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Abstract

:

Eriobotrya japonica (loquat tree) has been used in traditional medicine to treat respiratory ailments, inflammation, and skin diseases; however, its potential antidepressant-like effects have not been extensively investigated. In this study, we evaluated the antidepressant-like effects of E. japonica fruit extract (EJFE) in a mouse model of corticosterone (CORT)-induced depression. An HPLC analysis revealed that chlorogenic acid (CGA) is the major compound in EJFE. Male ICR mice (5weeks-old) were injected with CORT (40 mg/kg, intraperitoneally) once daily for 21 days to induce depressive-like behaviors. Various behavioral tests, including the open field test, rotarod test, elevated plus maze (EPM), passive avoidance test (PAT), tail suspension test (TST), and forced swim test (FST), were conducted 1 h after the oral administration of EJFE at different doses (30, 100, and 300 mg/kg) and CGA (30 mg/kg). High-dose EJFE and CGA significantly alleviated CORT-induced depressive-like behaviors, as indicated by the reduced immobility times in the TST and FST. A decrease in the step-through latency time in the PAT, without an effect on locomotor activity, suggested an improvement in cognitive function. Moreover, EJFE- and CGA-treated mice exhibited significantly reduced anxiety-like behaviors in the EPM. Our results imply the promising potential of EJFE containing CGA as a therapeutic candidate for depression.
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1. Introduction


The prevalence of depression on a global scale surpasses 300 million individuals, thus representing a significant concern for public health [1]. The efficacy of currently available first-line antidepressants may be limited, and they can also give rise to unfavorable side effects [2] Alternative therapeutic approaches, such as the use of herbs like Hypericum perforatum (St. John’s Wort) [3] or increased consumption of antioxidant-rich fruits and vegetables, have gained attention as potential treatments for depression [4]. The effectiveness of St. John’s wort and antidepressants in treating depressed patients was found to be similar according to Association for the Treatment of Depression (APA) guidelines [5]. Therefore, identification of novel antidepressants derived from natural sources, with high efficacy and minimal side effects, is pertinent.



Eriobotrya japonica, also known as the loquat tree, is a plant species native to southeastern China and is cultivated worldwide for its edible fruit [6]. E. japonica fruit is a rich source of dietary fiber, low in fat, and contains most of the essential minerals. The fruit is often processed into jams, jellies, and juices [7]. E. japonica has been used in traditional medicine to treat respiratory ailments, such as cough and bronchitis, inflammation, as well as skin diseases [8]. Various parts of E. japonica, including its leaves, fruits, seeds, and bark, have been investigated for their pharmacological effects [7]. Several studies have reported the antioxidant [9], anti-inflammatory [10], hypoglycemic [11], anti-obesity [12], and hepatoprotective [13] properties of E. japonica. Recently, the leaf extract of E. japonica was reported to exert neuroprotective effects on mice with β-amyloid-induced memory impairment by downregulating the Aβ1-42 peptide [14]. Moreover, polysaccharides derived from the leaf extract of E. japonica demonstrated protective effects in a mouse model of ischemic reperfusion, mediated through their antioxidant and anti-inflammatory properties [15]. These pharmacological effects are associated with the high polyphenol content of E. japonica, highlighting its potential as a therapeutic agent for neurologic diseases [16]. However, previous studies have not elucidated the antidepressant effects of E. japonica fruit extract (EJFE). In this study, we aimed to confirm the antidepressant effect of EJFE and its major compound, chlorogenic acid (CGA), in a mouse model of corticosterone (CORT)-induced depressive-like behavior [17]. The effect of EJFE and CGA on depressive behaviors in mice was assessed using various behavioral tests including the open-field test (OFT), rotarod test, elevated plus maze (EPM), passive avoidance test (PAT), tail suspension test (TST), and forced swim test (FST).




2. Results


2.1. Effect of EJFE and CGA in Tail Suspension Test (TST) and Forced Swim Test (FST)


Immobility observed during TST or FST is a representative behavioral indicator of a depressive-like phenotype in rodent models. In our study, CORT-injected mice demonstrated significantly increased immobility and decreased activity than the normal mice. However, IMI treatment significantly improved depressive-like symptoms in mice. The increased immobility caused by CORT treatment was significantly reduced by EJFE and CGA treatments (Figure 1A,C). Moreover, increased activity was observed in mice in the EJFE and CGA treatment groups (Figure 1B,D). These results indicate that EJFE and CGA treatments induced antidepressant-like effects in our mouse model of CORT-induced depression.




