directly results from the neurotransmitter release (see section What Is the Pathway of Melatonin Production?). We proposed the assessment of 6-sulfatoxymelatonin (aMT6s, Figure 2) to detect whether the blockage of noradrenaline neuronal reuptake on the first day of medication took place. This can be done by using the relationship between the morning aMT6s content 1 day before and 1 day after the installment of the therapy. This procedure is not expected to evaluate the implication of melatonin or the pineal gland in the mechanism of action of the antidepressants, but rather to produce a proxy of the immediate events that follow the consequences of antidepressants at synaptic level. The same protocol could theoretically be used for both SNRIs and SSRIs, as the pinealocyte function depends on the uptake of serotonin, which is mediated by the transporter found in neuronal membranes.

Because the difference in aMT6s urine concentration in the light and dark phases reflects pineal activity, it has been suggested that an increase in the nighttime production of aMT6s after the first dose of antidepressant medication could work as a fingerprint of the integrity of this system; thus, it could predict a later improvement in depressive symptoms (76). A first study to test that hypothesis evaluated the association of a “aMT6-SNRI biomarker” and the improvement of depressive symptoms in MDD patients taking placebo (n = 12) or antidepressants (n = 22; fluoxetine, duloxetine or Hypericum perforatum) for 8 weeks. Both placebo and SNRIs groups showed improvement in depressive symptoms but only the group treated with the drug showed a significant increase in aMT6 urinary excretion in the first urine of the day (77). In patients taking clomipramine, the fraction of aMT6s excreted from 24:00 to 06:00 relative to the total amount excreted in 24 h was significantly higher 24 h after the first dose than at baseline (before treatment) in responders in comparison to non-responders (78). The same pattern was seen in 22 women taking nortriptyline (79), and 20 women taking fluoxetine (80): only responders had a significant increase in aMT6s levels. Altogether these studies suggest that the “aMT6 urinary biomarker” reveals whether the blockage of neuronal uptake was effective on the first day of administration, thus representing that aMT6 reflects the integrity of the monoaminergic systems that are required for antidepressant action. The advantage of this method over those that measure changes in the content of monoamines in leukocytes, platelets, or even plasma is the direct estimation of the increase of neurotransmission efficiency that is the inductor of neuronal plasticity.



Do Exogenous Melatonin and Melatonin Agonists Have Therapeutic and/or Prophylactic Effects on Depression?

In a series of elegant experiments, Nagy et al. (81) showed that de 24-h pattern of the dorsal raphe 5-HT reuptake in C57BL/6J mice under shortened photoperiods may be altered at the transcriptional level by specifically timed melatonin. The data suggest that daily melatonin treatment can induce and sustain receptor 5HT1A mRNA expression throughout the light phase. In the same line, Otsuka et al. (82), using the same mice, showed that daily melatonin treatments 2 h before the end of the light phase can restore the amplitude of the daily rhythm of 5-HT contents in the amygdala. In models with higher face and construct validities, such as the chronic unpredictable mild stress (CUMS), melatonin at high concentrations (10 mg/kg) showed antidepressant-like effects, preventing the CUMS-induced decrease in norepinephrine content and the expression of tyrosine hydroxylase, dopamine-b-hydroxylase and norepinephrine transporter in the adrenal medulla (83), as well as depressive-like behaviors, such as impaired sucrose intake, physical coat deterioration, and decreased grooming (84, 85).

Overall, there is substantial heterogeneity in the body of clinical evidence regarding the prophylactic or therapeutic use of exogenous melatonin or melatonin agonists in depression, complicating a conclusive assessment. Different methodological approaches and small convenience samples precludes robust comparisons among studies, as there is no consensus on dosing and timing. Moreover, it is known that the secretion of pineal melatonin shows a wide interindividual difference as well as significant dependence on the exposure to dark each night (86); thus, therapeutic doses or an optimal serum levels are yet to be determined.

A recent systematic review (87) included eight randomized double-blind controlled trials using exogenous melatonin as an augmentation strategy in major depression, bipolar disorder or seasonal affective disorder in comparison with placebo. The dosage of exogenous melatonin ranged from 0.125 to 10 mg. Among the three studies that evaluated melatonin in the context of depression, one showed that melatonin improved subjective sleep quality but not depressive symptoms [(88), using 5–10 mg slow release melatonin], the second showed no effect [(89), using 6 mg] and the third compared the use of 3 mg slow-release melatonin plus 15 mg buspirone vs. 15 mg buspirone and placebo, showing a significant antidepressant effect of the melatonin combination (90). Of the four studies using melatonin for SAD, one (91) showed significant antidepressant effect (using 0.125 mg twice daily), while the other three did not show significant effects (92–94). Another systematic review (95) pooled results of clinical trials testing the prophylactic or therapeutic effect of melatonin for depression in adults, including comorbid conditions. Among the three studies that tested prophylactic melatonin, one study with older adults with sleep complaints showed lower depressive scores after supplementation with 5 mg melatonin at bedtime. Two other studies were in individuals with irritable bowel syndrome and found no antidepressant effect of 3 mg melatonin. Of the studies testing melatonin as a treatment for depression, one showed a decrease in depressive scores in individuals with Delayed Sleep Phase Syndrome treated with melatonin 5 mg between 19:00 and 21:00; the other six found no significant antidepressant effects. Adverse effects reported in these studies include mild sleepiness, headache, poor sleep, vivid dreams, daytime sleepiness, and fuzzy feeling.

Following the initial evidence on the potential antidepressant effect of melatonin, efforts have been directed toward the development of antidepressants with melatonin agonist activity. Among them, agomelatine (S20098, N-[2-(7-methoxynaphth-1-yl)ethyl]acetamide) first reported in 1992, is by far the best studied. This synthetic molecule has high affinity for MT1 and MT2 receptors, but also present moderate affinity for the serotonin receptor 5HT2C. There is few clinical evidence of the effect of agomelatine in reducing overall depressive symptoms: results show agomelatine's higher response and lower remission rate compared to placebo (96, 97) and its similar efficacy compared to other antidepressants (i.e., paroxetine, fluoxetine, sertraline, escitalopram, and venlafaxine) (97, 98). However, most studies did not show superior or additional effects. Agomelatine seems to be better tolerated than other antidepressant agents, as no significant adverse events have been reported; furthermore, it did not show significant discontinuation symptoms. Some studies suggest agomelatine offers benefits for initial insomnia, improvement of sleep quality and efficiency, reduced daytime sleepiness, but no changes in sleep architecture of depressed patients (97). In one study (99), agomelatine was used in difficult-to-treat and refractory patients showing a significant improvement after 12 weeks. Of note, samples are overall composed of mild to moderate cases of depression. In addition, most studies compared agomelatine with low doses of other antidepressants. Finally, the evidence on melatonin or agomelatine efficacy in preventing or treating SAD is highly controversial (100), with no solid support for its prescription.

The knowledge of clinical use of melatonin is growing, with evidence supporting the prescription of exogenous melatonin for a few clinical situations. In the case of adult chronic insomnia, a few studies show modest benefits for sleep onset, sleep latency and total sleep time, although clinical significance is still questionable (101, 102). For this recommendation, typical doses are in the range of 1–5 mg. Melatonin is also currently recommended as an adjuvant treatment of insomnia in children and adolescents, particularly in those with comorbid ADHD or autism (103). In this case, the prescribed dose should be initially of 0.2–0.5 mg, 3–4 h prior to bedtime, with progressive increase up to 3 mg for children or 5 mg for adolescents (104).

Circadian Rhythm Sleep-Wake Disorders are a set of clinical conditions to which melatonin are classically indicated. For sleep disturbances in shift workers, the readjustment to nighttime sleep following a night work shift or the promotion of desired daytime sleep can be reached with doses of no more than 1–3 mg about 30 min prior to the desired sleep onset (105, 106). In the case of jet lag syndrome of eastward trips, exogenous melatonin can promote the adjustment of sleep phase when taken at the desired destination bedtime (107, 108). For individuals with Delayed Sleep-Wake Phase Disorder, 0.5 up to 5 mg melatonin scheduled at ~1.5–2 h prior to habitual bedtime significantly advanced sleep onset (109–111). Finally, 0.5 mg of melatonin either 1 h prior to a preferred bedtime or at a fixed time can hasten synchronization of individuals with 24-h Sleep-Wake Rhythm Disorder (107).

In conclusion, the evidence supporting the clinical use of melatonin should be analyzed very carefully. A potential therapeutic effect of melatonin for mood disorders can only be expected if compatible with the physiological regulation of melatonin detailed in this review. Pineal melatonin is a neuro-endocrine message of darkness that is physiologically secreted in humans after a few minutes in the dark, peaking shortly after, serving as an internal temporal cue to cells, tissues, and systems. Extra-pineal production of melatonin happens in a constitutive manner, and on-demand production or suppression may also be regulated by levels of glucocorticoids, and different stages of an inflammatory response triggered by immune-competent cells. Hence, the optimization of potential therapeutic uses of melatonin in psychiatric disorders must encompass the specificities of an integrative molecule inextricably linked to entrainment, metabolism, immunity, neurotransmission, and cell homeostasis.




CONCLUSION AND PERSPECTIVES

Localizing phenomena, dissecting underlying mechanisms, and decomposing systems to understand their functioning have been helpful strategies in building knowledge in Biology. The downside of tackling questions in such a manner is that one might overlook how interconnected systems are, and thus lose perspective of the whole. Therein lies the challenge of decomposing complex regulatory structures like the timekeeping and melatonergic systems.

Pineal melatonin is synthesized in the absence of light (typically at night) under sympathetic control. Its production relies on the neurotransmitter norepinephrine and requires serotonin as precursor, monoamines linked to depression. The rhythmic production of pineal melatonin is a message of darkness to the body, which aids in synchronizing oscillations in physiological functions and behaviors. Nevertheless, melatonin may be implicated in the pathophysiology of depressive mood for its chronobiotic effects and the various immunological processes in which it is involved. A growing number of studies highlight the relevance of exploring the potential of melatonin extra-pineal synthesis, as well as the regulation of pineal melatonin production apart from the circadian light stimuli. Therefore, the study of melatonin in the context of depression must acknowledge its regulatory effect via chronobiotic (endocrine), paracrine and autocrine functions. It is crucial to acknowledge that detectable circulating levels of melatonin are a reflection of its amplitude and phase of secretion.

Studies of the pharmacodynamics of exogenous melatonin or melatonin agonists should always anticipate distinct clinical outputs depending on the route of administration, dosage, and timing, as these substances would potentially represent (or interfere with) different physiological actions. The pleiotropic actions through which melatonin might affect mood include the role of melatonin as an internal temporal cue, as a neurohormone in close relation with the monoaminergic system, and its indirect effects on depression via the immune and stress response systems. In this context, the resulting effects of melatonin actions on mood must be understood as a more complex and multifactorial pattern of systemic regulation, rather than an “antidepressant” effect per se.
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Background: Cognitive impairment is prevalent and often highly burdensome in people with schizophrenia. The aim of this study was to investigate if mangosteen (Garcinia mangostana Linn.) pericarp extract may be an effective intervention to improve cognitive performance in this population.

Methods: This was a secondary analysis of a larger randomized placebo-controlled trial that investigated a 24-weeks intervention of mangosteen pericarp extract supplementation in people diagnosed with schizophrenia. A subset of n = 114 participants with completed cognitive outcomes at follow up were included in this analysis. Using the Cogstate Brief Battery, the following cognitive outcomes were assessed: psychomotor function, attention, visual learning and memory (visual and working). Subgroup analyses investigated whether baseline clinical parameters (baseline cognitive functioning, illness severity and duration, depressive symptoms) moderated the relationship between mangosteen pericarp extract intervention and change in cognitive outcomes.

Results: There were no significant between-group changes in any cognitive outcomes assessed. Subgroup analysis based on baseline cognition and clinical characteristics did not reveal any significant between-group difference in change.

Conclusions: Mangosteen pericarp extract did not affect cognitive outcomes in people with schizophrenia. Further investigation regarding optimal dosing strategies for mangosteen interventions and the testing of additional cognitive domains may be warranted.

Trial Registration: ANZCTR.org.au identifier: ACTRN12616000859482, registered 30 June 3 2016.

Keywords: mangosteen, Mangostana garcinia Linn., schizophrenia, schizoaffective disorder, psychiatry, mental disorders, cognition


INTRODUCTION

Cognitive impairment is highly prevalent in people living with schizophrenia, with upwards of 80% experiencing considerable cognitive deficits (1). These wide-ranging cognitive impairments negatively influence daily life, with memory and processing speed most affected (2, 3). Prior reviews have demonstrated the negative effect of this cognitive impairment on functional outcomes including career success and independent living (3). These deficits are not explained by prescribed pharmacotherapy, duration of illness, or psychotic symptoms but rather, are core symptoms of schizophrenia (4). There is limited support for conventional pharmacological interventions improving cognition and functioning in schizophrenia. This is highlighted in a large meta-analysis (n = 93 trials) that reported a minor pooled treatment effect (g = 0.10) for global cognition, with no significant effects for any cognitive subdomain and limited support for any one treatment type (5).

Preliminary clinical and preclinical data suggest that mangosteen (Garcinia mangostana Linn.) pericarp contains unique bioactive phytochemicals such as flavonoids and xanthones that may beneficially modulate pathways implicated in schizophrenia-related cognitive impairment, including antioxidant, neuroprotective, anti-inflammatory, and mitochondrial-enhancing properties (6). Mangosteen was found to mitigate cognitive deficits and ameliorate oxidative stress within the hippocampus of Flinders Sensitive Line rats (7), and prevented age-related cognitive impairment and increased BDNF levels in older C57BL/6J (B6) mice (8). Similar results were reported in an animal model of Alzheimer's disease wherein mangosteen mitigated scopolamine-induced memory impairment in Morris water maze and passive avoidance tests as well as mitigated oxidative stress (9).

To date, there are no human intervention studies that have investigated the potential effect of mangosteen on cognitive outcomes in people with schizophrenia or otherwise. Hence, due to the need for novel interventions to manage schizophrenia-related cognitive impairment, coupled with the promising pre-clinical efficacy and mechanistic evidence in support of mangosteen, the aims of this study were to:

1. Determine whether 24 weeks of adjunctive mangosteen pericarp extract supplementation affected change in cognitive functioning from baseline (specifically, psychomotor function, attention, visual learning and visual/working memory) compared to placebo,

2. Investigate whether baseline clinical parameters (baseline cognitive functioning, illness severity and duration, depressive symptoms) moderated the relationship between mangosteen pericarp extract intervention and change in cognitive outcomes.



METHODS

This study is a secondary analysis of a randomized controlled trial (ANZCTR.org.au identifier: ACTRN12616000859482) that completed data collection in February 2019. The full study protocol has been published elsewhere (10). Primary analysis of cognitive outcomes were preregistered and the investigation of subgroup responses was conducted as a post-hoc subgroup analysis. In brief, this was a 24-weeks double-blind, placebo-controlled (1:1 treatment allocation ratio) randomized clinical trial that was conducted in two sites in Australia (Geelong, Victoria, and Brisbane, Queensland). The timeframe and dose for this study was informed by a previous pilot study (11). Participants provided written informed consent. Human ethics approval was received from Barwon Health Human Research Ethics Committee (HREC), Geelong, Victoria (reference number 15/26); and Metro South Health Service District HREC, Queensland (reference number HREC/16/QPAH/15). Participating institutions included Deakin University, University of Queensland, Barwon Health and the Metro South Health Service.


Eligibility Criteria

Participants were eligible if they met the following inclusion criteria: aged ≥18 years, diagnosed schizophrenia or schizoaffective disorder using Diagnostic and Statistical Manual of Mental Disorders (fifth edition, DSM-5) diagnostic criteria; scored ≥54 on the PANSS and/or ≥3 on the Clinical Global Impressions severity of illness scale (CGI-S); treatment stable for ≥4 weeks prior to enrolment (if on psychotropic therapy); using effective contraception (if female); able to speak, read, write, and understand the English language; have a current treating physician; and have capacity to consent to the study. Exclusion criteria were the following: known or suspected clinically unstable systemic medical disorder; pregnant or breastfeeding; contraindications or intolerance to mangosteen pericarp or any of the trial preparations; or currently enrolled in another clinical trial.



Intervention

Participants randomly assigned to the intervention received mangosteen pericarp extract capsules (1,000 mg/days, two 500 mg capsules per day, VitalXan, Adelaide, Australia). Further details of the intervention product are described in the protocol paper (10). Matched placebo tablets were produced to be identical to the intervention in appearance, color and taste. The intervention and placebo were packaged in identical bottles to ensure double-blinding.



Outcomes

Using the CogState Brief Battery, Maruff et al. (12) delivered on identically configured laptop computers at both sites, the following cognitive outcomes were assessed based on participant performance speed (scored using the mean of the log10 transformed reaction times for correct responses) and/or accuracy (scored using the arcsine transformation of the square root of the proportion of correct responses):

Psychomotor function was assessed using the speed of performance in the Detection test, which measures processing speed during a simple reaction time design. Attention was measured using the speed of performance in the Identification test, which measures attention using a choice reaction time paradigm whereby participants are required to correctly identify the color of flipped cards as quickly as they can. The speed of performance and accuracy scores of the One Card Learning test was used to assess visual learning and visual memory using a pattern separation paradigm whereby the participant is asked to identify previously displayed playing cards correctly. Working memory was tested using the speed of performance and accuracy scores of the One Back test, which incorporates a n-back paradigm, whereby participants are asked to correctly identify if the current card matches the previously drawn card.

