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Abstract

:

Plants produce a wide variety of secondary metabolites, including compounds with biological activities that could be used for the treatment of human diseases. In the present study, we examined the putative production of bioactive molecules in the legume plant Lotus japonicus, which engages into symbiotic relationships with beneficial soil microorganisms. To monitor the production of secondary metabolites when the plant develops beneficial symbiotic relationships, we performed single and double inoculations with arbuscular mycorrhizal fungi (AMF) and nitrogen-fixing Rhizobium bacteria. Plant extracts from non-inoculated and inoculated plants were chemically characterized and tested for anti-proliferative, apoptotic, and anti-inflammatory effects on human HEK-293 cells. Both shoot and root extracts from non-inoculated and inoculated plants significantly reduced the HEK-293 cell viability; however, a stronger effect was observed when the root extracts were tested. Shoot and root extracts from Rhizobium-inoculated plants and shoot extracts from AMF-inoculated plants showed apoptotic effects on human cells. Moreover, both shoot and root extracts from AMF-inoculated plants significantly reduced TNFα-induced NF-κB transcriptional activity, denoting anti-inflammatory activity. These results suggest that symbiotic L. japonicus plants are enriched with metabolites that have interesting biological activities and could be further explored for putative future use in the pharmaceutical sector.
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1. Introduction


Plant secondary metabolites (also called specialized metabolites or natural products), such as phenolics, terpenes, and nitrogen-containing compounds, are considered components of the survival strategy of plants and, in addition to other functions, help the plant cope with abiotic and biotic stresses and communicate with the environment [1,2,3]. A huge number of studies over the past years have highlighted the importance of many specialized metabolites, not only in plant, but also human health, as interesting biological activities have been attributed to these compounds. Nowadays, research focuses on the improvement of strategies to enhance the accumulation of such compounds in plant tissues in order to produce useful pharmaceuticals [4].



Engagement into symbiosis with beneficial soil microorganisms is a significant cause of changes in the plant metabolism. Most land plants (almost 80% of plant species) associate with arbuscular mycorrhiza fungi (AMF), which provides the plant with mineral elements (mainly phosphorus and nitrogen), improves water absorption, and enhances the plant tolerance to biotic and abiotic stresses [5,6]. In the last decade, a number of studies have reported the positive impact of plant inoculation with AMF on the production of important active compounds in the plant tissues [7,8]. Although the physical interactions between the microsymbionts and the plant are restricted to the roots, changes in the plant metabolism are observed in both the above and below ground tissues [9]. For example, the content of artemisinin, a compound that is used in malaria treatment, was significantly increased in the leaves of Artemisia annua plants after root inoculation with AMF [10,11,12]. Similarly, AMF inoculation improved the growth of the medicinal plant Coleus forskohlii and increased the forskolin (a compound used for treatment of heart disorders, cancer, etc.) content of tubers [13,14].



Legume plants have the capability to associate not only with AMF, but also with the nitrogen-fixing Rhizobium bacteria, which provide the plant with the often-limited macronutrient nitrogen. The importance of symbiotic nitrogen fixation in agriculture, together with the nutritional value of legumes in the human diet, have led to the extensive study of legumes, including research in the field of metabolomics [15]. Secondary metabolites (phenolic compounds, isoflavones, and saponins) from legumes, as well as proteins (like lectins), were suggested to have biological properties useful for the prevention and control of human diseases such as cancer, diabetes, inflammation, and cardiovascular diseases [16,17,18].



Lotus japonicus is a leguminous model plant which is mostly used for studies on symbiotic plant–microbe interactions. Metabolomics data are available for this plant, including changes in its primary and secondary metabolite content during symbiosis with Rhizobium [19]. L. japonicus has many traits that make it an excellent genetic model system (small genome, self-compatibility, and ease of transformation), and moreover, a large variety of resources (like transcriptomics data and mutant collections) are available, enabling the identification of the biosynthetic pathways responsible for the production of valuable bioactive molecules, like the antihistaminics rhodiocyanoside A and D [20,21].



In the present study, shoot and root ethyl acetate extracts were isolated from L. japonicus plants after single or double inoculation with Rhizobium bacteria and AMF. Plant extracts were analyzed for the determination of their chemical composition and were tested by biological assays, aiming at the identification of bioactive molecules with anti-proliferative, anti-inflammatory, and apoptotic properties.