2.2. Effect of EJFE and CGA in Open Field Test (OFT)


We performed OFT to investigate the effect of EJFE and CGA on CORT-induced depressive-like behavior in mice. In previous studies, no differences in the locomotor activity were observed between CORT-injected and non-CORT-injected mice [18]. Based on the representative tracing results, the total distance traveled by mice in the vehicle-treated group was slightly lower than that of mice in the control group; moreover, a slight but statistically insignificant difference was observed in the center or corner retention rates (Figure 2A). Our findings revealed no significant differences among the groups for time spent in the center or peripheral area and the total distance traveled during OFT (Figure 2B–D).




2.3. Effect of EJFE and CGA in Rotarod Test


The rotarod test was conducted to investigate the effects of EJFE and CGA on motor coordination in mice with CORT-induced depression. As depicted in Figure 3, no difference in fall latency (s) was observed between the CORT-injected vehicle and normal mice. Similarly, the IMI-, CGA-, and EJFE-treated mice exhibited no significant changes in motor coordination.




2.4. Effect of EJFE and CGA in Elevated Plus Maze (EPM) Test


We conducted an EPM test, one of the most widely used methods for measuring anxiety-like behaviors in mice. In the EPM test, compared with the normal mice, those with stress-induced anxiety preferred movements in the closed arms and exhibited significantly fewer movements in the open arms [19]. Furthermore, CORT-injected vehicle mice spent significantly less time in the open arms and more time in the closed arms. Notably, mice in the CGA 30 mg/kg and EJFE treatment groups showed a significant improvement in CORT-induced anxiety-like behavior, particularly at a dose of 300 mg/kg (Figure 4B,C).




2.5. Effect of EJFE and CGA in Passive Avoidance Test (PAT)


To investigate the effect of EJFE on CORT-induced cognitive dysfunction, a depressive symptom, we conducted a PAT. Previous research has demonstrated that mice treated with IMI exhibit decreased step-through latency time, implying a reversal of CORT-induced depressive behavior in these mice, consistent with the findings of our study [20]. Additionally, we observed that EJFE and CGA treatments significantly alleviated CORT-induced memory loss, suggesting that EJFE and CGA may alleviate depressive-like behaviors, including memory deficits, in mice treated with CORT (Figure 5).





3. Discussion


To the best our knowledge, this is the first study to examine the antidepressant-like effects of EJFE on mice with CORT-induced depressive-like behaviors. EJFE-treated mice exhibited a reversal of depressive-like behaviors, as indicated by significantly decreased immobility times in the TST and FST. Further, EJFE improved cognitive function by reducing the step-through latency time in the PAT without affecting locomotor activity when compared to that of sham mice. EJFE-treated mice also showed a significant improvement in CORT-induced anxiety-like behavior in the EPM.



Despite an incomplete understanding of the complex pathogenesis of depression, hypothalamic–pituitary–adrenal (HPA) axis dysfunction is an established risk factor for stress-related disorders, including depression or anxiety [21]. The association between HPA axis dysfunction and depression is supported by the observation that numerous patients with depression exhibit cortisol hypersecretion [22] and an impaired negative feedback of the glucocorticoid system [23]. In vivo model studies have also demonstrated that HPA axis dysfunction is exacerbated by chronic stress and is controlled by antidepressant treatment [24,25]. Furthermore, excessive exposure to glucocorticoids through repeated high-dose injections of CORT has been implicated in the development of depressive-like behaviors [26]. Mice that were repeatedly injected with CORT, especially at a dose of 40 mg/kg, exhibit depressive-like behaviors, as evidenced by an increase in immobility time in the FST or TST, without an effect on locomotor activity [27,28,29]. It has been reported that the state of immobility in the FST or TST mimics depression phenotypes in humans and is improved with antidepressant drugs [30]. Similarly, we found that mice injected with 40 mg/kg CORT daily exhibited significantly increased immobility times in the TST and FST. Meanwhile, mice treated with EJFE showed significantly reduced immobility times and increased activity time in the TST and FST, without any changes in locomotor activity, especially at a dose of 300 mg/kg. These results suggest that EJFE exerts antidepressant-like effects in an animal model of CORT-induced depression.