Based on performance on these subtests, two composite outcomes were derived; (i) Learning-memory composite, which was derived from the One Back test and One Card Learning test to derive composite accuracy and performance speed outcomes; and (ii) a Psychomotor composite score combining performance speed outcomes of the Detection and Identification tests.

To investigate the treatment response based on baseline cognitive function, we defined low baseline cognitive performance as one standard deviation from the mean of the sample due to two considerations. Firstly, a deficit of one standard deviation from the mean performance is characteristic of mild cognitive impairment on the psychomotor composite (13). Second, one standard deviation change is a commonly accepted signifier of cognitive decline over time (14). Treatment response was also assessed according to baseline clinical symptom severity using the Positive and Negative Syndrome Scale (PANSS) total score using cut-offs of >95 (Marked to Severe) (15). Positive (PANSSP) and negative (PANSSN) sub scores (16), duration of illness (years), and depressive symptoms [Montgomery Åsberg Depression Rating Scale, (MADRS)] were also assessed (17).



Statistical Methods

Statistical analyses were conducted using IBM® SPSS® Statistics Version 26.0. P-values were set at <0.01 to account for multiple comparisons false discovery rate. Participant characteristics were reported as mean (standard deviation) or as a percentage, as appropriate.

Following the data analysis approach of the original RCT, a modified intention to treat was implemented and missing data for participants that completed the Cogstate assessment at follow up were imputed using multiple imputation (five imputations) technique with missing at random assumption. All cognitive outcomes were transformed to standardized z scores for analysis. Generalized estimation equation (GEE) approach with identity link assuming Normal distribution for the outcome was implemented for all main and secondary analyses. The GEE model includes nominal time, nominal group allocation and the two-way interaction between time and group allocation. In this setting, the two-way interaction between time and group allocation estimates the between group differential change from baseline to week 24 in the intervention vs. control group. An unstructured covariance pattern was considered to account for within participants autocorrelation in time. Cohen's d of between group differential change were also calculated. Effect sizes > 0.50 are interpreted as large, effect size of 0.50–0.30 as medium, effect size of 0.30–0.10 as small, and those <0.10 as trivial (18).




RESULTS

Of the 145 participants recruited to the original study, 114 participants that completed cognitive assessment at baseline and follow up were included in this analysis. The average age of the sample was 39 years (SD = 11.771), and 70% were male (see Table 1). Most participants were Australian born (82%, n = 94). Regarding the clinical characteristics of the cohort, most had a diagnosis of schizophrenia (83.5%) with the remainder diagnosed with schizoaffective disorder (16.5%). The average age of formal diagnosis was 25.2 (SD = 8.0) years.


Table 1. Participant demographics.
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Mangosteen Pericarp Extract Supplementation and Cognitive Outcomes

There was no between-group difference in differential change from baseline to 24 weeks for all cognitive outcomes measured (Table 2). Although the mangosteen intervention reported a greater change for all cognitive outcomes compared to the placebo group, the effect sizes were low for all outcomes (Cohens d < 0.11).


Table 2. Mean (±95% confidence intervals) in cognitive outcomes (standardized Z scores) from baseline to end of treatment.
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Similarly, subgroup analyses based on low baseline cognition reported no differences in change between groups (Table 3). Further sensitivity analyses based on baseline schizophrenia severity (PANSS total score, negative and positive sub-scores) and duration, as well as depressive symptoms (MADRS), also reported no difference between groups.


Table 3. Subgroup analyses of cognitive outcomes (standardized Z scores) from baseline to end of treatment.
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DISCUSSION

This is the first study to investigate the effect of mangosteen pericarp extract on cognition in people with schizophrenia. Despite promising preclinical and mechanistic data (6), there was no significant difference in treatment effect compared to placebo, and the results do not support this intervention as an effective therapy for cognitive outcomes in people with schizophrenia. Our findings, together with the finding that mangosteen pericarp extract did not significantly affect between-group differences in change in schizophrenia symptom scores (as measured by the PANSS) (19), weaken the hypothesis that mangosteen pericarp extract has clinical utility for those with schizophrenia.

The results of this trial are also in line with previous nutraceutical interventions for schizophrenia-related cognitive performance (20). A recent review reported that omega-3 fatty acids and taurine failed to improve any measure of cognitive performance (20). N-acetyl cysteine improved some individual cognitive domains, but not global cognition (20). Furthermore, a previous trial that investigated another polyphenol intervention, resveratrol, in people with schizophrenia also reported no significant improvement (21).

The results of this study are in contrast to the extant polyphenol literature in other populations, which has reported improved cognitive outcomes in other populations, including in healthy adults and people with mild cognitive impairment (22, 23). While mangosteen pericarp is rich in polyphenol compounds, the biological properties of the diverse range of polyphenol compounds are not uniform, and so other polyphenol interventions that have demonstrated improvements in other conditions may act on different biological pathways to those polyphenols included in mangosteen pericarp.

While we explored potential baseline factors to identify possible sub-populations that may display greater treatment response, an additional potential explanation for the null findings is that unexplored factors may influence treatment response. In particular, inter-individual differences in the metabolism and pharmacokinetics has been identified for other polyphenol compounds (24). For example, the metabolism of ellagitannins, found in high concentrations in pomegranate husk and juices, is greatly influenced by individual gut microbiota composition (24). The limited studies that have investigated the bioavailability and pharmacokinetics of mangosteen polyphenols also indicate high inter-individual variability with marked variation in the area under the curve (762–4,030 nmol/L × h) of the primary polyphenolic compound, α-mangostin, in serum (25). A related consideration is the need for further investigation of optimal dosing regimens. A previous study reported that roughly 2% of consumed mangosteen polyphenols were absorbed (25), suggesting low bioavailability. Similar low absorption rates have been reported for other polyphenol compounds such as resveratrol and curcumin where novel methods to improve bioavailability have been introduced (26, 27).

These factors speak to the difficulty and complexity of nutraceutical research where the bioavailability and treatment response is potentially modulated by several factors unique to nutraceutical interventions. These factors include the absorption and treatment response of some dietary compounds, including polyphenol compounds, which can be modulated by the food matrix and degree of processing of the nutraceutical formulation. For example, polyphenols derived from apples had a substantially different effect on gene expression depending on the degree of processing (whole apple vs. puree vs. extract) (28). Furthermore, interindividual differences in pathways such as inflammation have also been shown to modulate treatment response to nutraceuticals in psychiatry (29), suggesting that subpopulations may be more amenable to some nutraceutical interventions than others. Related to this is the role of nutrient deficiency and sufficiency in modulating treatment response, whereby nutraceuticals such as vitamin D appear to have a differential treatment effect on depression depending on the baseline serum levels of vitamin D (30). Similarly, due to the presence of some nutraceutical compounds in commonly consumed food items, it is conceivable that some participants may already be consuming higher quantities of nutraceuticals including polyphenols through their habitual diet and that this may in turn, affect individual treatment response. Novel study design features including the measurement of baseline biomarkers, habitual diet, and consideration for the food matrix may improve treatment efficacy in future trials.

Strengths of this study include the rigorous study design, which incorporated double-blinding and placebo control features. The cognitive outcomes of this study were also assessed using a widely-used and validated cognitive battery. Furthermore, adherence, as assessed by pill counts at follow up, was high (94% adherence rate). We acknowledge the following limitations to this analysis. First, while this study was statistically powered based on the primary outcome of the original study (PANSS Total), the subgroup analyses conducted as part of this analysis are likely underpowered. More extensive studies may provide sufficient sample sizes to detect small treatment differences that were not able to be detected in the current analysis. Second, while we included a widely-used and validated tool to measure cognitive outcomes (CogState Brief Battery), this task configuration measures a limited sample of cognitive domains, and so additional cognitive domains may be worthy of future investigation. For example, reasoning/problem solving and social cognition, as recommended by the MATRICS cognitive battery initiative, or the expanded schizophrenia-specific battery developed by CogState (31).



CONCLUSION

Despite promising pre-clinical evidence suggesting a therapeutic effect, this study reports that mangosteen pericarp supplementation did not improve cognitive outcomes in people with schizophrenia. While baseline clinical and cognitive factors did not alter this result, potential inter-individual differences in metabolism require further exploration. Furthermore, further pre-clinical investigation of mangosteen pericarp supplementation may be warranted to identify pharmacologically active compounds and ensure that they are present in the formulation and bioavailable with oral dosage.
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Major depressive disorder (MDD) leads to pervasive changes in the health of afflicted patients. Despite advances in the understanding of MDD and its treatment, profound innovation is needed to develop fast-onset antidepressants with higher effectiveness. When acutely administered, the endogenous nucleoside guanosine (GUO) shows fast-onset antidepressant-like effects in several mouse models, including the olfactory bulbectomy (OBX) rodent model. OBX is advocated to possess translational value and be suitable to assess the time course of depressive-like behavior in rodents. This study aimed at investigating the long-term behavioral and neurochemical effects of GUO in a mouse model of depression induced by bilateral bulbectomy (OBX). Mice were submitted to OBX and, after 14 days of recovery, received daily (ip) administration of 7.5 mg/kg GUO or 40 mg/kg imipramine (IMI) for 45 days. GUO and IMI reversed the OBX-induced hyperlocomotion and recognition memory impairment, hippocampal BDNF increase, and redox imbalance (ROS, NO, and GSH levels). GUO also mitigated the OBX-induced hippocampal neuroinflammation (IL-1, IL-6, TNF-α, INF-γ, and IL-10). Brain microPET imaging ([18F]FDG) shows that GUO also prevented the OBX-induced increase in hippocampal FDG metabolism. These results provide additional evidence for GUO antidepressant-like effects, associated with beneficial neurochemical outcomes relevant to counteract depression.

Keywords: major depressive disorder, psychopharmacology, purines (source: MeSH), guanosine, purinergic signaling, olfactory bulbectomy


INTRODUCTION

Major depressive disorder (MDD) is a multifactorial disorder characterized by a complex symptomatology, leading to important changes in the mental and social health of afflicted patients (1, 2). Despite its high prevalence (3), there are no validated biomarkers that can be used for a differential diagnosis (4). Current antidepressants are characterized by delayed clinical response, significant adverse effects, long-term treatment, and, unfortunately, high relapse rates (3, 5–8). Innovation in the field is sorely needed, especially the development of fast acting drugs with improved effectiveness, for which a better understanding of the pathophysiology underlying MDD is a requirement.

The removal of the olfactory bulbs in rodents induces long-term disruption in pathways of the cortical–hippocampal–amygdala circuit, leading to dysfunctional signaling in limbic areas (9, 10). It recapitulates, in rodents, depressive-like behavioral and neurochemical changes observed in MDD patients (9, 11–13). Adding to its face value, the OBX-induced altered behavior can be reversed or attenuated by chronic (and not acute) treatment with the classical antidepressant agents (12, 14). We proposed (15) that OBX in mice provides two-different windows to explore changes in behavior: an early one (up to 4 weeks after surgery), which includes hyperlocomotion, spatial memory deficits, and anhedonia-like behavior, and a latter one (up to 8 weeks after surgery), where only anhedonia-like behavior is no longer observed. This temporal profile adds to the model's face value by replicating the symptom remission documented in a segment of untreated MDD patients (12, 14).

Depressive patients present decreased levels of serum guanosine [GUO, an endogenous nucleoside with neuroprotective properties (16–18)], corroborating the idea that the purinergic signaling is involved in MDD pathophysiology (18–20). Substantial data have demonstrated that systemic or central GUO induces antidepressant-like effects in distinct rodent models with predictive validity [tail suspension test (21), forced swimming test (21, 22), and acute restrain stress (22)]. GUO antidepressant-like effects were also verified with combined subthreshold doses of GUO and ketamine in the novelty-suppressed feeding test (NSF) (23) and the corticosterone-induced depression models (24). Moreover, a single and acute GUO intraperitoneal administration showed fast-onset antidepressant-like activity, comparable to ketamine, in OBX mice (25). Different mechanisms were postulated for GUO antidepressant effects: interaction with NMDA receptors and the mTOR pathway (21, 25), activation of MAPK/ERK and Nrf2/HO-1 pathways, inhibition of GSK-3β (26), attenuation of oxidative stress (22), and facilitation of neuronal plasticity (27).

As no safe fast-onset antidepressant is currently available for long-term use, a better understanding of long-term administration of GUO is warranted. As the OBX model seems to show higher sensitivity, specificity, and reliability than other experimental depression models (9, 14, 28–30), it was the model chosen for this study.

The purpose of this study is to investigate the effects of chronic GUO in the OBX-induced long-lasting changes in behavior (locomotion and cognition) and brain signaling (glutamate transmission, oxidative stress, and neuroinflammation) parameters. Additionally, positron emission micro-tomography (microPET) with [18F]fluorodeoxyglucose ([18F]FDG) was used to investigate brain metabolism.



MATERIALS AND METHODS


Animals

Three cohorts of male C57BL/6 mice (45–50 days, 20–25 g) were obtained from Fundação Estadual de Produção e Pesquisa do Rio Grande do Sul, Porto Alegre, Brazil. Animals were housed five per cage and allocated in a room with controlled temperature (22 ± 1°C), under a 12 h/12 h light/dark cycle, and with ad libitum access to food and water. The cages were placed in the experimental room 24 h before behavioral tasks for acclimatization. Behavioral tests were carried out between 13:00 and 17:00 h. The [18F]FDG-microPET was performed between 7:00 and 11 h in the Preclinical Imaging Center at PUC-RS. All procedures were performed in accordance with the NIH Guide for the Care and Use of Laboratory Animals and approved by the local Ethics Committee (project approval #24577). All efforts were made to minimize suffering and the number of animals used in the experiments.



Drugs

GUO and imipramine (IMI) were purchased from Sigma Chemicals (St. Louis, MO, USA). All drug solutions were freshly prepared (in saline) before administration and intraperitoneally (i.p.) injected (10 ml/kg), as 7.5 mg/kg (25) for GUO and 40 mg/kg for IMI (used as positive control drug) (31, 32). To reduce the influence of the stress from repeated i.p. administration, the behavioral tests and euthanasia were performed 24 h after the last drug administration. To minimize damages from repeated injections, the abdomen quadrant was changed daily.



Bilateral Olfactory Bulbectomy

Bilateral olfactory bulb ablation was performed as previously described (15, 25). Briefly, mice were anaesthetized (i.p.) with a combination of xylazine (6 mg/kg) and ketamine (100 mg/kg) diluted in saline. The animals were fixed in a stereotactic frame (Stoelting Co., USA), the skull was shaven, and a burr hole (circa 2 mm in diameter) was made above the olfactory bulbs, 4 mm rostral to the bregma. Both olfactory bulbs were then disconnected with a surgical micro-scissors and removed by suction with a glass Pasteur pipette. Sham-operated mice were treated in the same way, including piercing of the dura mater, but their olfactory bulbs were left intact.



Treatment Schedule and Behavior

The research designs can be seen in Figures 1A, 2A, 3A for cohorts 1, 2, and 3, respectively.


[image: Figure 1]
FIGURE 1. Cohort 1: study design (A). Surgery and treatment effects in locomotor activity in OFT (B): Columns represents mean ± S.E.M. (n = 8–14 mice/group). *p < 0.05, **p < 0.01, ***p < 0.001 OBX x respective Sham, two-way ANOVA/Tukey. (C,D): Delta (Δ) between the time spent exploring objects in NORT training (FO1 and FO2) (C) and test (D) (NO and FO) sessions, respectively. Columns represent median with range (n = 8–12). *p < 0.05, **p < 0.01, ***p < 0.001, two-way ANOVA/Tukey. (E,F): Total distance travelled (E) and time spent in each arm (F) in YMT. Columns represent mean ± S.E.M. (n = 8–14). *p < 0.05, **p < 0.01, one-way ANOVA/Tukey. Hippocampal levels of BDNF (G), NO (H), DCFH (I), GSH (J), IL-1 (K), IL-6 (L), IL-10 (M), TNF-α (N), (O) and INF-γ. Columns represent mean ± S.E.M. (n = 5–12). *p < 0.05, ***p < 0.001 OBX x respective sham; #p < 0.05, ##p < 0.01, ###p < 0.001 OBX GUO x Sal; two-way ANOVA/Tukey.



[image: Figure 2]
FIGURE 2. Cohort 2: study design (A). Surgery and GUO treatment effects in locomotor activity in OFT (B). Columns represent mean ± S.E.M. (n = 10–15). *p < 0.05, ***p < 0.001 OBX x Sham, two-way ANOVA/Tukey. Effects of surgery and GUO treatment at mNORT training (C) and test (D) sessions. Columns represent median with range, and in the inserts, columns represent mean ± S.E.M. (n = 10–15). **p < 0.001; total exploratory behavior, two-way ANOVA/Sidak. Inserts represent distance travelled. *p < 0.05, **p < 0.001, ***p < 0.0001 two-way ANOVA/Tukey.



[image: Figure 3]
FIGURE 3. Cohort 3: Study design (A). Effects of surgery and treatment on locomotion at the OFT3 (B). GFAP/β-actin (C), glutamate uptake (D), and mRNA levels of GLAST (E) and GLT-1 (F) in the hippocampus. Columns represent mean ± S.E.M. (n = 8–11 mice/group). *p < 0.05, **p < 0.01, ***p < 0.001 Sham x respective OBX; #p < 0.05 OBX GUO x Sal, two-way ANOVA/Tukey. Brain metabolic maps showing the mean SUVr in the hippocampus of groups Sham Sal, Sham GUO, OBX Sal, and OBX GUO in the baseline (G) and follow-up (H) scans. T-statistical maps showing the statistically significant decrease in metabolism in the hippocampal region on the OBX GUO follow-up group in comparison with the group OBX Sal follow-up (I). VOI means [18F]FDG SUVr values in the total hippocampal region (J), in the dorsal hippocampal region (K), and in the ventral hippocampal region (L). All images are projected into a standard magnetic resonance imaging (MRI) image in axial, sagittal, and coronal planes. Data represented as mean ± S.D. *p < 0.05 (multiple comparisons—three-way ANOVA with repeated measures).