2. Materials and Methods


2.1. Biological Material, Microbial Inoculation, and Growth Conditions


The plant used in this study was the Lotus japonicus L. ecotype Gifu B-129 wild type. The seeds were kindly provided by Prof. Jens Stougaard (Aarhus University, Aarhus, Denmark). L. japonicus seeds were surface scarified for 25 min with H2SO4, sterilized for 10 min in a solution containing 2% NaOCl, and kept in water for 12 h at 4 °C, then germinated on sterile wet filter paper for 10 days at 21 °C in a growth chamber (16 h light, 8 h dark). The plant seedlings were transferred to pots containing a 2:1 v/v mixture of sterile sand and vermiculite.



For inoculation with AMF, the inoculum (containing spores, hyphae, and small root pieces) was applied directly to each plant root. The seedlings were inoculated with (a) the commercially available Rhizophagus irregularis strain DAOM (Agronutrition) by applying almost 100 spores per root or (b) a Rhizophagus irregularis strain isolated from a certified organic farm in Greece [22] by applying almost 15 spores per root. The plants were watered once per week, alternately with deionized H2O or a modified Long Ashton nutrient solution (SLA) [23].



For inoculation with Rhizobium, Mesorhizobium loti cv. R7A liquid cultures were grown at 28 °C in yeast mannitol broth for two days and diluted to an optical density of 0.02 at λ = 600. One ml of bacterial suspension was applied directly to each root. The plants were watered three times per week, alternately with deionized H2O or nitrogen-free Hoagland’s nutrient solution [24].



For the double inoculation, the rhizobial liquid culture was mixed with the fungal inoculum and the mixture was applied to each root. The plants were watered once per week, alternately with deionized H2O or SLA.



All plants were grown for five weeks in a controlled environment, in growth chambers with a 16 h day and 8 h night cycle. AMF single-inoculated plants and double-inoculated plants were grown at 24–25 °C, and Rhizobium single-inoculated plants were grown at 21 °C. All plants were harvested five weeks post inoculation with the microbes.




2.2. Testing Root Colonization by Microsymbionts


For the quantification of mycorrhizal colonization, four or five (out of forty) randomly selected AMF-inoculated roots were stained with 5% ink in 5% acetic acid solution [25]. The (%) percentage of mycorrhizal colonization was estimated by microscopic examination of slides containing almost 15 cm of stained root. Extracts were isolated from plants that had been colonized by the fungi at a rate of 35–55%. Similarly, successful root colonization by Rhizobium bacteria was assessed by observing nodules under a stereoscope.




2.3. Treatments, Tissue Harvesting, and Extraction


Extracts were isolated from plants which had undergone the following treatments:




	
Non-inoculated plants grown at 21 °C (control sample “C1”)



	
Non-inoculated plants grown at 24–25 °C (control sample “C2”)



	
Plants inoculated with the Rhizobium bacterium M. loti (“R” sample)



	
Plants inoculated with the Greece-isolated R. irregularis strain (“AMF” sample)



	
Plants inoculated with the R. irregularis DAOM strain (“AMF-D” sample)



	
Plants double-inoculated with Rhizobium and AMF (DAOM) (“R + D” sample)








Plants were separated into above-ground and below-ground tissues, that we named “shoots” and “roots”, respectively. Almost 35 plants were harvested for the production of a single shoot or root sample. The tissues were collected in a 50 mL falcon tube and immediately frozen in liquid nitrogen. The samples were kept at −80 °C until lyophilized. Then, tissues were ground with a mortar and pestle and extracted with 20 mL of ethyl acetate. The extract was passed through a filter paper and collected in a glass rounded flask. The organic solvent was evaporated, and the samples were dried by nitrogen gas. Dried samples were resuspended in dimethyl sulfoxide (DMSO) at a concentration of 10 mg/mL.




2.4. Chemical Analysis of the Extracts


The methodology followed for the chemical analysis of the L. japonicus ethyl acetate extracts is described in detail in the Supplementary Materials.




2.5. Cell Culture


Human embryonic kidney HEK-293 cells were obtained from the American type culture collection (ATTC) and were cultured at 37 °C and 5% CO2 humidity in DMEM, supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL penicillin/streptomycin (pen/strep). HEK-293 cells exhibit high efficiency in transfection experiments.