Cognitive impairment is a core feature of depression, and its symptoms are common among depressed patients [31]. Cognitive impairment is also observed in mice with CORT-induced depression [20]. Lee et al. reported that the injection of excessive CORT results in a significant impairment of neuronal function characterized by memory and cognitive deficits [32]. Animal behavioral experiments are widely used in the study of cognitive impairment, and the PAT is a representative behavioral experiment for evaluating improvements in cognitive function [33]. As expected, we found that mice in the CORT-treated control group exhibited cognitive impairment, indicated by a decrease in step-through latency time in the PAT, as opposed to the significant increase in step-through latency time observed in EJFE-treated mice, thus suggesting an improvement in cognitive function.



Depression is highly comorbid with anxiety disorders [34], with both animal and human studies reporting the anxiolytic effects of antidepressants [35]. The EPM test is a widely used behavioral assay for rodents that has been validated for the assessment of anxiolytic pharmacological agents and the study of mechanisms underlying anxiety-related behavior [36]. Increased time spent in the open arms indicated a lower degree of anxiety in the animal [37]. Our EPM results indicate that repeated injections of CORT resulted in anxiety-like behavior in mice, with significantly less time spent in the open arms and more time in the closed arms. However, the group of mice treated with EJFE showed a significant improvement in CORT-induced anxiety-like behavior, particularly at a dose of 300 mg/kg. These results suggest that EJFE has anxiolytic effects on CORT-induced anxiety-like behaviors in mice.



Phenolic compounds are secondary metabolites that are widely found in fruits, with flavonoids and phenolic acids as the most prominent examples. Research on dietary fruit phytochemicals has largely focused on phenolic compounds, owing to their diverse activities [38]. Neochlorogenic acid, chlorogenic acid (CGA), caffeic acid, and ellagic acid have been identified in E. japonica fruits [39]. These compounds have been shown to possess high antioxidant capacities, exerting beneficial effects in a range of oxidative stress-related diseases, including depression [40]. Through HPLC analysis, we identified chlorogenic acid as a major component of EJFE.



CGA was reported to exhibit antidepressant-like effects in a stress hormone-induced depressive animal model through inhibition of monoamine oxidase B (MAOB) activity and reactive oxygen species (ROS) production [41]. It also exerted neuroprotective effects in a 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine (MPTP)-induced Parkinson’s disease model by inhibiting mitochondrial dysfunction-mediated neuronal apoptosis [42]. It is therefore plausible that CGA is the active compound responsible for EJFE’s antidepressant effects, and our animal behavior experiments are consistent with this hypothesis. This is supported by the significant improvement in depressive-like behavior observed in the CORT-induced depression mice model following CGA treatment. However, further research should be conducted to determine EJFE’s efficacy against depression and the roles of different active compounds present within, in addition to studies on the exact mechanism of action.




4. Materials and Methods


4.1. Sample Preparation


Dried E. japonica fruit was purchased from the Jecheon medicinal plant market (Jecheon, Republic of Korea) and subjected to extraction using ethanol (70%, v/v) for 6 h at 70 °C using a reflux device. Thereafter, the EJFE was lyophilized and stored in a refrigerator until further use in experiments. The freeze-dried yield of the extract was 23.48% (w/w). EJFE was injected (5 μL) and analyzed via HPLC (Agilent Technologies, CA, USA) with diode array detector (DAD, 320 nm) using a Waters XBridge C18 (4.6 × 150 mm, 3.5 µm) column. The mobile phase was performed by gradient elution using 0.1% formic acid (A) and acetic acid (B). The solvent (A) was decreased from 90% to 5% in 35 min; the flow rate was 1 mL/min. The concentration of chlorogenic acid (CGA) was 5.33 ± 0.08 (mean ± SD) mg/g (Figure 6).