In all three cohorts, naïve animals were submitted to the Open Field Task (OFT1) 1 day before surgery. After recovery from surgery (for 14 days), mice were re-submitted to the OFT (OFT2) and a final one (OFT3) after treatments. Daily treatments started immediately after OFT2 and lasted for 45 days, up to 24 h before euthanasia. Behavior or image data collected after the recovery period is considered baseline, and those collected after the treatment are considered follow-up.

From the 80 animals assigned to cohort 1, 12 mice were lost (due to surgical or chronic treatment complications, incomplete bulbectomy, or frontal cortex injury). The following experimental groups were subjected to OFT2 (baseline line): Sham Sal (n = 10), OBX Sal (n = 14), Sham IMI (n = 8), OBX IMI (n = 14), Sham GUO (n = 14), and OBX GUO (n = 13). OFT3 (follow-up) was performed 24 h after daily treatment: Sham Sal (n = 10), OBX Sal (n = 12), Sham IMI (n = 8), OBX IMI (n = 11), Sham GUO (n = 14), and OBX GUO (n = 12). OFT3, the novel object recognition test (NORT), and the Y-maze test (YMT) were performed in these very same groups within 24 h from each other.

From the 50 animals assigned to cohort 2 (n = 50), four mice were lost (due to surgical complications, incomplete bulbectomy, or frontal cortex injury). The following groups were subjected to OFT2 (baseline): Sham Sal (n = 10), OBX Sal (n = 12), Sham GUO (n = 12), and OBX GUO (n = 15), while OFT3 (follow-up) was performed for Sham Sal (n = 10), OBX Sal (n = 11), Sham GUO (n = 10), and OBX GUO (n = 15). The modified NORT (mNORT) was performed 24 h after OFT3.

From the 44 mice assigned to the third cohort, 6 mice were lost (due to surgical complications, incomplete bulbectomy, or for frontal cortex injury). OFT2 (baseline) was performed for Sham Sal (n = 8), OBX Sal (n = 11), Sham GUO (n = 8), and OBX GUO (n = 12). OFT3 (follow-up) was performed for Sham Sal (n = 8), OBX Sal (n = 11), Sham GUO (n = 8+), and OBX GUO (n = 12). Twenty-four hours after, the OFT3 mice were scanned for [18F] FDG-microPET imaging.


Locomotor Activity

The OFT was performed as previously detailed (15, 25). Mice were individually placed facing the wall of a gray wooden box (50 × 50 × 50 cm, lighted by 200-lux bulb) and recorded for 10 min by a video-camera (positioned above and at ca. 90° to the square arena) connected to a monitor. The total distance traveled was evaluated using the AnyMaze® software. The apparatus was cleaned with alcohol 70° and dried between trials.



Memory
 
Novel Object Recognition Task

The novel object recognition task (NORT) was used to evaluate recognition memory (25, 33). NORT was performed at the same OFT apparatus, consisting of an acquisition trial (training session) and a test trial (test session) performed within a 24 h interval. During the training session (10 min), two identical objects were placed in a symmetric position in the center of the apparatus (subjects with training session exploration time inferior to 20 s were excluded from the experiment). The time spent in each object and the total distance traveled were measured. In the test session (10 min), one of the objects was replaced by a novel object (different shape and material), and again, the time spent exploring each object and distance traveled was measured. Exploration of an object was defined as rearing on or sniffing the object from <1 cm, and/or touching it with the nose. Successful recognition of a previously explored object was reflected by preferential exploration of the novel object in more than 50% of the total time. Experiments were recorded as described in Section Locomotor Activity. The total distance in the training and the test sessions were analyzed by AnyMaze® software, while the time spent in each object was analyzed in video records by an experimenter blinded to groups and treatments. After each session, the OFT arena and objects were thoroughly cleaned with 70% ethanol to prevent odor recognition.



Modified Novel Object Recognition Task

The purpose of mNORT was to investigate mice ability to discriminate odor, given the potential recovery of olfactory bulbs. The mNORT was conducted as the NORT except for two main differences: i—the objects (FO1 and FO2) at training and test (FO and NO) sessions were kept in rat cages at the animal facility during the 24 h previous to the experiment; and ii—by the exclusion criteria used in NORT, since no Sham mice explored objects at training session more than 20 s.



Y-Maze Test

A modified version of the Y-maze test was used (34, 35). The apparatus consisted of three identical arms (30 × 8 cm) disposed at 120°, with gray wooden walls of 15 cm height. The test consisted of a sample phase trial and a test phase trial separated by a 30 min trial interval. In the sample phase trial, each mouse was individually placed in the maze with one of the three arms closed and allowed to explore the other two arms freely for 5 min. At the test trial, each animal was placed again in the maze with all three arms opened and allowed to explore freely for 5 min; the arm closed at sample trial was defined as the new arm. The modified Y-maze was used to evaluate short-term recognition memory. Successful recognition was expressed by increasing the time spent or distance traveled in the new arm when compared to arms 1 and 2. Experiments were video-recorded, and the time spent and total distance traveled in all three arms were analyzed by the AnyMaze® software. After each session, the apparatus was thoroughly cleaned with 70% ethanol.




Neurochemistry
 
Sample Collection

Twenty-four hours after the last behavioral session and drug administration, mice were anesthetized with xylazine (6 mg/kg) and ketamine (100 mg/kg) and decapitated, brains were removed, and the hippocampi were dissected out for immediate analysis or frozen at −80°C for biochemical evaluations.




Redox Homeostase
 
Reactive Oxygen Species

The hippocampus tissue samples were homogenated in phosphate-KCl (20 mM/140 mM) buffer and centrifuged at 1,000 × g × 5 min at 4°C. An aliquot of the supernatant was used to evaluate 2′,7′-dichlorodihydrofluorescein diacetate (DCFH-DA) oxidation (15). DCFH-DA (7 μM) oxidation was determined spectrofluorimetrically. Fluorescence was determined at 488 nm for excitation and 520 nm for emission. A standard curve was carried out using 2′,7′- dichlorofluorescein (DCF). Results are shown as delta of DCFH-DA oxidation between 15 and 30 min of incubation.



Nitrite

NO levels were determined by measuring the amount of nitrite (a stable oxidation product of NO) in hippocampal tissue homogenates, as indicated by the Griess reaction. The Griess reagent was a 1:1 mixture of 1% (w/v) sulphanilamide in 2.5% (w/v) phosphoric acid and 0.1% (w/v) N-(1-napththyl) ethylenediamine dihydrochloride in deionized water. Briefly, the tissue was homogenized in phosphate-KCl (20 mM/140 mM) buffer and centrifuged at 1,000 × g × 5 min at 4°C. The supernatant was deproteinized with 20 μl TCA 25%, centrifuged at 2,000 × g × 10 min at 4°C, and immediately neutralized with 2 M potassium bicarbonate. After this procedure, the Griess reagent was added directly to the neutralized sample and incubated in the dark for 15 min at 22°C (15, 36). Samples were analyzed at 550 nm on a microplate spectrophotometer. Nitrite concentrations were calculated using a standard curve, and the results are expressed as percentages relative to the control conditions.



Glutathione

GSH levels were assessed as previously described (36). The hippocampal tissues were homogenated in a phosphate-KCl (20 mM/140 mM) buffer containing 5 mM EDTA, and protein was precipitated with 1.7% meta-phosphoric acid. The tissue homogenates were centrifuged at 1,000 × g × 5 min at 4°C, and the supernatants were mixed with o-phthaldialdehyde (at a final concentration of 1 mg/ml methanol) and incubated at 22°C for 15 min. Fluorescence was measured using excitation and emission wavelengths of 350 and 420 nm, respectively. A calibration curve was performed with standard GSH solutions. GSH concentrations were calculated as nmol/mg protein.




Neuroinflammation

Hippocampi samples were homogenized in PBS/Tris-HCl/SDS 5% pH 7.4 and centrifuged at 5,000 × g × 10 min at 4°C, and the supernatant was collected (15). Commercial enzyme-linked immunosorbent assay (ELISA) kits for rat IL-1, IL-6, TNF-α, INF-γ, and IL-10 were used according to the manufacturer's instructions (eBIOSCIENCE, San Diego, CA, USA). Briefly, 96-well microplates were incubated with the primary antibody at 4°C overnight, washed, and blocked at room temperature for 1 h. The cytokine standards, calibrators, and samples were added in the plate in triplicate and incubated at room temperature for 2 h. After washing, the secondary antibody conjugated with peroxidase was added and incubated at room temperature for 1 h; the samples were washed and the tetramethylbenzidine chromogen was added. After 15 min, the enzyme reaction was stopped by adding 50 μl phosphoric acid 1 M. The absorbance was measured at 450 nm. The results are expressed as pg/mg protein.




Glutamate Neurotransmission
 
Glutamate Uptake by Hippocampi Slices

After dissected out, the hippocampi were immediately cut into transverse slices (300 μm thick) using a Mcllwain Tissue Chopper. Transverse hippocampal slices were immediately immersed in HBSS solution (137 NaCl, 0.63 Na2HPO4, 4.17 NaHCO3, 5.36 KCl, 0.44 KH2PO4, 1.26 CaCl2, 0.41 MgSO4, 0.49 MgCl2, and 5.5 glucose), pH 7.2, 4°C, and glutamate uptake was performed following an adapted protocol (37). Slices were pre-incubated with HBSS, at 37°C for 15 min, followed by medium change and incubation in the presence of 0.2 μCi/ml L-[3, 4−3H]glutamate (American Radiolabeled Chemicals, Cat# 0132, Conc. 1 mCi/ml) for 5 min. The incubation was stopped with two ice-cold washes using 1 ml of HBSS, followed by the immediate addition of 200 μl of 0.5 N NaOH, and stored overnight. Na+-independent uptake was measured using the same protocol, with modifications in the temperature (4°C) and medium composition (choline chloride instead of sodium chloride). Na+-dependent uptake was defined as the difference between both uptakes. The incorporated radioactivity was measured in a Hidex 300 SL scintillation counter. Results are expressed as nMol of glutamate/protein/minute.



GLAST and GLT-1 Gene Expression

The gene expression of GLAST and GLT-1 was evaluated in hippocampi from each Sal and GUO groups (n = 6) by quantitative real-time polymerase chain reaction (RT-PCR). Total RNA was extracted using TRIzol® reagent (Invitrogen, Carlsbad, CA) following the instructions from the manufacturer. The purity and concentration of the RNA were determined by spectrophotometry at 260/280 nm ratio. One microgram of total RNA was reverse transcribed using the Applied Biosystems™ High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems, Foster City, CA) in a 20-μl reaction. GLAST (Rn01402419_g1), GLT-1 (Rn00691548_m1), and β-actin (Rn00667869_m1) mRNA levels were quantified using the TaqMan real-time RT-PCR system, using inventory primers and probes purchased from Applied Biosystems (Foster City). Quantitative RT-PCR was performed in duplicate using the Applied Biosystems 7500 fast system. No-template and a no-reverse transcriptase were used in each assay as controls, producing no detectable signal during the 40 cycles of amplification. Therefore, target mRNA levels were normalized to β-actin levels using the 2−ΔΔCt method (38).




Astrocyte Marker

GFAP immunocontent was analyzed by Western blot as previously described (39). Briefly, hippocampal samples from all experimental groups (n = 6) were solubilized in ice-cold lysis buffer (4% SDS, 2 mM EDTA, 50 mM Tris-HCl pH 6.8), standardized in sample buffer (62.5 mM Tris-HCl pH 6.8, 2% (w/v) SDS, 5% β-mercaptoethanol, 10% (v/v) glycerol, 0.002% (w/v) bromophenol blue), and boiled at 95°C for 5 min. Samples were separated by SDS-PAGE (35 μg protein/well) and transferred to a nitrocellulose membrane (GE Healthcare). Adequate loading of each sample was confirmed using Ponceau S staining. After blocking with 5% (w/v) skim milk overnight, membranes were incubated with primary rabbit antibody one at 4°C (GFAP from Sigma Aldrich, São Paulo/Brazil, 1:3,000 dilution; β-tubulin, 1:2000 dilution), washed, and incubated with horseradish peroxidase-conjugated donkey anti-rabbit IgG (NA934V, 1:5,000 dilution, GE Healthcare, UK) secondary antibody for 2 h. Chemiluminescent bands were detected in ImageQuant LAS4000 system (GE Healthcare) using Immobilon Western chemiluminescence kit (#P90720, Millipore) and quantified with ImageQuant TL software (version 8.1, GE Healthcare). The results are expressed in percentage of control levels after normalization using β-tubulin as an internal standard.



Brain Derived Neurotrophic Factor

The hippocampi were homogenized in PBS/Tris-HCl/SDS 5% pH 7.4 and centrifuged at 5,000 × g × 10 min at 4°C. BDNF levels were measured in the supernatants by anti-BDNF sandwich-ELISA, in a plate previously coated with anti-BDNF antibody according to the instructions at ELISA Kit for Brain Derived Neurotrophic Factor (Wuhan USCN Business Co., Ltd, Cat. No. SEA011Ra).



Protein Determination

Protein content was measured using the Pierce BCA® protein kit (Thermo Scientific, Waltham, MA, USA) with bovine serum albumin as standard.



Glucose Metabolism Imaging Procedure

The PET scans were performed using a Triumph™ microPET at the Brain Institute of Rio Grande do Sul [LabPET-4, TriFoil Imaging, Northridge, CA, USA (for technical information, see Bergeron et al. (40)]. Mice from the third cohort were scanned in two points: after recovery (baseline, 15 days post OBX) and after treatments (follow-up, in experimental day 57) (Figure 3A).

Animals received an intraperitoneal injection of [18F]FDG (mean ± s.d. = 25 ± 0.5 mCi) after overnight fasting; each mouse was returned to its home cage for a 40 min period of awake uptake of [18F]FDG, immediately followed by a 10 min microPET static acquisition conducted under isoflurane anesthesia (2% at 0.5 L/min oxygen flow). The scan was performed with the animals in a head-first prone position and with the field of view (FOV: 4.6 cm) centered in the animal's head. Throughout these procedures, the animals were kept on a pad heated at 37°C.

Imaging data were reconstructed using the maximum likelihood estimation method (MLEM-3D) algorithm with 20 interactions. Each microPET image was reconstructed with a voxel size of 0.2 × 0.2 × 0.2 mm and spatially normalized into an [18F]FDG template using brain normalization in PMOD v3.8 and the Fuse It Tool (PFUSEIT) (PMOD Technologies, Zurich, Switzerland). Further imaging processing and analysis were carried out using the MINC Tool Kit software (www.bic.mni.mcgill.ca/ServicesSoftware). MicroPET images were manually co-registered to a standard mouse MRI histological template. Activity values were normalized by the region of reference showing the lower standard deviation among all the images, the lateral septal nucleus (Supplementary Figure 1A) and, therefore, are expressed as reference standardized uptake value (SUVr). Mean SUVr of total hippocampus and subregions was extracted using predefined VOI templates (Supplementary Figures 1B,C).



Statistics

Data from OFT, NORT, mNORT, and biochemical parameters were compared by two-way ANOVA followed by Tukey's post hoc. Data from YMT was analyzed by one-way ANOVA followed by Tukey's post hoc. [18F]FDG hippocampal t-statistical maps (voxelwise) were generated comparing groups of interest (p < 0.05). Regional values of [18F]FDG data were analysed by three way mixed ANOVA (time × surgery × treatment) followed by Newman–Keuls post hoc.




RESULTS


Cohort 1

Results are shown in Figure 1. All groups of naïve mice, either assigned to sham or OBX surgeries, and any of the treatment groups (saline, IMI, or GUO) presented comparable performances at OFT1 (F(1,74) = 0.47 p > 0.05) (data not shown). Data from OFT2 (baseline) show that OBX induced hyperlocomotion (F(1,67) = 44.99, p < 0.0001). For OFT3 (follow-up), the two-way ANOVA identified a main effect of OBX (F(2,61) = 4.34, p < 0.05), and interaction between treatment and OBX (F(1,61) = 23.69, p < 0.0001), showing that IMI and GUO reversed the persistent hyperlocomotion of untreated OBX (Figure 1B).

As for NORT memory, two-way ANOVA identified OBX as the main effect (F(5,58) = 10.56, p < 0.001), and interaction between OBX and treatments (F(2,58) = 4.45, p < 0.05), showing that IMI and GUO also reversed the OBX-induced NORT memory deficit (Figures 1C,D).

Results in Y-maze task indicate that only OBX IMI group present an impaired performance in distance travelled (F(2,30) = 1.49, p > 0.05; Figure 1E), while GUO (but not IMI) attenuated the OBX-induced Y-maze memory deficit in time spent in the Y-maze new arm (F(2,33) = 3.31, p < 0.05; Figure 1F).

Two way ANOVA identified OBX as the main effect for hippocampal BDNF (F(1,19) = 10.07, p < 0.05; 1G) and nitrite levels (F(1,19) = 12.59, p < 0.05; Figure 1H); an interaction between OBX and GUO in BDNF, nitrite, and GSH content was identified, with GUO reversing OBX-induced increased in BDNF (F(1,19) = 16.50, p < 0.05; Figure 1G) and nitrite (F(1,19) = 12.76, p < 0.05; Figure 1H) levels, and decreased GSH levels (F(1,19) = 29.52, p < 0.05; Figure 1J). OBX per se did not alter DCFH levels; however, in OBX groups GUO decreased DCFH levels in comparison to saline (Figure 1).

Two way ANOVA shows that OBX clearly induced neuroinflammation at the hippocampus, and GUO slightly attenuated the increase in IL-1 (F(1,33) = 66.09, p < 0.0001; Figure 1K), IL-6 (F(1,33) = 94.15, p < 0.0001; Figure 1L), TNF-α (F(1,33) = 71.66, p < 0.0001; Figure 1N), and INF-γ ((F(1,33) = 47.58, p < 0.0001; Figure 1O), as well as the decrease in IL-10 (F(1,33) = 142.1, p < 0.0001; Figure 1M).



Cohort 2

Replicating the findings from cohort 1 in OFT3 (follow-up), OBX-induced hyperlocomotion (F(1,42) = 52.4, p < 0.0001; Figure 2B), the interaction between GUO and OBX (F(1,42) = 6.06, p < 0.05, Figure 2B) shows that GUO reversed the OBX effect on locomotor activity.

Smell is crucial to the performance at NORT. Since olfactory bulbs are known for its neurogenic and proliferative capacity (41–45), and considering that brain circuitry remodeling has been reported after OBX (15), a modified NORT was performed to differentiate the effects of GUO from those of a potential recovery of the sense of smell at follow-up. As expected, at the mNORT, not anosmic sham mice did not reach the exploration criteria, either in training or test session. Corroborating the data from cohort 1, OBX induced memory impairment at NORT test session (F(1,41) = 27.73, p < 0.0001; Figure 1D), and a positive interaction shows that GUO reversed (F(1,41) = 4.97, p < 0.05) this deficit. Both not anosmic Sham groups presented decreased locomotion in mNORT training (F(1,41) = 27.57, p < 0.0001; insert Figure 2C) and test (F(1,41) = 19.65, p < 0.0001; insert Figure 2D) sessions.



Cohort 3

Replicating cohorts 1 and 2 findings in OFT3 (follow-up), OBX mice present increases in locomotor activity (F(1,35) = 27.76 p < 0.0001; Figure 3B) and the interaction between GUO and OBX (F(1,35) = 7.360 p < 0.05) confirms GUO reversal in OBX-induced hyperlocomotion.

No differences were identified in GFAP protein expression among groups (F(1,19) = 2.68, p > 0.05, Figure 3C). OBX induced increased hippocampus glutamate uptake (F(1,19) = 29.99, p < 0.0001; Figure 3D). OBX induced decreased hippocampus GLAST gene expression (F(1,19) = 27.57, p < 0.0001; Figure 3E), an effect unresponsive to GUO. No differences in GLT-1 gene expression (F(1,19) = 0.3115, p > 0.05; Figure 3F) were found among conditions or treatments.

At baseline, [18F]FDG-microPET showed increased glucose metabolism at the hippocampus of OBX subjects compared to Sham (Hippocampus mean SUVr: Sham Sal = 1.06 ± 0.04, n = 5; Sham GUO = 1.08 ± 0.05, n = 7; OBX Sal = 1.16 ± 0.05, n = 9; OBX GUO = 1.16 ± 0.06, n = 11; Figure 3G). The mean hippocampal increase in FDG metabolism driven by OBX was up to 8% in comparison to Sham (hippocampus mean percentage of change: OBX Sal = 8.82%; OBX GUO = 7.93%; Supplementary Figure 1E). A voxel-wise t-statistical analysis, using the Sham Sal group as control, showed that significant 18F]FDG-microPET differences were found only for OBX groups (OBX Sal t(4) = 5.76; p = 0.006; OBX GUO t(4) = 4.25; p = 0.013; Sham GUO t(4) = 1.21; p = 0.292; Supplementary Figure 1F).

At follow-up, [18F]FDG-microPET revealed higher hippocampal glucose metabolism for OBX Sal × Sham Sal, while chronic GUO attenuated the OBX-induced rise in [18F]FDG signal (OBX Sal × OBX GUO) (hippocampus mean SUVr: Sham Sal = 1.10 ± 0.07, n = 6; Sham GUO = 1.11 ± 0.05, n = 8; OBX Sal = 1.19 ± 0.05, n = 9; OBX GUO = 1.16 ± 0.05, n = 10; Figure 3H). At this point, the hippocampal increase in FDG metabolism in the untreated OBX animals reached a peak of 15% increase (mean of 13.8%) in comparison to Sham Sal, while the OBX group treated with GUO presented a mean value of 9% (hippocampus mean percentage of change: OBX Sal = 13.85%; OBX GUO = 9.10%; Supplementary Figure 1G). A voxel-wise t-statistical analysis, using Sham Sal at follow-up as control, only detected a significant increase in FDG metabolism for the saline treated OBX group (OBX Sal t(5) = 3.80; p = 0.0126); in the group OBX GUO it increased metabolism was only seen in a small cluster (peak t(7) = 2.41; p = 0.0469) and no significant difference was seen for the group Sham GUO there (peak t(5) = 1.65; p = 0.1599; Supplementary Figure 1H).

A percentage of change map analysis (data not show) revealed a mean lower hippocampal glucose metabolism for the OBX GUO at follow-up group if compared to the OBX Sal group at the same period (peak t(8) of 3.17; p = 0.0132; Figure 3I).

A hippocampal mask with 6 VOIs, based on the Allen Mouse Brain Atlas (https://mouse.brain-map.org/), was used to obtain the mean regional [18F]FDG SUVr value of the total hippocampus, of the dorsal hippocampus region, and of the ventral hippocampus region. For the total hippocampus mean SUVr (Figure 3J), a three-way ANOVA test—with repeated measures—identified only the effect of OBX [F(1,28) = 17.75, p = 0.0002], and interaction between OBX and GUO [F(1,20) = 5.91, p = 0.0245]. The post hoc test identified a significant difference for mean total hippocampal SUVr between baseline groups Sham Sal and OBX Sal (p < 0.05) and Sham Sal and OBX GUO (p < 0.05), and only in Sham Sal and OBX Sal group at follow-up (p < 0.05).

At the dorsal region of the hippocampus (Figure 3K), the analysis indicated the effect of the OBX [F(1,28) = 12.9, p = 0.0012], and interaction between OBX and GUO [F(1,20) = 6.4, p = 0.0199]. Following, a multiple comparisons test identified a significant difference for mean dorsal hippocampal SUVr only comparing the Sham Sal and OBX Sal groups at follow-up (p < 0.05).

Finally, at the ventral region of the hippocampus (Figure 3L), the three-way ANOVA analysis showed an effect for the OBX [F(1,28) = 18.32, p = 0.0002] but not for treatment [F(1,20) = 0.01; p = 0.9194] or time [F(1,28) = 3.27, p = 0.0810]. No interaction was found.




DISCUSSION

This study shows that 45 day treatment with GUO reversed the hyperlocomotion and attenuated the memory deficit induced by OBX. The biochemical analysis of the hippocampi from those animals shows that treatment with GUO completely reversed the BDNF increase and the redox imbalance, as well as discreetly attenuated the pro-inflammatory status induced by OBX. Additionally, MicroPET imaging analysis indicates that GUO reduced the OBX-induced hippocampal increase in FDG metabolism. The behavioral and neurochemical effects promoted by chronic GUO treatment on the OBX model are similar to those reported for antidepressant agents used clinically (9, 14, 46).

Regarding the antidepressant behavioral potential of GUO, we previously showed that an acute single administration of GUO was already capable to reverse the anhedonic-like behavior, as well as the short-term recognition memory impairment observed after 15 days post OBX surgery (25). Noteworthy, only when chronically administered, as observed in the present study, GUO reversed the hyperlocomotion induced by OBX, whereas acute GUO, as ketamine, administration was ineffective (25). The effects are in line with our proposal that OBX model of depression depicts a time dependent development of depressive-like behaviors (15).

In contrast with the recognition deficit observed in shorter post-surgery periods (25), we show in the present study that 8 weeks after OBX surgery the recognition memory evaluated by NORT is partially recovered. As previously demonstrated for the transient loss of self-care and motivational behavior in OBX mice (15), the same pattern was here verified for recognition memory as assessed by NORT. Nevertheless, the lower discrimination rate of OBX mice at NORT suggests incomplete remission of long-term memory deficits within 2 months of surgery. It has been reported that GUO can promote amnesic effects (25, 47, 48). Amnesic effects were observed when GUO was administered acutely (25) or for a short time (up to 2 weeks) (48), but not after along 6 weeks treatment (49). In the current study, GUO did not induce any memory disturbance; on the contrary, GUO treatment for 8 weeks attenuated the residual memory deficit observed in untreated OBX mice (50). In agreement to our findings, it was recently reported that GUO administered during 26 days induces antidepressant-like effect, with no impairment on learning and memory (51). Taken together, those results suggest that a short-term disturbance in GUO levels can negatively impact learning and memory, but homeostasis is regained after repeated administration cancelling GUO amnesic effect.

In the present study, IMI treatment did not reverse the memory deficit induced by OBX in the YMT task. Similar results were reported for tricyclic antidepressants (52, 53), as well as for chronic IMI treatment on spatial working memory deficits in OBX mice tested 2 weeks after OBX (54). Similar results were found with rats treated with IMI for 10 or 28 days, resulting in impaired delayed in spatial win-shift performance (41). The results suggest that, differently than GUO, treatment with IMI presents a time independent impairment on learning and memory. The discrepancy may be related to the fact that as an endogenous compound GUO metabolism can be adjusted in accordance to GUO level.

Neurogenic and proliferative abilities are recognized for olfactory bulbs (43), with studies showing that after different types of lesions spontaneous recovery occurs over time (42, 44, 45, 55). To test the hypothesis that odor discrimination could be regained over time, we investigated the effects of time and treatment on Sham and OBX mice capability to discriminate odor. By using a modified NORT protocol (mNORT) where objects are smeared with rat odor, it was shown that OBX-induced anosmia was still present at follow-up. As in NORT, chronic GUO improved the OBX-induced residual memory deficit in mNORT. Therefore, the improvement or attenuation of memory impairment induced by OBX was the result of GUO treatment and not a potential recovery of odor discrimination.

Several neuroprotective effects of GUO have been demonstrated, but its exact mechanism of action is still unclear (17). Nevertheless, in vivo and in vitro studies evidenced that GUO modulates a broad range of cellular pathways that are closely related to various brain functions (16, 17). Notable, evidences support that MDD physiopathology is also related to alterations in some of those signaling and metabolic pathways (53). Besides neurotransmitter imbalance, altered levels of neurotrophic factors/neurogenesis, altered glial/neuronal biology, impairment in mitochondrial functionality, hypermetabolism in brain specific regions including hippocampus, increased proinflammatory scenario, and nitrosative and oxidative stress are also observed in the patients suffering from MDD, as well as in animals submitted to different models that mimic MDD (12, 56). Therefore, in the present study, we explored some of the neurochemical systems related to depression and previously observed to be modulated by GUO.

BDNF profiles were largely explored in several rodent models of MDD. The literature reveals a tight association between depression phenotype and decreased BDNF content, as well as its reversal by antidepressant when investigated in different stress-induced rodent models of depression (57). However, in the OBX model of depression, the literature suggests distinct hippocampal BDNF modulations (14). Accordingly, an age dependent opposite effect on BDNF level was observed after OBX surgery, as 10 week old mice submitted to OBX presented an up-regulation in BDNF levels (58), while a decrease was observed in older animals (6 months old) (57). Literature supports that BDNF levels decline during normal brain aging, which are often accompanied by mild brain atrophy, reduced neuronal function, and synaptic loss (59). Our result reinforces the data on young mice, as we also observed here an increase on BDNF levels in mice submitted to OBX at 7 weeks old. Considering the critical role of BDNF in synaptic plasticity (60, 61), the increment in BDNF content observed in the current study can be associated with the attenuation of behavioral deficits (NORT and YMT) in untreated OBX mice over time. Given that our data show that GUO prevented the OBX-induced BDNF increment and behavioral deficits, it is conceivable that the neuroprotective effect of GUO diminishes the need to increase BDNF. Alternatively, GUO could have an earlier effect on BDNF levels as it has been shown that GUO stimulates BDNF synthesis or its release inducing neuroplasticity in in vitro and in vivo experiments (27, 51, 62–66).

Chronic GUO completely reversed the OBX-induced hippocampal redox imbalance. The results corroborate previous data (67–70) indicating that GUO exerts its antioxidant action as a direct radical scavenger, preventing the OBX-induced increase in cellular ROS production, NO levels, and decrease in GSH content. The links among redox imbalance, inflammatory status, and depression are well-documented (71), including in our previous study exploring neurochemical changes in OBX mice model of depression, where we had demonstrated that a hippocampal pro-oxidative status is observed at 2 weeks after OBX, remaining dysregulated at least for more 6 weeks (15). Chronic GUO discreetly attenuated the pro-inflammatory status induced by OBX in mice hippocampi. Chronic GUO did not replicate the inhibitory effect on TNF-α release observed with acute GUO administration (69), or the anti-inflammatory effect obtained by subthreshold doses of GUO plus ketamine in mice submitted to a corticosterone model of depression (72). Overall, results indicate that the potential anti-inflammatory GUO property does not play a significant for the antidepressant effects of chronic GUO.

Numerous evidences pointed to a relevant role for the glutamatergic system in the pathophysiology of depression disorder (73, 74). Accordingly, it has been documented that different brain regions of OBX rodents are more sensitive to release glutamate when exposed to novelty (75–77). A limitation for this study is the absence of data on CSF glutamate content. Nevertheless, we show that OBX induced an increase in hippocampal glutamate uptake, unaffected by chronic GUO. Regarding the main astrocytic glutamate transporters, OBX mice presented decreased GLAST mRNA expression, with no changes in GLT-1, a pattern unchanged by chronic GUO. Considering that OBX increases glutamate release (75–77), it is arguable that increased glutamate uptake is to be expected. In fact, GUO stimulates glutamate uptake in vitro and in vivo (16, 17), but only in the presence of high glutamate concentration or neurological conditions, respectively (37). As OBX increases glutamate uptake for a long period, it is of interest to investigate, at different brain areas and time points, if GUO minimizes earlier glutamatergic excitotoxicity by increasing glutamate uptake and/or its use as energy substrate during recovery.

Alongside with the increased hippocampal glutamate uptake, OBX also induced increase in hippocampal FDG metabolism. The increase in FDG metabolism is present at baseline (15 days after surgery) and magnified at follow-up (60 days after surgery). The effect is more prominent in the hippocampus dorsal region in comparison to the ventral part. Although previous studies suggested that glucose hypermetabolism might result from increased gliosis (78), we did not identify changes in GFAP astrocytic marker. Further investigation with a broader range of glial markers is necessary to clarify this effect. Stimulation of the glycolytic pathway (mainly in astrocytes) has been associated to increased BDNF signaling (79), increased levels of oxidative and nitrosative radicals (80), enhancement in inflammatory cytokines (81), and/or increment in glutamate release (82). It is therefore arguable that the increment in [18F]FDG signal (83, 84) observed in untreated OBX mice may result from alterations in multiple brain signaling pathways. The increased in glutamate uptake accompained by increased glucose metabolism and BDNF levels is suggestive of a long-lasting plasticity process in the hippocampus of mice subjected to OBX. Forty-five days of GUO treatment prevented the OBX-induced increase in hippocampal FDG metabolism in untreated animals. The lack of increase in FDG metabolism accompanied by attenuated BDNF increase and diminished redox imbalance corroborate the hypothesis that GUO modulates different brain pathways contributing, directly or indirectly, to a better-balanced brain metabolism.



CONCLUSION

Our data clearly show that chronic GUO attenuates the behavioral changes induced by OBX, an effect accompanied by neurochemical changes associated with hippocampal plasticity. The antidepressant effect elicited by GUO seems to be associated with its ability to concurrently prevent OBX-induced BDNF increment and redox imbalance, as well as increase in FDG metabolism.

Adding to previous reports showing that acute GUO acts as a fast-onset antidepressant (25), the present data suggest continued benefits with chronic treatment. This result is of value since data suggest that GUO systemic administration is safe, well-tolerated, and not associated with major side effects (85, 86). Additionally, our data reinforces the role of the purinergic system in MDD physiopathology.
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Supplementary Figure 1. Representative image of the lateral septal nucleus VOI template, used as a reference region for the SUVr normalization (A). Representative images of the total hippocampus (B) and subregions, dorsal (C) and ventral (D) VOI templates. Representative images of the hippocampal positive (metabolism increase) percentage of change between group Sham Sal baseline and groups Sham GUO, OBX Sal, and OBX GUO, in the baseline scan (E). Representative images of the hippocampal positive (metabolism increase) percentage of change between group Sham Sal baseline and groups Sham Sal, Sham GUO, OBX Sal, and OBX GUO, in the follow-up scan (F). T-statistical maps showing the statistically significant increased metabolism in the hippocampal region on groups Sham GUO, OBX Sal, and OBX GUO, in the follow-up scan, in comparison with the group Sham Sal follow-up (G). Representative images of the hippocampal positive (metabolism increase) percentage of change between group Sham Sal follow-up and groups Sham Sal, Sham GUO, OBX Sal, and OBX GUO, in the follow-up scan (H).
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Chronic sleep deprivation (SD) causes neurological and neurodegenerative dysfunction including learning and memory deficit. The orchid Dendrobium nobile Lindl (DNL), is widely used as a Yin tonic and medicinal food throughout Asia, and has many reported pharmacological effects. This study focused on the cognitive-enhancing effects of DNL in sleep deprivation-induced amnesia in mice and its biochemical mechanisms. Our results showed that the mice displayed significant cognitive deficits after 2-week SD while treatment with the extract of DNL prevented these impairments. In the novel object recognition and object location recognition tasks, a significant increase in the discrimination index was observed in DNL-treated (200 and 400 mg/kg) mice. In the MWM test, DNL (200 and 400 mg/kg) treatment shorten the prolongation of latency and increased the crossing numbers compared with SD mice. The biochemical analysis of brain tissue showed a decrease in NE, dismutase (T-SOD) and catalase (CAT) activity and an increase in 5-HT and malondialdehyde (MDA) concentration after the treatment with DNL in mice. Our findings indicated that DNL exerted a positive effect in preventing and improving cognitive impairment induced by SD, which may be mediated via the regulation of neurotransmitters and alleviation of oxidative stress.