4.2. Animals and Treatments


Male ICR mice (5-weeks-old, 21–25 g) were obtained from KOATECH Animal Inc. (Pyeongtaek, Republic of Korea) and housed in accordance with the guidelines of the Institutional Animal Care and Use Committee (IACUC) of the Korea Food Research Institute (KFRI-M-19016). The mice were maintained under a 12 h light–dark cycle in a temperature-controlled environment at 21 ± 2 °C. All mice underwent an adaptation period of at least 1 week before the experiment. Based on our previous report [20], depression-like behaviors were induced in the mice through repeated intraperitoneal (i.p.) injections of CORT (40 mg/kg) for three weeks. The mice were randomly classified into seven groups (n = 8 per group): (1) Normal (Control, Con), (2) CORT + vehicle (CORT + VEH), (3) CORT + imipramine 30 mg/kg (CORT+IMI), (4) CORT + chlorogenic acid 30 mg/kg (CORT + CGA30), (5) CORT + EJFE 30 mg/kg (CORT + EJFE30), (6) CORT + EJFE 100 mg/kg (CORT + EJFE100), and (7) CORT + EJFE 300 mg/kg (CORT+RMFE300). All samples were orally administered once daily, and CORT was administered 1 h after oral administration of the samples. The behavioral experiments were conducted 1 h after CORT injection, as per the experimental scheme (Figure 7). Mice in the Con group received the same volume of vehicle.




4.3. Open Field Test


The OFT is commonly used in studies on depression and anxiety-like behaviors in rodents [43]. The locomotor activity of the mice were measured in the open field maze for 5 min. The total moving distance (cm) and time rate of center and peripheral zones (%) were analyzed by SMART software (SMART v3.0, Panlab SL, Barcelona, Spain).




4.4. Rotarod Test


The Rotarod test was performed as previously described. Each mouse was placed on a rotarod (Ugo Basile, Varese, Italy) accelerating from 1 to 30 rpm, and the latency time before falling was measured for 300 s.




4.5. Elevated Plus Test


The EPM is one of the most widely used tests for measuring anxiety-like behaviors in mice [44]. Mice were placed in the central zone of the maze at a height of 50 cm and allowed to explore the maze freely. The mice were placed in the central sector and were allowed to freely explore the maze. Mice behaviors were recorded for 10 min and analyzed using SMART software (SMART v3.0, Panlab SL, Barcelona, Spain).




4.6. Passive Avoidance Test


The PAT was performed using the passive avoidance device (GEMINI, SD instruments, San Diego, CA, USA), as previously described [45]. Each mouse was placed in a bright safe zone and allowed to acclimate for 1 min, then allowed to enter the dark zone through an automatically opened middle door. When the mouse entered the dark area, an electric shock of 0.5 mA was applied for 3 s. The next day, the latency time from the safe zone to the dark zone was recorded using the same experimental method.




4.7. Tail Suspension Test


The TST is widely used to screen potential antidepressant agents [46]. Mice were suspended using adhesive tape on hooks that automatically measured mice movements. The immobility time of the mouse was automatically measured for a total of 6 min through the automated TST apparatus (BioSeb, Chaville, France).




4.8. Forced Swin Test


The FST is one of the most commonly used tests for studying depressive-like behaviors in rodents. The potential anti-depressant-like effects of EJFE was verified using the FST, which was performed as previously described [28]. The mice were placed in a cylinder of water at a depth of 10 cm (22–24 °C), and their free-moving behavior was video-recorded for 6 min. Immobility and accommodation times were analyzed for the last 4 min out of a total of 6 min using SMART version 3.0 software.




4.9. Statistical Analysis


Data are expressed as mean ± standard deviation, and statistical significance was analyzed using one-way analysis of variance (ANOVA) by Prism 8 (GraphPad Software v8.0, Inc., San Diego, CA, USA). Statistical significance was set at p < 0.05.