Keywords: Dendrobium nobile Lindl, sleep deprivation, learning and memory, neurotransmitters (5-HT and NE), oxidative stress markers 3


INTRODUCTION

Chronic sleep deprivation is a common problem, and it has been estimated that 50–70 million adults in the United States have sleep or wakefulness disorder (1). Sleep loss contributes to neurological and neurodegenerative disorders including memory deficits which are increasingly regarded as a major public health and safety issue (2) and financial and social burden. Cognitive enhancers including as modafinil and donepezil, and stimulants such as caffeine and nicotine have been reported to prevent the memory impairment induced by chronic sleep deprivation (SD), but many have undesirable side-effects and cause habituation (3). Safer and more effective treatments for memory impairment induced by SD are thus under investigation.

Dendrobium nobile Lindl (DNL) is a precious traditional Chinese medicine, it's an epiphytic orchid distributed throughout tropical and subtropical Asia (N. E India, China, Malaysia, Japan) which is used a tonic and medicinal food (Figure 1). The main chemical components of DNL are alkaloids, polysaccharides, amino acids, phenols, volatile oils, etc. The DNL has a wide range of pharmacological effects (4, 5). Recently researches focused on its neuroprotective and cognitive-enhancing effects (6, 7), and its effect on improving nerve cell damage (8). It was reported that the alkaloids and polysaccharide in DNL have obvious protective effects on LPS-induced learning and memory impairment in rats (9). DNL also has displayed ameliorative effects on memory impairment induced by lipopolysaccharide and Aβ25−35 in rats, but its activity against memory impairment induced by sleep deprivation has not been reported (10, 11). The present study was designed to investigate the effect of DNL extract on learning and memory in a sleep deprivation model and its underlying mechanisms, to explore its potential application in treating SD-induced impairment.


[image: Figure 1]
FIGURE 1. The picture of DNL.




MATERIALS AND METHODS


Drugs

Donepezil hydrochloride were purchased from Eisai (Ibaraki, Japan). Norepinephrine (NE) from the National institutes for Food and Drug Control (Beijing, China); dopamine (DA), 5-hydroxytryptamine (5-HT), 5-HIAA (5-hydroxyindole acetic acid), GABA (Gamma amino acid butyric acid) and DOPAC (Dihydroxy- phenyl acetic acid) from Sigma-Aldrich Co. (St. Louis, MO, USA) and Superoxide Dismutase (SOD), Catalase (CAT) and Malondialdehyde (MDA) commercial kit were from Nanjing Jiancheng Biotechnology Institute (Nanjing, China). Air-dried stems of DNL were purchased from Luzhou in SiChuan province and further authenticated by professor Bengang Zhang (Institute of Medicinal Plant Development, Beijing, China) according to their macroscopic characteristics. The air-dried stems of DNL were crushed and soaked in 80% acidic ethanol for 1 night. The extract was re-extracted three times with boiling acidic ethanol. After filtration, the solution was concentrated by vacuum-rotary evaporation at 60°C and then freeze-drying 12 h, The extraction value was 14%.



Analysis

DNL was characterized chromatographically under the following conditions: Waters Acquity UPLC HSS T3 (1.8 um, 2.1 × 100 mm); flow rate: 0.3 ml/min, column temperature: 30°C; mobile phase A, 0.1% formic acid aqueous solution; phase B acetonitrile as a gradient elution. The chemical profile is shown in Table 1.


Table 1. Chemical profile of Dendrobium nobile extract (DNL).
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Animals and Treatments

72 ICR male mice (20–22 g) (Institute of the Chinese Academy of Medical Science Center, Beijing, China) were housed under standard conditions for 3 days prior to testing to adapt to the new environment. All experiments were conducted according to the “Principles of Laboratory Animal Care” (NIH publication No.86-23 1996) and P.R. China legislation. The protocols were approved by the committee for the Care and Use of Laboratory Animals of IMPLAD, CAMS & PUMC, China (NO. 20161028), all experiments adhered to standard biosecurity and institutional safety procedures.

Animals were divided into 6 groups: the control group, the SD model group, the DNL-treated groups (100, 200, and 400 mg/kg) and the donepezil group (3 mg/kg). The doses of DNL and Donezepil were based on our previous study (12). DNL and donepezil were administrated orally once a day to mice for 14 days before SD until the end of experiment. The control group and the SD model group were given the same volume of distilled water, and except for the control group, other mice were exposed to SD for 14 days.

After habituation for 3 days, all except the control group were subjected to SD from 8 a.m. to 11 a.m. each day. Then all animals were moved back to the housing room. The process lasted for 2 days in order that the mice could acclimatize. Following the induction period, all test groups were exposed to SD for 14 days. After a 2-week SD exposure, behavioral changes tests were conducted as follows: open field test (OFT), novel object recognition task (NOR), object location recognition task (OLR), and Morris water maze test (MWM). Animals were sacrificed after the behavior tests and blood and brain tissue were taken for analysis (Figure 2).


[image: Figure 2]
FIGURE 2. The experimental procedure.




The SD Mice Model

The SD procedure was performed as our previously studies in our lab (3, 13, 14). Briefly, except the mice in the control group, other mice were placed in Sleep Deprivation Apparatus (developed by the Institute of Medicinal Plant Development, Chinese Academy of Medical Sciences, and the Chinese Astronaut Center, patent No. 201210356645.X) for 2 weeks continuously. Before encountered to the SD procedure, the mice receipt 3 days' adaptation (3 h per day, during 12:00 p.m.−15:00 p.m.). The speed of SD apparatus was 60 s per rotation and there was a 2 min pause between two rotations. After finishing the adaptation, the mice were put into the SD apparatus and suffered for 14 consecutive days' SD modeling, then the behavioral tests were tested in mice. The mice were free to have water and food during the SD experiments.



Behavioral Tests


Open-Field Test

The open field test was conducted on day 15. The apparatus consists of four metal tanks (diameter 30 cm, height 40 cm) with a video camera fixed at the top (15). For each experiment, four mice were place in the center of each tank and their locomotor activities in 10 min were detected. The total distance was recorded as the index of the locomotive activity in mice.



Novel Object Recognition Task

This task consists of three phases: habituation, familiarization, and test. In the habituation phase, animals were placed individually in a square metal box (black, 60 × 40 × 80cm) with no objects in it, for 10 min in three consecutive days. On day 4, in the familiarization phase, two identical objects (A1 and A2) were placed on opposite sides of the box, and the animal was placed in the box for 5 min to explore the two objects. After 20 min in the home cage, the test was performed and the mice placed in the same metal box and presented with two objects, the old familiar A1, and a new object B, to replace object A2 for 5 min. The discrimination index (DI) was calculated as the percentage of time spent exploring the novel object over the total time spent exploring the two objects (16).



Object Location Recognition Task

The Object Location Recognition (OLR) task is an accepted method for testing spatial location memory. The protocol was similiar as the novel object recognition test. Instead of replacing one of the original identical objects (A1 and A2), A1 or A2 was moved to a new location (17). The discrimination index (DI) was calculated as before (18).



Morris Water Maze Test

The Morris Water Maze test was performed on the 21st day of SD to further investigate the effects of DNL on spatial memory in mice. The water maze is a circular pool (100 cm in diameter, 40 cm in high), with the water (23–25°C) made opaque with black ink. An “invisible” platform (metal, black, 6 cm in diameter, 15 cm in high) was placed 1.5 cm below the water surface, providing the only outlet channel. The protocol was described in our previous studies with minor modifications (19–21).


Escape Acquisition

The mice were subjected to three trials per day for 5 days. At the beginning of the test, the mice were trained to remember the platform by being placed on it for 10 s, before being released into the water, facing the wall, at a different starting point each time, and allowed to swim for a maximum of 90 s in each trial. If they failed to escape within 90 s, the mice were gently guided to the platform and allowed to stay there again to learn, and the escape latency was recorded as 90 s.



Probe Trial

After the escape acquisition test, each animal was subjected to the probe trial, in which the platform was absent. The mice were released from the opposite quadrant where the platform had been located and allowed to swim and explore the pool for 90 s. Swimming distance in the target quadrant and the number of target crossings were recorded as measures for spatial memory.




Biochemical Analysis

The levels of neurotransmitters were determined in the brain tissues in rats described as below:


Brain Tissue Extraction

After the behavioral tests, mice were sacrificed by decapitation. The brains were removed and placed on ice, and the hippocampus and cerebral cortex tissues were dissected out rapidly, weighed, and stored at −80°C.




Measurement of Neurotransmitter Levels in the Hippocampus

Hippocampus tissues were homogenized and mixed with acetonitrile containing the internal standard (5 μg/mL, 3, 4-dihydroxybenzylamine, DHBA). After centrifuging at 4°C (20,000 rpm, 30 min), the supernatant was collected, and neurotransmitter levels measured by liquid chromatography-tandem mass spectrometry. Chromatographic separation was performed on a TSK Gel amide 80 column (2.0 mm × 15 cm, 3 μm); column temperature 35°C; mobile phase system acetonitrile-ammonium formate solution (15 mmol·mL-1, pH = 5.5) (40: 60), flow rate 0.4 mL·min−1; operated under the multiple reaction monitoring (MRM) mode using electrospray ionization (ESI) in the positive ion mode, at m/z 177.0 → 160.0 (5-HT), 170.0152.0 (NE) and 140.0 → 123.0 (DHBA as internal standard). Neurotransmitter concentrations were quantified using peak area ratios vs. internal standard.



Detection of Brain T-SOD, CAT Activities, and MDA Levels

The hippocampus and cerebral cortex were each homogenized in 10 volumes of cold saline. After centrifuging at 4°C (2,500 rpm, 10 min), the supernatants were collected. The total protein content of sample was estimated with the Pierce BCA Assay kit, using bovine serum albumin as the standard (22). T-AOC and CAT activity and MDA levels were determined according to the manufacturer's protocols (Jiancheng Institute of Biotechnology, Nanjing, China).




Data and Statistical Analyses

Statistical analysis was carried out using SPSS 17.0 software (Chicago, IL, USA). All data are expressed as mean ± SEM. Data recorded from the acquisition trials of the MWM among the groups over a period of 5 days were analyzed by using repeated-measure two-way ANOVA. Other data were analyzed by one-way ANOVA followed by multiple post hoc comparisons using the LSD test. Statistical significance was defined as p < 0.05 or p < 0.01.




RESULTS


Effects of DNL in the Open-Field Test

The total distance is used to indicate the locomotive activity after 2-week SD. Figure 3 showed there was no significant difference between the six groups.


[image: Figure 3]
FIGURE 3. The effect of DNL on the locomotor activities in the open field test after SD for 2 weeks in mice. Values are mean ± SEM, n = 10–12.




Effects of DNL in the NOR Task

After 2-week SD, in the familiar phase, the mice spent comparable time on exploring the two similar objects, with no preference between positions of the objects. During the test phase, the DI significantly decreased in the SD model group in comparison with the control group. Compared with the SD group, the DI of the three DNL-treated groups showed a significant decrease (p < 0.05, Figure 4).


[image: Figure 4]
FIGURE 4. The effect of DNL on the discrimination index (DI) during the testing session in the NOR task after SD for 2 weeks in mice. Values are mean ± SEM, n = 10–12. **p < 0.01 vs. the Con group; ##p < 0.01 vs. the SD group.




Effects of DNL in the OLR Task

Be similiar with the NOR, mice in the OLR task showed no difference in preference in the familiarization phase. In the test phase, the control mice spent significantly longer exploring on the object in the new location compared with the SD mice. DNL treatment (200 and 400 mg/kg) significantly increased DI compared to the SD group (p < 0.01; Figure 5), however the donepezil group (3 mg/kg) showed no significant difference compared to the SD group (p > 0.05).


[image: Figure 5]
FIGURE 5. The effect of DNL on the discrimination index (DI) during the testing session in the OLR task after SD for 2 weeks in mice. Values are mean ± SEM, n = 10–12. **p < 0.01 vs. the Con group; ##p < 0.01 vs. the SD group.




Effects of DNL in the MWM Test

The Morris water maze task was conducted over 6 days, ending with the probe test on the last day. As shown in Figures 6A–C, in the escape acquisition phase, the escape latency and the swimming distance in SD mice was higher than the control group from the second day (p < 0.05; p < 0.01). The swimming speed in the SD group was decreased from day 3 (p < 0.05). DNL at a dose of 200 mg/kg attenuated the spatial learning deficits, as observed by a reduction of the escape latency and swimming distance from day 3 to day 5 (p < 0.01; p < 0.05). Similarly, the high-dose group (400 mg/kg) on days 4 and 5 reduced escape latency compared to the SD mice. Donepezil (3 mg/kg) reduced the escape latency and the swimming distance and increased the swimming speed on the 5th day (p < 0.01; p < 0.05).


[image: Figure 6]
FIGURE 6. The effect of DNL on the Escape Latency (A); Swimming distance (B); Swimming speed (C); The percent of swimming distance in target quadrant (D); The percent of swimming duration in target quadrant (E); Swimming speed in target quadrant (F); The number of target crossings (G) in the MWM test after SD 2 weeks in mice. Values are mean ± SEM, n = 10–12. *p < 0.05 vs. the Con group, **p < 0.01 vs. the Con group; #p < 0.05 vs. the SD group, ##p < 0.01 vs. the SD group.


In the probing phase (Figures 6D–G), SD rats showed a decreased percentage in swimming distance and swimming duration in the target quadrant (p < 0.05) compared to the control rats, whereas DNL (200, 400 mg/kg) mitigated the trend. The swimming speed in the target quadrant was no different in all groups. The number of SD rats crossing through the platform where had previously been located was significantly reduced compared with the control rats (p < 0.01). With the treatment of DNL (200, 400 mg/kg), the crossing number was increased compared with the SD group (p < 0.05).



Effects of DNL on 5-HT and NE in the Hippocampus

The neurotransmitter content of the hippocampus after 44 days of DNL treatment is shown in Figure 7. After SD induction, hippocampus level of 5-HT in SD mice were increased, while the concentration of NE was decreased compared to the control group (p < 0.01). Treatment with DNL (100, 200, and 400 mg/kg) decreased 5-HT level while elevating NE level in the hippocampus in SD rats (p < 0.05, p < 0.01, p < 0.05). No marked difference in 5-HT and NE levels detected in donepezil-treated SD mice.


[image: Figure 7]
FIGURE 7. The effect of DNL on 5-hydroxytyptamine (5-HT) (A) and norepinephrine (NE) (B) levels in the hippocampus after SD 2 weeks in mice. Values are mean ± SEM, n = 8. **p < 0.01 vs. the Con group; #p < 0.05 vs. the SD group, ##p < 0.01 vs. the SD group.




Effects of DNL on Oxidative Stress Markers in Hippocampus and Cerebral Cortex

The T-SOD and CAT activities were significantly decreased, while MDA levels was markedly increased in both hippocampus and cerebral cortex in the SD group compared with the control group (p < 0.05) (Figure 8). Compared with the SD mice, brain T-SOD activities in all the DNL-treated groups were increased (p < 0.05, p < 0.01). DNL (400 mg/kg) treated mice showed a significant decrease in the level of MDA in both brain regions compared to the SD group (p < 0.05). Hippocampus CAT activities of DNL (400 mg/kg) group were increased compared to the SD mice (p < 0.05). Donepezil (3 mg/kg) treatment significantly increased hippocampus T-SOD activities and reduced cerebral cortex MDA level in the SD mice (p < 0.05).


[image: Figure 8]
FIGURE 8. The effect of DNL on the activities of Total Superoxide Dismutase (T-SOD) (A); Catalase (CAT) (B) and Malonaldehyde (MDA) (C) in the hippocampus and cerebral cortex of mice after SD for 2 weeks. Values are mean ± SEM, n = 8. *p < 0.05 vs. the Con group; #p < 0.05 vs. the SD group, ##p < 0.01 vs. the SD group.





DISCUSSION


Sleep Deprivation Could Induce Cognitive Impairments

Sleeping plays a key role on human's health, especially for the brain health. Adequate sleep is basically imperative for memory consolidation (23). Accumulating evidence suggests that sleep deprivation produces could induce memory deficits, and in animals these can be assessed by using behavioral tests, including avoidance tasks (24), object recognition tasks and the Morris water maze task (25). Sleep deprivation as cognitive challenge may therefore provide a promising preclinical model of memory impairment and a useful tool to study cognition enhancing drugs (26). Previous studies exhibited that sleep deprivation could induce serious cognitive dysfunction (27, 28). In our experiment, we found SD 2 weeks in mice could induced obviously cognitive associated behavioral impairments, such as spatial and non-spatial learning and memory deficits. These results are consistent with previous studies.



DNL Has No Sensorimotor Effect in the Open-Field Test in the SD Mice

Open-field test is mainly used to test the locomotor activities of animals in a relatively closed environment during a certain period of time, and widely used in animal experiment (29). The results of this study showed that after 2-week of SD, there was no significant difference between any two groups, which showed DNL had no influence on the locomotor activity in mice. This result indicated that the effect of DNL was originally mnemonic, rather than the sensorimotor effect.



DNL Could Ameliorate Short-Term Memory in the ORT in the SD Mice

The object recognition task (ORT) is based on the principle of preference for novel objects in rodents and can assess recognition memory in the spontaneous state (30). The ORT takes advantage of the nature of preference for “novel” objects in rodents in the spontaneous state (31). During the experiment, the animals are in accordance with the characteristics, the location, the order of appearance, and the background of objects to distinguish the different “identity” objects, achieving the transition through detection of simple non-spatial memory to complex spatial, temporal and episodic memory (32). Based on the ORT, the object location recognition (OLR) and the novel object recognition (NOR) were established. The former was used to assess short-term, spatial memory, while the latter was designed to evaluate short-term, non-spatial memory. In agreement with the previous studies (33, 34), our results showed that SD damaged the normal performance of mice in ORT tasks. However, compared with the SD model group, the treatment of DNL effectively enhanced DI in both OLR and NOR tasks. For the first time, we have demonstrated that DNL administration could significantly ameliorate impaired short-term memory in SD mice.



DNL Could Ameliorate Long-Term and Spatial Memory in the Morris Water Maze in the SD Mice

Morris water maze test was used to assess effects of DNL on the long-term, spatial learning and reference memory. In this task, two main parameters are essential for assessing the spatial learning and memory ability in mice. The first is the escape latency in the acquisition trial, which means that the mice must learn the accurate position of the platform and develop suitable swimming approaches to reach the same from the randomly chosen starting point within 90 s. The second is the virtual-platform crossing numbers when the platform was absent in probe trial, which is a key indicator assessed reference memory (35, 36). In our study, compared with the SD group, the treatment of DNL effectively shorten escape latencies after 2 days' training to find the hidden platform in the escape acquisition phase, which showed DNL has a strong effect on ameliorating the reference memory impairment in the SD mice. In the probe trial, we found DNL could effectively increase the number of target crossings in the SD mice. These results indicating that DNL treatment remarkably improved the long-term, spatial memory in the SD mice.



DNL Could Modulate Memory Deficit via 5-HT and NE in the Hippocampus of SD Mice

Monoamine neurotransmitters play an important role in the learning and memory. 5-HT mediates processes involved in central nervous system fatigue, helping to control sleep (37, 38). NE plays a major role in the maintenance of REM sleep (39), and levels of NE in the brain have been shown to be closely related to memory. In the present study, chronical sleep deprivation induced an obvious elevation of hippocampus 5-HT levels and a marked decline of hippocampus NE levels in mice, which was consistent with the previous study (40, 41). DNL treatment at all doses significantly reversed the elevation of 5-HT and the decrease of NE in SD mice, indicating that the cognitive-enhancing effects of DNL might be at least in part due to modulation of these two major monoamine neurotransmitters.



DNL Could Repair Oxidative Damage in the Hippocampus and Cortex of SD Mice

Oxidative stress plays a prominent role in the pathogenesis of several cognitive impairment processes. Oxidative stress occurs in brain tissues whenever there is increased generation of reactive oxygen species (ROS) and impaired antioxidant defense systems. Brain tissue in particular is more susceptible to the deleterious effects of ROS because of its high rate of oxygen consumption and reduced antioxidant defense systems (19). Excessive ROS production may result in oxidative damage to proteins, lipids, and DNA and eventually in apoptosis or cell death, but ROS levels are balanced by the action of antioxidant enzymes, including CAT, SOD, and glutathione oxide. Sleeping deprivation could weaken the free radical scavenging enzyme system and cause system imbalance, which further aggravates brain damage which ultimately results in learning and memory disorders (42, 43). The changed hippocampal synaptic protein GAP-43, SYP, PSD-95 levels, serum corticosterone levels, and neuroinflammation were found in sleeping deprivation related memory impairment mice (44). Studies have confirmed the abnormal alterations in MDA, SOD, and CAT activities associated with memory impairment after sleep deprivation (45, 46). Similar changes were exhibited in our study: a decrease of SOD and CAT activities and an increase of MDA level in hippocampus and cerebral cortex of SD mice. Treatment with DNL enhanced antioxidant defense in the brain by increasing SOD and CAT levels and reducing MDA concentration induced by SD, contributing to the cognitive enhancement effect of DNL.




CONCLUSION

The present study shows for the first time the cognitive-enhancing effect of DNL in a chronic stress model induced by SD in mice. The improvement effect of DNL in SD mice may be partially due to regulate the neurotransmitters and mitigate oxidative stress levels in the brain. Our results also indicate that, as a traditional medicinal herbal plant, DNL may be used as a potential candidate agent in preventing and treating cognition impairment induced by stress.



DATA AVAILABILITY STATEMENT

The raw data supporting the conclusions of this article will be made available by the authors, without undue reservation.



ETHICS STATEMENT

The animal study was reviewed and approved by Care and Use of Laboratory Animals of IMPLAD, CAMS & PUMC, China (No. 20161028).



AUTHOR CONTRIBUTIONS

NJ: for doing animal experiments and process all experimental data. Y-jL: assist in animal experiments and process the data. M-dW: provide some experimental equipment help. All authors contributed to the article and approved the submitted version.



FUNDING

This work was supported by the Science & Technology Department of Sichuan Province (2019YFH0023), the opening foundation of the State Key Laboratory of Space Medicine Fundamentals and Application, Chinese Astronaut Research and Training Center (SMFA18K06), the National Key Research and Development Program of China (2016YFE0131800), Office of Sciences & Technology and Talent Work of Luzhou (2018LZXNY-ZK32), and the High - end Talents Recruitment Program (Liu Xinmin group) of Luzhou Municipal People's Government.



ABBREVIATIONS

SD, sleep deprivation; DI, discrimination index; DNL, Dendrobium nobile Lindl; LC-MS/MS, liquid chromatography-tandem mass spectrometry; MWM, Morris water maze; NOR, novel object recognition; OLR, object location recognition.



REFERENCES

 1. Strand LB, Carnethon M, Biggs ML, Djoussé L, Kaplan RC, Siscovick DS, et al. Sleep disturbances and glucose metabolism in older adults: the cardiovascular health study. Diabetes Care. (2015) 38:2050–8. doi: 10.2337/dc15-0137

 2. William DSK. Effects of sleep deprivation on cognition. Prog Brain Res. (2010) 185:105–29. doi: 10.1016/B978-0-444-53702-7.00007-5

 3. Lu C, Shi Z, Dong LM, Lv JW, Xu P, Li YH, et al. Exploring the effect of ginsenoside Rh1 in a sleep deprivation-induced mouse memory impairment model. Phytother Res. (2017) 31:763–70. doi: 10.1002/ptr.5797

 4. Huang J, Huang NQ, Zhang MH, Nie J, Xu YY, Wu Q, et al. Dendrobium alkaloids decrease Aβ by regulating α- and β-secretases in hippocampal neurons of SD rats. PeerJ. (2019) 6:e7627. doi: 10.7717/peerj.7627

 5. Ma C, Meng CW, Zhou QM, Peng C, Liu F, Zhang JW, et al. New sesquiterpenoids from the stems of Dendrobium nobile and their neuroprotective activities. Fitoterapia. (2019) 138:104351. doi: 10.1016/j.fitote.2019.104351

 6. Zheng XK, Cao XW, Feng WS, Kuang HX. Current status in studies of Dendrobium nobile Lindl. Chinese N Drugs J. (2005) 7:4.

 7. Chen JW, Ma H, Huang XN, Gong QH, Wu Q, Shi JS. Improvement of Dendrobium nobile Lindl. alkaloids on cognitive deficit in rats induced by lipopolysaccharides. Chin J Pharmacol Toxicol. (2008) 22:6. doi: 10.3867/j.issn.1000-3002.2008.06.002

 8. Li SY, Zhou JX, Xu SF, Li J, Liu J, Lu YF, et al. Induction of Nrf2 pathway by Dendrobium nobile Lindl. alkaloids protects against carbon tetrachloride induced acute liver injury. Biomed Pharmacother. (2019) 117:109073. doi: 10.1016/j.biopha.2019.109073

 9. Bang YH. ChemInform abstract: phenanthrenes from Dendrobium nobile and their inhibition of the LPS-Induced production of nitric oxide in macrophage RAW 264.7 cells. ChemInform. (2010) 41. doi: 10.1002/chin.201045217

 10. Nie J, Tian Y, Zhang Y, Lu YL, Li LS, Shi JS. Dendrobium alkaloids prevent Aβ25−35-induced neuronal and synaptic loss via promoting neurotrophic factors expression in mice. PeerJ. (2016) 4:e2739. doi: 10.7717/peerj.2739

 11. Yang S, Gong QH, Wu Q, Li F, Lu YF, Shi JS. Alkaloids enriched extract from Dendrobium nobile Lindl. attenuates tau protein hyperphosphorylation and apoptosis induced by lipopolysaccharide in rat brain. Phytomedicine. (2014) 21:712–6. doi: 10.1016/j.phymed.2013.10.026

 12. Jiang N, Fan LX, Yang YJ, Liu XM, Lin HY, Gao L, et al. Antidepressant effects of the extract of Dendrobium nobile Lindl on chronic unpredictable mild stress-induced depressive mice. Sheng Li Xue Bao. (2017) 69:159–66. doi: 10.13294/j.aps.2017.0006

 13. Lu C, Lv JW, Jiang N, Wang HX, Huang H, et al. Protective effects of Genistein on the cognitive deficits induced by chronic sleep deprivation. Phytother Res. (2020) 34:846–58. doi: 10.1002/ptr.6567

 14. Feng L, Wu HW, Song GQ, Lu C, Li YH, Qu LN, et al. Chronical sleep interruption-induced cognitive decline assessed by a metabolomics method. Behav Brain Res. (2016) 302:60–8. doi: 10.1016/j.bbr.2015.12.039

 15. Li LS, Lu YL, Nie J, Xu YY, Zhang W, Yang WJ, et al. Dendrobium nobile Lindl alkaloid, a novel autophagy inducer, protects against axonal degeneration induced by Aβ25-35 in hippocampus neurons in vitro. CNS Neurosci Ther. (2017) 23:329–40. doi: 10.1111/cns.12678

 16. Zhao FK, Wu Q, Lu YF, Yang WJ, Yao XD, Zhang MS, et al. The extraction and the improvement of determination method for total alkaloids in Dendrobium nobile Lindl. Jo Zunyi Med Univer. (2015) 38:5. doi: 10.14169/j.cnki.zunyixuebao.2015.0127

 17. Antunes M, Biala G. The novel object recognition memory: neurobiology, test procedure, its modifications. Cogn Process. (2012) 13:93–110. doi: 10.1007/s10339-011-0430-z

 18. Denninger JK, Smith BM, Kirby ED. Novel object recognition and object location behavioral testing in mice on a budget. J Vis Exp. (2018) 141:10.3791/58593. doi: 10.3791/58593

 19. Lu C, Lv JW, Dong LM, Jiang N, Wang Y, Fan B. The protective effect of 20(S)-protopanaxadiol (PPD) against chronic sleep deprivation (CSD) - induced memory impairments in mice. Brain Res Bull. (2018) 137:249–56. doi: 10.1016/j.brainresbull.2017.12.012

 20. Wang Q, Sun LH, Jia W, Liu XM, Dang HX, Mai WL, et al. Comparison of ginsenosides Rg1 and Rb1 for their effects on improving scopolamine-induced learning and memory impairment in mice. Phytother Res PTR. (2010) 24:1748–54. doi: 10.1002/ptr.3130

 21. Wang Q, Zhang YL, Li YH, Chen SG, Gao JH, Chen YX, et al. The memory enhancement effect of Kai Xin San on cognitive deficit induced by simulated weightlessness in rats. J Ethnopharmacol. (2016) 187:9–16. doi: 10.1016/j.jep.2016.03.070

 22. Zhou BZ, Li MX, Cao XY, Zhang QL, Liu YT, Ma Q, et al. Phenylethanoid glycosides of Pedicularis muscicola Maxim ameliorate high altitude-induced memory impairment. Physiol Behav. (2016) 157:39–46. doi: 10.1016/j.physbeh.2016.01.037

 23. Heckman PRA, Roig Kuhn F, Meerlo P, Havekes R. A brief period of sleep deprivation negatively impacts the acquisition, consolidation, and retrieval of object-location memories. Neurobiol Learn Mem. (2020) 175:107326. doi: 10.1016/j.nlm.2020.107326

 24. Akbarabadi A, Niknamfar S, Vousooghi N, Sadat SMS, Toolee H, Zarrindast MR. Effect of rat parental morphine exposure on passive avoidance memory and morphine conditioned place preference in male offspring. Physiol Behav. (2017) 184:143–9. doi: 10.1016/j.physbeh.2017.11.024

 25. Morris R. Developments of a water-maze procedure for studying spatial learning in the rat. J Neurosci Methods. (1984) 11:47–60. doi: 10.1016/0165-0270(84)90007-4

 26. Li YF, Li F, Gong QH, Wu Q, Shi JS. Inhibitory effects of Dendrobium alkaloids on memory impairment induced by lipopolysaccharide in rats. Planta Med. (2011) 77:117–21. doi: 10.1055/s-0030-1250235

 27. Xie G, Huang X, Li H, Wang P, Huang P. Caffeine-related effects on cognitive performance: roles of apoptosis in rat hippocampus following sleep deprivation. Biochem Biophys Res Commun. (2020) 534:632–8. doi: 10.1016/j.bbrc.2020.11.029

 28. Zhang K, Lian NQ, Ding R, Guo CL, Dong X, Li YY. Sleep deprivation aggravates cognitive impairment by the alteration of hippocampal neuronal activity and the density of dendritic spine in isoflurane-exposed mice. Front Behav Neurosci. (2020) 14:589176. doi: 10.3389/fnbeh.2020.589176

 29. Paulus MP, Dulawa SC, Ralph RJ, Geyer MA. Behavioral organization is independent of locomotor activity in 129 and C57 mouse strain. Brain Res. (1999) 835:27–36. doi: 10.1016/S0006-8993(99)01137-3

 30. Fernandes SL, Patti CL, Zanin KA, Fernandes HA, Tufik S, Andersen ML, et al. Sleep deprivation impairs emotional memory retrieval in mice: influence of sex. Prog Neuropsychopharmacol Biol Psychiatry. (2012) 38:216–22. doi: 10.1016/j.pnpbp.2012.03.014

 31. Sutcliffe JS, Marshall KM, Neill JC. Influence of gender on working and spatial memory in the novel object recognition task in the rat. Behav Brain Res. (2006) 177:117–25. doi: 10.1016/j.bbr.2006.10.029

 32. Pitsikas N, Rigamonti AE, Cella SG, Muller EE. The non-NMDA receptor antagonist NBQX does not affect rats performance in the object recognition task. Pharmacol Res. (2002) 45:43–6. doi: 10.1006/phrs.2001.0898

 33. Antonio FB, Millón C, Gago B, Laura GD, Noelia CC, Coveñas R. Galanin (1-15)-fluoxetine interaction in the novel object recognition test. Involvement of 5-HT1A receptors in the prefrontal cortex of the rats. Neuropharmacology. (2019) 155:104–12. doi: 10.1016/j.neuropharm.2019.05.023

 34. Nikolaos P. The role of nitric oxide in the object recognition memory. Behav Brain Res. (2015) 285:200–7. doi: 10.1016/j.bbr.2014.06.008

 35. Ahmed A, Zeng GR, Jiang DJ, Lin HY, Azhar M, Ahsana DF, et al. Time-dependent impairments in learning and memory in Streptozotocin-induced hyperglycemic rats. Metab Brain Dis. (2019) 34:1431–46. doi: 10.1007/s11011-019-00448-7

 36. Mai WL, Wang Q, Liu XM, Li YH, Chen SG, Wang LW, et al. Significant Parameters in evaluation of spacetaneous activity in mice. Acta Lab Anim Sci Sinica. (2008) 3:172–5

 37. Kwon KJ, Lee EJ, Kim MK, Jeon SJ, Choi YY, Shin CY, et al. The potential role of melatonin on sleep deprivation-induced cognitive impairments: implication of FMRP on cognitive function. Neuroscience. (2015) 301:403–14. doi: 10.1016/j.neuroscience.2015.05.079

 38. Zhang YL, Wang Q, Chen HL, Liu XM, Lv K, Wang TM, et al. Involvement of cholinergic dysfunction and oxidative damage in the effects of simulated weightlessness on learning and memory in rats. Biomed Res Int. (2018) 2018:2547532. doi: 10.1155/2018/2547532

 39. Miyazaki S, Uchida S, Mukai J, Nishihara K. Clonidine effects on all-night human sleep: Opposite action of low- and medium-dose clonidine on human NREM–REM sleep proportion. Psychiatry Clin Neurosci. (2004) 58:138–44. doi: 10.1111/j.1440-1819.2003.01207.x

 40. Colavito V, Fabene PF, Grassi ZG, Pifferi F, Lamberty Y, Bentivoglio M, et al. Experimental sleep deprivation as a tool to test memory deficits in rodents. Front Syst Neurosci. (2013) 7:106. doi: 10.3389/fnsys.2013.00106

 41. Zhu L, Zhang R, Li TL. Effects of Acanthopanax on learning and memory and monoamine neurotransmitters in hippocampus of sleep deprived rats. Chin J Traditional Med Formulae. (2012) 18:4. doi: 10.1016/J.BRAINRESBULL.2021.06.013

 42. Silva RH, Abílio VC, Takatsu AL, Kameda SR, Grassl C, Chehin AB, et al. Role of hippocampal oxidative stress in memory deficits induced by sleep deprivation in mice. Neuropharmacology. (2004) 46:895–903. doi: 10.1016/j.neuropharm.2003.11.032

 43. Ennaceur A, Delacour J. A new one-trial test for neurobiological studies of memory in rats. 1: behavioral data. Behav Brain Res. (1988) 31:47–59. doi: 10.1016/0166-4328(88)90157-X

 44. Farajdokht F, Vatandoust SM, Hosseini L, Fekri K, Rahigh Aghsan S, Majdi A, et al. Sericin protects against acute sleep deprivation-induced memory impairment via enhancement of hippocampal synaptic protein levels and inhibition of oxidative stress and neuroinflammation in mice. Brain Res Bull. (2021) 174:203–11. doi: 10.1016/j.brainresbull.2021.06.013

 45. Alzoubi KH, Khabour OF, Rashid BA, Damaj IM, Salah HA. The neuroprotective effect of vitamin E on chronic sleep deprivation-induced memory impairment: the role of oxidative stress. Behav Brain Res. (2012) 226:205–10. doi: 10.1016/j.bbr.2011.09.017

 46. Villafuerte G, Miguel PA, Rodríguez EM, Machado S, Manjarrez E, Arias CO. Sleep deprivation and oxidative stress in animal models: a systematic review. Oxid Med Cell Longev. (2015) 2015:234952. doi: 10.1155/2015/234952

Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher's Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Jiang, Li, Wang, Huang, Chen, Li, Qu, Wang, Liu and Wang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.