5. Conclusions


Our findings strongly indicate that EJFE containing CGA ameliorates stress hormone-induced depressive and anxiety-like behaviors, as indicated by the significantly decreased immobility times in the TST and FST, as well as the improved cognitive function with reduced step-through latency time in the PAT, without effects on locomotor activity. Therefore, EJFE may represent a promising candidate for the treatment of depression.
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Figure 1. Effect of EJFE and CGA on CORT-induced depressive mice during TST and FST. CORT-injected mice exhibited significantly increased immobility and decreased activity, including swimming, while mice treated with EJFE at doses of 300 mg/kg showed significant improvements, with decreased immobility (A,C) times (s) as well as increased activity (B) and swimming (D) times (s). Results are presented as mean ± SD (n = 8, per group). Differences among experimental groups were determined via analysis of variance (ANOVA). ### p < 0.001 versus the Con group; * p < 0.05 and ** p < 0.01 versus the CORT-injected VEH group. Con, normal; VEH, vehicle; CORT, corticosterone; IMI, imipramine; CGA, chlorogenic acid; EJFE, E. japonica fruit extract. 
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Figure 2. Effect of EJFE and CGA on CORT-induced depressive mice during OFT. A representative trace of locomotor activity during the 5-min observation period in OFT (A). Total distance (cm) traveled during OFT (B). The number of line crossings at the center of the field (C). The number of line crossings in the periphery of the field (D). No significant differences were observed among the groups in terms of locomotor activity. Results are presented as the mean ± SD (n = 8, per group). Differences among experimental groups were determined via analysis of variance (ANOVA). ns, not significant; Con, normal; VEH, vehicle; CORT, corticosterone; OFT, open-field test; EPM, elevated plus maze; PAT, passive avoidance test; TST, tail suspension test; FST, forced swim test; IMI, imipramine 30 mg/kg; CGA, chlorogenic acid 30 mg/kg; EJFE, E. japonica fruit extract. 
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Figure 3. Effect of EJFE and CGA on CORT-induced depressive behavior in mice in the rotarod test. No significant behavioral alternations with regard to motor coordination were observed among the treatment groups. Results are presented as mean ± SD (n = 8, per group). Differences among experimental groups were determined via analysis of variance (ANOVA). ns, not significant; Con, normal; VEH, vehicle; CORT, corticosterone; IMI, imipramine; CGA, chlorogenic acid; EJFE, E. japonica fruit extract. 
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Figure 4. Effect of EJFE on CORT-induced depressive mice in the EPM test. A representative trace of locomotor activity during the 5-min observation period in EPM (A). Mice in the EJFE treatment group showed a significant improvement in CORT-induced anxiety-like behavior, as indicated by the significantly more time spent in the open arms (B) and less time in the closed arms (C). Results are presented as mean ± SD (n = 8, per group). Differences among experimental groups were determined via analysis of variance (ANOVA). ## p < 0.01 versus the Con group; ** p < 0.01 and *** p < 0.001 versus the CORT-injected VEH group. Con, normal; VEH, vehicle; CORT, corticosterone; IMI, imipramine; CGA, chlorogenic acid; EJFE, E. japonica fruit extract. 
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Figure 5. Effect of EJFE on CORT-induced depressive mice in PAT. CORT-injected vehicle mice exhibited a significantly decreased step-through latency time (s), whereas administration of EJFE at doses of 300 mg/kg significantly increased the latency time. Results are presented as mean ± SD (n = 8, per group). Differences among experimental groups were determined via analysis of variance (ANOVA). ## p < 0.01 versus the Con group; * p < 0.05 versus the CORT-injected VEH group. Con, normal; VEH, vehicle; CORT, corticosterone; IMI, imipramine; CGA, chlorogenic acid; EJFE, E. japonica fruit extract. 
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Figure 6. HPLC chromatogram of (A) chlorogenic acid as a standard compound and the (B) E. japonica fruit extract (EJFE). Chlorogenic acid peak was indicated by red arrow. The concentration of chlorogenic acid was 5.33 ± 0.08 mg/g EJFE. 
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Figure 7. Behavioral experiment design in an animal model of depression induced by repeated CORT administration. CORT, corticosterone; OFT, open-field test; EPM, elevated plus maze; PAT, passive avoidance test; TST, tail suspension test; FST, forced swim test; IMI, Imipramine; CGA, chlorogenic acid; EJFE, E. japonica fruit extract. 
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