[image: image]


OPS/images/fpsyt-12-596017/fpsyt-12-596017-t001.jpg
Number

nNo=

Peak area

2805.415137
100197.7715

144967.1248
22285.69431
11267.58756
14866.99716
686.8800255
33576.83579
258.3121648
75152.12667
87059.25145

108334.4156
23850.5398
21912.22788

Compound

Ficusal-4-O-p- d
~glucopyranoside

dendroside G
dendrobin A
dendronobiloside A
dendronobiloside C
Citrusin C

Trans-methyl cinnamate-2-
O-beta-D-glucoside

Zhepiresinol

Molecular
formula

C24H28011

C21H34010
C16H1804
C27H48012
C27H44012

C16H2207
C16H2008

C14H1606





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g006.gif
2

—

© Sorum st

g .

H

H

Sorum LH (pgim)
s

Sorum com o

i

Sham Vabicle €2 250¥p _sve Sham Venicle_E2 287 _sJve
s OVXSCUMS.

e

5o
8o

2

somAcTH o

mzmm

Sorum FSH (ngim)
|_q,.






OPS/images/fpsyt-11-579995/fpsyt-11-579995-g007.gif
)

GABA (ugle)

chBA gl ©
2 s

h

=

o
‘Sham Vehicle E2 250vP_54vP

P —





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g008.gif
* Hippocampus ® Prefrontal cortex

GAPDH [ s s e s

o
w £ L
“ 3
|i| g"_l_l .,
o
© 2o sve St vanile_7_z5ve Sive

pr—rr—ry pr——





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g002.gif
2
iH 2
H/!
kg2 7
H H
Yot wompEmetey

Apoq 10N

0 sniown Jo oney

‘Sham Venicle_E:_280vP_50vp
g





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g003.gif
) ouoz fenuoo
ey

ooz jeuod
o Anua Jo #

b

2+ 2H

L .
z 5
& H g H
¥ GBsuuwdo  © (geumeudo
R S T T
| 2
B B
A

Sham Yehicle_E2 2500 _sivp

ey

Shom venicie

SORS





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g004.gif
st

o FST

M

i

Sham Vehiclo E_250vp_SIYP
GVIROUMS






OPS/images/fpsyt-11-579995/fpsyt-11-579995-g005.gif





OPS/images/fphar.2020.579052/fphar-11-579052-g003.jpg
Zeaxanthin
OH

X X

HO

Pricrocrocin Crocetin Dialdehyde

HO
HO
B-glucosidase Aldehyde Oxydoreductase
+H20
A | H orOH
Crocetin
Hydroxy-safranal OH
Glucose B
N R R o
CH,OH o}
HO o}
HO OH
OH
UDPG glucosyltransferases
+H*
Crocin
\l
OR,
Hy0 Safranal R40 S N s e &






OPS/images/fpsyt-11-579995/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g001.gif
Oy [ A7 To [ ame 1528 EX D 138 £l

sl

enconicumprecictbl | oo | TST scqustion | probe it
scaintion | o0 maasrss (CUMS) B A o st ey

drog reatmant sacribcad






OPS/xhtml/Nav.xhtml




Contents





		Cover



		NATURAL PRODUCTS AS SOURCES OF INNOVATIVE APPROACHES IN PSYCHIATRY



		Editorial: Natural products as sources of innovative approaches in psychiatry



		Author contributions



		Conflict of interest



		Publisher's note



		References









		Ocimum basilicum (Basil) Modulates Apoptosis and Neurogenesis in Olfactory Pulp of Mice Exposed to Chronic Unpredictable Mild Stress



		Background



		Objectives



		Materials and Methods



		Results



		Conclusion



		Introduction 



		Material and Study Design



		Chemicals



		Experimental Design



		Behavioral Assessment



		Biochemical Assessment of Serum Corticosterone Level



		Animal Dissection for Histological Study and Assessment of GFAP, Ki 67, and Caspase-3 Gene Expression Using Real-Time PCR









		Histopathological Assessment



		Statistical Analysis









		Results



		Behavioral Results



		Biochemical Results



		Serum Corticosterone Level



		Gene Expression of GFAP, Caspase-3, Ki 67









		Histopathological Results



		Immunoexpression of Caspase-3, Ki 67, and GFAP in the Main Olfactory Bulb









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Acknowledgments



		References









		Neuroprotective Potency of Saffron Against Neuropsychiatric Diseases, Neurodegenerative Diseases, and Other Brain Disorders: From Bench to Bedside



		Introduction



		Constituents of Saffron



		Crocin



		Picrocrocin



		Safranal









		Pharmacokinetics and Safety Evaluation



		Pharmacological Actions and Potential Therapeutic Uses of Saffron



		Pharmacological Effects of Saffron on the Central Nervous System (CNS) and Psychological Disorders



		Depression and Anxiety



		Depression



		Preclinical Studies



		Clinical Studies









		Anxiety



		Preclinical Studies



		Clinical Studies















		Alzheimer’s Disease and Parkinson’s Disease



		Alzheimer’s Disease



		Preclinical Studies



		Clinical Studies









		Parkinson’s Disease



		Preclinical Studies





















		Other Brain Disorders



		Post-Traumatic Stress Disorder (PTSD)



		Schizophrenia



		Epilepsy



		Stroke















		Conclusion



		Author Contributions



		Funding



		Abbreviations



		References









		Jie-Yu Pill, A Proprietary Herbal Medicine, Ameliorates Mood Disorder-Like Behavior and Cognitive Impairment in Estrogen-Deprived Mice Exposed to Chronic Unpredictable Mild Stress: Implication for a Potential Therapy of Menopause Syndrome



		Introduction



		Materials and Methods



		Animals and Experimental Time Course



		Ovariectomy (OVX) and CUMS



		Drug Preparation and Treatment



		Behavioral Tests



		Open-Field Test (OFT)



		Elevated Plus Maze (EPM)



		Sucrose Preference Test (SPT)



		Forced-Swimming Test (FST)



		Tail Suspension Test (TST)



		Morris Water Maze (MWM) Test









		Tissue Preparation and Measurement of Serum HPO- and HPA-Related Hormones



		Determination of Brain Regional GABA and Glutamate Levels



		Western Blot Analysis



		Statistical Analysis









		Results



		Effects of JYP and E2 on Body Weight and Uterine Weight



		Effects of JYP and E2 on Anxiety-Like Behavior



		Effects of JYP and E2 on Depression-Like Behavior



		Effects of JYP and E2 on Cognitive Performance



		Effects of JYP and E2 on HPO-and HPA-Related Hormones



		Effects of JYP and E2 on Brain Regional Contents of GABA and Glutamate



		Effects of JYP and E2 on Regional Brain NMDAR1



		Effects of JYP and E2 on Brain Regional and Uterine Neurotrophins



		Effects of JYP and E2 on Brain Regional and Uterine Estrogen Receptors









		Discussion



		Limitations



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Curcumin in Depression: Potential Mechanisms of Action and Current Evidence—A Narrative Review



		Introduction



		Curcumin and Neurotransmitters



		Curcumin and Monoamines



		Curcumin and Glutamate









		Depression, Inflammation, and Curcumin



		Curcumin and Immunoinflammatory Pathways



		Curcumin and Inflammasome Activation



		Curcumin and Kynurenine Pathway



		Curcumin and Intestine Hyperpermeability









		Depression, Metabolism, and Curcumin



		Curcumin and HPA Axis



		Depression, Insulin Sensitivity, and Curcumin









		Depression and Neuroplasticity, Curcumin, and Neuroprotection



		Oxidative Stress, Depression, and Curcumin



		Curcumin and the Endocannabinoid System



		Translation into Clinical Practice



		Conclusion and Perspectives



		Author Contributions



		Funding



		References









		The Antidepressant-Like Effects of Shen Yuan in a Chronic Unpredictable Mild Stress Rat Model



		Introduction



		Materials and Methods



		Chemicals and Reagents



		SY Preparation



		Animals and Treatments



		Chronic Unpredictable Mild Stress Model



		Behavioral Tests



		Open Field Test (OFT)



		Sucrose Preference Test (SPT)



		Tail Suspension Test



		Forced Swimming Test









		Biochemical Analysis



		Blood Sampling and Tissue Extraction



		Measurement of the Neurotransmitter Levels in the Hippocampus



		Determination of Serum Corticosterone, Pro-inflammatory Cytokines, and Oxidative Stress Levels



		Western Blot









		Data and Statistical Analyses









		Results



		Effects of SY on Depression-Like Symptoms in the CUMS Rat Model



		Effects of SY on the Levels of Oxidative Stress Markers



		Effects of SY on Serum Oxidative Stress Biomarkers and Pro-Inflammatory Levels



		Effects of SY on PI3K/Akt/mTOR-Mediated BDNF/TrkB Pathway-Related Protein Expression









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		From an Alternative Medicine to a New Treatment for Refractory Epilepsies: Can Cannabidiol Follow the Same Path to Treat Neuropsychiatric Disorders?



		Introduction



		“From an Alternative Medicine:” First Evidence and Carlini's Group Contribution



		“To A New Treatment for Refractory Epilepsies:” Clinical Confirmation and The Role of Anecdotal Reports



		The Possibility of The Entourage Effect: What Is Known About?



		If Cannabidiol Works, How Does it Work?



		Can The Success of Cannabidiol In The Treatment of Epilepsy Predict The Same Path for The Treatment of Neuropsychiatric Disorders?



		Depression



		Anxiety



		PTSD



		Addiction



		NDDs



		ASD









		Conclusion and Future Perspectives



		Author Contributions



		Acknowledgments



		Abbreviations



		References









		Bulleyaconitine A Inhibits Morphine-Induced Withdrawal Symptoms, Conditioned Place Preference, and Locomotor Sensitization Via Microglial Dynorphin A Expression



		Introduction



		Materials and Methods



		Drugs and Reagents



		Experimental Animals



		Induction of Morphine-Induced Withdrawal Symptoms in Mice



		Conditioned Place Preference Apparatus and Paradigm



		Morphine-Induced Locomotor Sensitization



		Intracerebroventricular Catheterization and Injection in Mice



		RNA Isolation and Real-Time Quantitative Polymerase Chain Reaction



		Measurement of Dynorphin A



		Immunofluorescence Staining



		Statistical analysis









		Results



		Bulleyaconitine A Attenuates Naloxone-Induced Withdrawal Symptoms in Morphine-Treated Mice



		Bulleyaconitine A Attenuates Morphine-Induced Conditioned Place Preference Acquisition and Expression



		Bulleyaconitine A Suppresses Morphine-Induced Locomotor Sensitization Development



		Bulleyaconitine A Specifically Stimulates Microglial Dynorphin A Expression in NAc and Hippocampus in Morphine-Multi-Daily Treated Mice



		Microglial dynorphin a Expression Mediates Bulleyaconitine A-Inhibited Morphine Dependence



		Microglial Dynorphin A Expression Mediates Bulleyaconitine A-Inhibited Conditioned Place Preference Expression









		Discussion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Dammarane Sapogenins Improving Simulated Weightlessness-Induced Depressive-Like Behaviors and Cognitive Dysfunction in Rats



		Introduction



		Methods



		Drugs and Reagents



		Apparatus



		Animals



		Experimental Design and Treatment



		Hindlimb Suspension and Isolation Procedures



		The Open-Field Test



		The Novel Object Recognition Test



		The Forced Swimming Test



		The Morris Water Maze Test



		Escape Acquisition (Days 1–5)



		Probe Trial (Day 6)



		Working Memory (Days 7–10)



		Tissue Preparation



		Biochemical Assays



		Statistical Analysis









		Results



		Body Weight



		Effect of DS on the Open-Field Test in Simulated Microgravity Induced by HLSI in Rats



		Effect of DS on the Novel Object Recognition Test in Simulated Microgravity Induced by HLSI in Rats



		Effect of DS on the Forced Swimming Test in Simulated Microgravity Induced by HLSI in Rats



		Effect of DS on Spatial Learning and Memory in the MWM Test in Simulated Microgravity Induced by HLSI in Rats



		Effect of DS on Acetylcholine-Related Enzymes in Simulated Microgravity Induced by HLSI in Rats



		Effect of DS on SOD Activity in Simulated Microgravity Induced by HLSI in Rats









		Discussion



		Conclusions



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Acknowledgments



		Supplementary Material



		References









		Melatonin and Depression: A Translational Perspective From Animal Models to Clinical Studies



		Introduction



		Depression and Biological Rhythms



		What Do we Mean by Depression?



		Are Biological Rhythms Related to Depression?









		Melatonin: The Neuroendocrine Timing Signal



		Melatonin Production and Physiological Actions



		What Is the Pathway of Melatonin Production?



		How Is Melatonin Production Regulated?



		How Does Melatonin Exert Its Physiological Actions?









		Melatonin and Depression: Is There a Physiological Overlap?



		How Does Melatonin Relate to the Monoamine and Neurotrophic Hypotheses of Depression?



		Can Urinary 6-Sulfatoxymelatonin (aMT6S) Be a Treatment Biomarker?



		Do Exogenous Melatonin and Melatonin Agonists Have Therapeutic and/or Prophylactic Effects on Depression?









		Conclusion and Perspectives



		Author Contributions



		Funding



		References









		The Effect of Adjunctive Mangosteen Pericarp on Cognition in People With Schizophrenia: Secondary Analysis of a Randomized Controlled Trial



		Introduction



		Methods



		Eligibility Criteria



		Intervention



		Outcomes



		Statistical Methods









		Results



		Mangosteen Pericarp Extract Supplementation and Cognitive Outcomes









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		References









		Antidepressant-Like Effects of Chronic Guanosine in the Olfactory Bulbectomy Mouse Model



		Introduction



		Materials and Methods



		Animals



		Drugs



		Bilateral Olfactory Bulbectomy



		Treatment Schedule and Behavior



		Locomotor Activity



		Memory



		Novel Object Recognition Task



		Modified Novel Object Recognition Task



		Y-Maze Test















		Neurochemistry



		Sample Collection



		Redox Homeostase



		Reactive Oxygen Species



		Nitrite



		Glutathione









		Neuroinflammation









		Glutamate Neurotransmission



		Glutamate Uptake by Hippocampi Slices



		GLAST and GLT-1 Gene Expression









		Astrocyte Marker



		Brain Derived Neurotrophic Factor



		Protein Determination



		Glucose Metabolism Imaging Procedure



		Statistics









		Results



		Cohort 1



		Cohort 2



		Cohort 3









		Discussion



		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Supplementary Material



		References









		The Cognitive-Enhancing Effects of Dendrobium nobile Lindl Extract in Sleep Deprivation-Induced Amnesic Mice



		Introduction



		Materials and Methods



		Drugs



		Analysis



		Animals and Treatments



		The SD Mice Model



		Behavioral Tests



		Open-Field Test



		Novel Object Recognition Task



		Object Location Recognition Task



		Morris Water Maze Test



		Escape Acquisition



		Probe Trial















		Biochemical Analysis



		Brain Tissue Extraction



		Measurement of Neurotransmitter Levels in the Hippocampus



		Detection of Brain T-SOD, CAT Activities, and MDA Levels









		Data and Statistical Analyses









		Results



		Effects of DNL in the Open-Field Test



		Effects of DNL in the NOR Task



		Effects of DNL in the OLR Task



		Effects of DNL in the MWM Test



		Effects of DNL on 5-HT and NE in the Hippocampus



		Effects of DNL on Oxidative Stress Markers in Hippocampus and Cerebral Cortex









		Discussion



		Sleep Deprivation Could Induce Cognitive Impairments



		DNL Has No Sensorimotor Effect in the Open-Field Test in the SD Mice



		DNL Could Ameliorate Short-Term Memory in the ORT in the SD Mice



		DNL Could Ameliorate Long-Term and Spatial Memory in the Morris Water Maze in the SD Mice



		DNL Could Modulate Memory Deficit via 5-HT and NE in the Hippocampus of SD Mice



		DNL Could Repair Oxidative Damage in the Hippocampus and Cortex of SD Mice









		Conclusion



		Data Availability Statement



		Ethics Statement



		Author Contributions



		Funding



		Abbreviations



		References























OPS/images/fpsyt.2020.569711/fpsyt-11-569711-g002.jpg
>

GFAP/P-actin mRNA ratio

Caspase-3 mRNA level (%)

°

Ki 67mRNA level (%)

888888

o

35

25

15

o0s

25

15

GFAP gene expression in the MOB

Control CUMSHF CUMS + O, Besiicum

Cupu!-! gene expression In the MOB

nﬁ

Ki 67 gene expression inthe MOB

iﬁi

cums 0.
Basiicum

CumssFiu

cums +0.
o





OPS/images/fpsyt-12-701408/fpsyt-12-701408-g001.gif
il i






OPS/images/fpsyt.2020.569711/fpsyt-11-569711-g003.jpg





OPS/images/fpsyt-12-701408/fpsyt-12-701408-g002.gif





OPS/images/fpsyt.2020.569711/crossmark.jpg
©

2

i

|





OPS/images/fpsyt.2020.569711/fpsyt-11-569711-g001.jpg
Wk b S -

b

of cosed 3 enteres of






OPS/images/fphar.2020.579052/fphar-11-579052-g001.jpg
Anti-depression Anti-Alzheimer
Antianxiety Anti-Parkinson

Crocetin

. ] Anti-ischemic
Antipsychotic Anticonvulsant

HsC, ,CH;
Qre
CH;

Safranal

Other therapeutic effects
(anticancer, antidiabetic)





OPS/images/fpsyt-12-626486/fpsyt-12-626486-t001.jpg
Total Placebo Intervention

Gender %male (%) 80(70) 39(72.2) 41(672)
Age M(SD)  89(11.77) 89.06(12.35) 39.05(11.36)
Country of Birth (%) 94 (82) 44815) 50 (82)
(Australian Born)

Aboriginal/Torres n (%) 3(26) 3(6.6) 0
Strait Islander

Schizophrenia n@)  96(835) 44815) 52(85.2)
Schizoaffective nE)  19(165) 10(18.5) 9(14.8)
disorder

Age of diagnosis M(SD)  25@11)  2593(7.62) 24.48(8.59)
PANSS total M(SD)  73(14004) 69.13(128) 76.52 (14.21)
MADRS M(SD) 1102  994(7.98  123(979)

MADRS, Montgomery-Asberg Depression Rating Scale; PANSS, Positive and Negative
Syndrome Scale.





OPS/images/fphar.2020.579052/fphar-11-579052-g002.jpg
OR,
R10 ™ D™ ™™

Crocin I R4=Ry=B-D-gentobiosyl-

Crocin II R4y=B-D-glucosyl-, R,=B-D-gentobiosyl-
Crocin [II R4= Ry=B-D-glucosyl-

Crocin [V R4=B-D-gentobiosyl-, R,=H

N Y SFaN

COOH
HOOC N TRy

Crocetin

HO

Picrocrocin

Safranal





OPS/images/fpsyt-12-626486/fpsyt-12-626486-t002.jpg
Placebo Intervention

Baseline Follow up Baseline Followup  Between-group change (95% Cl) Cohens D

—0.13(-052,0.27)  0.01(-0.22,0.24)

—-0.009 (-0.37, 0.35)

001(-024,027)

—-0.12 (-0.65, 0.42)

0.0004 (-0.23,0.23)  0.02(-0.26,0.29) -0.02(-0.27,0.23)

~0.02 (~0.25, 0.21) ~0.05 (~0.38, 0.28)

-0.04(-03,022) -0.0003 (-0.23,028) 0.02(~0.32,037) 0.003 (~0.25, 0.25) ~0.06 (~0.49, 0.37) 005
004(-034,043)  0.0003(-022,022)  0.3(-087,097) 0002 (~0.25,0.26) -0.25 (~1.15,0.64)

Speed of performance  0.0001 (~0.23,023)  0.0004 (<0.23,0.28)  —0.07 (<0.61,0.47) ~002 (~0.3, 0.25) 004 (~0.56,0.64) 003
Accuracy ~0.005 (~0.23,0.22) 0.00004 (~0.23,0.23) —0.06(~0.36,0.24) —0.04 (~0.29,0.21) 002 (-0.41, 0.44) 002
Speed of performance  —0.04 (~0.4,032)  0.0002 (~0.37,0.37)  ~0.04 (~0.81,0.78) —0.03 (~0.44, 0.37) -0.03 (-0.83,0.77) 011
Accuracy 004(-0.45,053)  00008(-04,04)  0.26(-052,1.03) —-003(-0.41,0.34) -0.25 (~1.32,081) 001

Speed of performance  ~0.15(-0.68,039)  0.01(-0.39,0.41)  0.03(-052,058  0.02(-037,0.41) ~0.17 (~0.87,0.54) 009






OPS/images/fpsyt.2020.569711/fpsyt-11-569711-g004.jpg
i
§I I|
I

=1 1 ~=—
Hall i'ﬂl,l






OPS/images/fpsyt-12-626486/fpsyt-12-626486-t003.jpg
Baseline cognition Baseline PANSS Total PANSS positive PANSS negative Duration of illness MADRSS

Normal- Low Markedto  Mild to High Low High Low >13years  <13years High Low
High Severe  Moderate

-0.69 043 -0.12 0.24 -0.56 0.1 -0.38 -0.45 0.22 -0.41 02
(-1.51,0.13) (-4.01,4.87) (-067,0.42) (-0.29,0.77) (-1.6,0.49) (-0.46,0.68) (-1.31,0.66) (-1.36,0.46) (-0.4,0.84) (-1.3,048) (-0.42,0.81)

-0.08 0.59 -1.19 0.004 0.03 -0.14 -0.03 -0.09 -0.00 -0.02 -0.11 -0.02
39,0.24) (-0.45,1.63) (-4.23,1.85 (-0.28,0.29) (-0.46,0.52) (-0.59,0.31) (-0.53,048 (-0.49,031) (-0.57,039) (-043,04) (-0.57,035) (-0.46,0.42)

Speed of performance -0.19 0.62 —0.0005 0.07 -0.28 -0.04 -0.08 -0.31 0.23 -0.13 -0.01
(-0.6,0.23) (-0.74,1.77) (-0.41,041) (-0.55,07) (-0.8,024) (-06,052) (-0.71,055) (-0.86,0.24) (-0.39,0.86) (-0.8,0.53) (-0.56,0.54)
Accuracy -0.57 -0.00 -0.07 -0.38 -0.1 -0.82 0.46 -0.15 -0.35 —0.44 -0.06

(-8.35,22) (-0.95,0.77) (-0.92,0.78) (-2.03,1.28) (-1.15,0.95) (-1.99,0.34) (-1.31,222) (-1.06,0.77) (-1.76,1.05) (-2.63,1.65) (—1.46, 1.33)

Speed of performance -0.02 0.13 —0.44 0.09 -0.03 0.08 -0.1 0.22 02 -0.16 -0.26 0.36
(-0.99,095) (-0.88,1.13) (-3.01,2.13) (-05,0.67) (-0.95,0.88) (-0.53,069) (-1.11,091) (042,085 (-0.68,1.09) (-099,60.68 (-0.91,039 (-0.57,1.29)
Accuracy -0.45 0.06 -0.656 0.06 0.04 0.03 0.07 -0.05 0.65 -0.49 -0.13 0.18

(-1.77,0.88) (-0.34,0.46) (-2.39,1.09) (-0.38,0.49) (-0.59,0.67) (-0.55,06) (-0.57,0.71) (-0.55,046) (-0.07,1.17) (-1.13,0.15 (-0.6,0.35) (-0.51,0.88)

Speed of performance -0.02 0.13 —-1.41 0.06 0.04 -0.18 -0.14 0.08 -0.13 0.09 -0.39 0.34
(-0.99,096) (-0.88,1.13) (-6.54,3.72) (-0.67,0.79) (-1.05,1.14) (-1.14,0.77) (-1.46,1.18) (-0.83,098) (-1.2,095) (-1.02,1.2) (-1.35,0.56) (-0.86, 1.55)
Accuracy —1.41 031 —4.74 -0.03 -0.4 —0.07 -0.79 0.12 0.39 -0.95 -0.6 0.12

(-3.78,096) (-0.7,1.31) (-11.9,2.41) (-1.06,1.01) (-2.27,1.48) (-1.41,126) (-2.17,06) (~1.44,1.67) (-0.83,1.61) (-2.56,0.67) (-2.85,1.65) (—1.44,1.67)

PSYCHOMOT CoMI E
Speed of performance -0.23 0.1 —0.63 -0.13 03 —0.65 0.12 —0.51 —0.53 0.19 -053 0.17
(-0.99,063) (-124,1.44) (-7.16,69) (-082,056) (-05,1.1) (-1.89,058) (-0.7,094) (-1.65,064) (-1.67,06) (-0.651.04 (-1.62,0.56) (-0.72,1.07)

Data presented as between-group change (95% CJ).





OPS/images/fphar.2020.579052/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-12-701408/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-12-638981/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-12-638981/fpsyt-12-638981-g001.gif





OPS/images/fpsyt-12-638981/fpsyt-12-638981-g002.gif
ﬂ&\m&

i






OPS/images/fpsyt-12-626486/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-13-929139/crossmark.jpg
(®) Check for updates





OPS/images/fpsyt-12-596017/fpsyt-12-596017-g008.gif
con
0

‘SD+Donapozi g
SOHDNL 100m9%)
SOADNL 200m0%)
SOADNL 400m0%)

T-800 (Uimgprot)
38582

o= con
. o 5o
g s s = SDDoneperiinghg
@ SDIONL 10amgrig
@ SO.ONL 200maliy
S SDAONL 400mofig

= con
o so

S5 5+Donepezt imgio
T SOONL 100mon
@z S0W0NL 200mons
& SOONL s00mang






OPS/images/fpsyt-12-596017/fpsyt-12-596017-g004.gif
5 $0+0onspert mat

3 SDiON 100matg
&2 SDION 200m330

-l
= s
&5 SDI0M doomarg

il

=






OPS/images/fpsyt-12-596017/fpsyt-12-596017-g005.gif
3

Divoriminetion index %

He

a0E08E

oon

©
SDDoncpesi imona
SOUONL Tiraia
SDIONL z00mpta
SOONL scompia





OPS/images/fpsyt-12-596017/fpsyt-12-596017-g006.gif





OPS/images/fpsyt-12-596017/fpsyt-12-596017-g007.gif





OPS/images/fpsyt-12-596017/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-12-596017/fpsyt-12-596017-g001.gif





OPS/images/fpsyt-12-596017/fpsyt-12-596017-g002.gif





OPS/images/fpsyt-12-596017/fpsyt-12-596017-g003.gif





OPS/images/fpsyt-12-701408/fpsyt-12-701408-g003.gif





OPS/images/fpsyt-12-638328/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g001.gif





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g002.gif





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g003.gif





OPS/images/fphar-12-620926/fphar-12-620926-g006.gif





OPS/images/fphar-12-620926/fphar-12-620926-g007.gif





OPS/images/fphar-12-620926/fphar-12-620926-g008.gif





OPS/images/fphar-12-620926/fphar-12-620926-g009.gif





OPS/images/fphar-12-620926/fphar-12-620926-g004.gif
s (I g g < ke 10 GLES )
BN G0 s - Suine (10 L. o)

= g 10 meg . ad S (10 )
b 10 mEAg iy 40+ BAA 000 ks )

A s

Ditan Traveld cm)

TE I e
Tt ey





OPS/images/fphar-12-620926/fphar-12-620926-g005.gif





OPS/images/back-cover.jpg
Advantages
of publishing
in Frontiers






OPS/images/fpsyt-12-638328/fpsyt-12-638328-g011.gif





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g012.gif





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g013.gif
Qo
axs

@ ey
Qs
[Epetaad






OPS/images/fpsyt-12-638328/fpsyt-12-638328-g007.gif
.......





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g008.gif





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g009.gif
pareesiian






OPS/images/fpsyt-12-638328/fpsyt-12-638328-g010.gif
]

i i
B asks
==========

[ -
{ [
I
H +— (I}
L H
Ko SR ror. eI
Mw it
B i
=====
C
,,,,,,,,,






OPS/images/fpsyt-12-638328/fpsyt-12-638328-g004.gif
=====
=====






OPS/images/fpsyt-12-638328/fpsyt-12-638328-g005.gif





OPS/images/fpsyt-12-638328/fpsyt-12-638328-g006.gif
S s
SEE





OPS/images/fpsyt-12-622204/fpsyt-12-622204-g002.gif
Grouping.

Daily admintessd of S or Fluosstne
Adsptation ntragaricaly

UM procadore str
bay1 7 a8 ERIERY

|

oFT

Sacrtic
-





OPS/images/fpsyt-12-622204/fpsyt-12-622204-g003.gif
cuus

H
H

H

§

2588

Distance (cm).
§
Sucrose preference (%)

Comvorhdel T 675135 _210(mphe) Comvothioael 15675135 _2mo(my)

ouns cuvs

-

H

3

immobilty time (s)
g

Commottioas 135 _amo (g Convollicael 15 675_135 210 my)






OPS/images/fpsyt-11-572533/fpsyt-11-572533-g001.gif
Redoced givtamore:
concentiotions and

reloed excrotorcty

Petoseonhe) Increosed nevtrophin
mpiorsd moosamasroe production ond
orimion revrogenesis

Dompened glucocortiod

resistonco ond HPA axs
npercctivotion

Restored kynurerine. I -
pothay metabltes ratio improved insulinsensitity
Improved Oecreosed inestinol
endoconnabinoid signaing et

Improved
oxdatve/nirosotive

svass ond mitochondriol
funcion






OPS/images/fpsyt-11-572533/fpsyt-11-572533-g002.gif





OPS/images/fpsyt-12-622204/crossmark.jpg
©

2

i

|





OPS/images/fpsyt-12-622204/fpsyt-12-622204-g001.gif





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g009.gif





OPS/images/fpsyt-11-579995/fpsyt-11-579995-g010.gif





OPS/images/fpsyt-11-579995/fpsyt-11-579995-t001.jpg
Material name (in Chinese) %
Paconiae Radix Alba (Bai-Shao) 16.395
Bupleuri Radix (Chal-Hu) 12.298
Angelicae Sinensis Radix (Dang-Gu) ~ 8.195
Curcumae Radi (Yu-Jin) 8195
Poria (Fu-Ling) 9.835
Liy bulb (Bai-He) 9835
Silktree Albizia Bark (He-Huan-Pi) 9.835
Wheat (Xiao-Ma)) 12.208
Licorice (Gao-Cao) 4919
Chinese Date (Da-Zac) 8195

Major bioactive constituents

Paconiflorin
Salkosaponins A

Ferulic Acid

Essential oils, curcuminoids
Polysaccharides
Polysaccharides

Albitocin

Liquiritin and glyeyrrhizic acid
Ziziphussaponins, jujuboside B

4The detailed information can be seen at: https://patentimages.storage.googleapis.com/

68/b2/47/ed12071332697/CN1404864A.pd.
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Neuropsychiatry Disorders

Depression

Anxiety

Post-traumatic stress disorder (PTSD)

Addiction

Neurodegenerative diseases (NDDs)

Autism spectrum disorder (ASD)

Briefly, What Is Known About The Use of Cannabidiol in This Condition*

Several studies, preciinical and clinical, suggest that the eCB system's blockade induces
depressive-lie responses, while the potentiation of this system produces an antidepressant
action. Therefore, it is suggested that substances that directly activate cannabinoid receptors
or promote the increase of their endogenous ligands, such as CBD, may represent good
therapeutic alternatives for the treatment of depression.

For the treatment of anxiety, CBD is the most promising alterative from the plant, given THC's
anxiogenc effects. Another alterative is the potentiation of the éCB system by inhibiting the
degradation and reuptake of anandamide. Both preclinical and ciincal studies have pointed to
the possibilty that cannabinoids can be used as anxiolytics.

The €GB system plays a fundamental role in the extinction of aversive memories; therefore, its
enhancement facilitates this process. Aditionaly, this system's enhancement can still block
the retrieval and reconsolidation processes of this type of memory. In all possibilies, the result
seems o be the improvement of symptoms related to PTSD, both in preclinical and clinical
studies. In this sense, CBD stands out as an up-and-coming alternative.

Although it seems paradoxical, cannabinoids act by causing a breakdown in hedonic or
reinforcing memories related to drugs and can be an alternative i treating addiction/relapse.
Pre-clinical studies have shown CBD's effects in reducing drug-seeking behavior in models
involving morphine, cocaine, and alcohol, Studies show that cannabis use can lead to reduced
consumption and improved quality of life in crack-dependent individuals from a clinical
perspective.

Both the enhancement of the éCB system and phytocannabinoids have effects in reducing
oxidative stress and neuroinflammation, conditions present in NDDs. In vitro, in vivo, and
clinical studies suggest a neuroprotective action of CBD, making this phytocannabinoids a
therapeutic possibilty for treating diseases such as Parkinson's and Alzheimer's.

Although the etiopathogenesis of ASD is unknown, evidence points to an imbalance of the eCB
system and the presence of a neuroinflammatory process. From this perspective,
phytocannabinoids, especially CBD, appear with good preclinical and clinical evidence to
improve symptoms in ASD, possibly through reestablishment of the eCB system and already
confirmed anti-neuroinflammatory activities.

For a More Detailed
Review, See:

(7,91,98, 96)

(87,122,127, 128)

(8, 141-145)

(10, 149, 153)

(154157, 161)

(86,163, 164,166, 174)

“Important Clinical studies regarding Cannabidiol as a treatment for these neuropsychiatric disorders are still very preliminary or even non-existent. However, the evidence found is
promising and suggests that investing in larger-scale placebo-controlled clinical studies is necessary and worthwhile.
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Carlini’s contribution to cannabidiol research in the treatment of epilepsy
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