2.6. Cell Viability Assay


The effect of the isolated extracts on the cell viability of HEK-293 cells was assessed by applying an MTT assay as previously described [26]. Briefly, HEK-293 cells were plated in a 96-well plate, at a density of 1.5 × 104 cells/well for 24 h in DMEM, supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL pen/strep. Then, cells were incubated with extracts from roots and shoots from plants single- or double-inoculated with Rhizobium and AMF or from non-inoculated plants for 48 h. Then, 0.5 mg/mL MTT reagent was added for 3–4 h. Subsequently, the produced formazan crystals were dissolved in 100% isopropanol via shaking. Finally, the absorbance was measured at 570 nm, using a multimode plate reader (EnSpire, PerkinElmer, Beaconsfield, UK). Background absorbance was also measured at 690 nm, as a reference.




2.7. Anti-Inflammatory Activity Assessment


To assess the potential anti-inflammatory activity of the isolated extracts, NF-κB transcriptional activity was measured by applying a luciferase reporter gene assay as previously described [27]. Concisely, HEK-293 cells were plated on 24-well plates (3 × 104 cells/well) in DMEM medium supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL pen/strep. After 24 h, cells were transiently co-transfected using calcium phosphate with a NF-κΒ response element (NF-κB-RE) promoter-driven luciferase construct and a β-galactosidase reporter construct. At 14–16 h post transfection, cells were washed in fresh medium for 24 h and then treated with 20 ng/mL TNFα diluted in ddH2O in the presence or absence of the indicated amounts of the isolated extracts or 1 μΜ Dexamethasone (DEX) (diluted in EtOH) for 6 h. DEX-treated cells were used as the positive control since DEX, the synthetic glucocorticoid, is well-known for its anti-inflammatory activity [28]. DMSO/EtOH-treated cells were used as the negative control. Then, cells were lysed in reporter lysis buffer and the enzymatic activities of luciferase and β-galactosidase were measured using a chemiluminometer (LB 9508; Berthhold, www.berthhold.com, accessed on 5 August 2014). β-galactosidase activity measurement was used for normalization of luciferase activity (RLU).




2.8. Western Blot Analysis


HEK-293 cells were plated on 6-well plates (2 × 105 cells/well) and were grown in DMEM medium supplemented with 10% FBS, 2 mM L-glutamine, and 100 units/mL pen/strep for 48 h. Then, cells were treated with the indicated amounts of the isolated extracts for an additional 48 h. DMSO treatment at the respective dilution (1/500 or 1/200) was used as the control condition. Cells were then washed in PBSx1 and lysed in Lysis buffer (20 mM Tris pH: 7.5, 250 mM NaCl, 0.5% Triton, 3 mM EDTA) supplemented with cocktail protease inhibitors, 2 mM DTT, and 0.1 mM PMSF. Protein concentration assessment was followed applying a Bradford assay. Cell extracts were electrophoresed in discontinuous SDS-PAGE and Western blotted. Procaspase-3, procaspase-9, and β-actin protein levels were evaluated by using specific antibodies as previously described [27]. β-actin protein levels were assessed for the normalization of the results. Enhanced chemiluminescence was applied for protein bands’ detection e.




2.9. Statistical Analysis


All results are expressed as mean ± SD. Data were analyzed by a one-way analysis of variance (ANOVA) or a two-way ANOVA followed by Tukey’s post-hoc test using SPSS (IBM SPSS Statistics 23) or Stat Plus (StatPlus LE v7) software, respectively. Differences were considered significant at a two-tailed p value < 0.05.





3. Results


3.1. Lotus Japonicus Metabolite Profiling under Different Microbial Inoculation Treatments


Ethyl acetate extracts from non-symbiotic and symbiotic L. japonicus plants were analyzed by LC-QTOF-MS/MS for the identification of their chemical composition. The analysis included both shoot and root extracts, isolated from non-inoculated plants (control), plants single-inoculated with the Rhizobium bacterium M. loti (R) or two strains of the AMF R. irregularis (AMF, AMF-D), or plants double-inoculated with M. loti and R. irregularis (R + D). The extracts contained both primary and secondary metabolites; however, this study focused on the identification and quantification of secondary metabolites and fatty acids, aiming at the investigation of bioactive compounds. The analysis identified a total of 65 secondary metabolites, most of which belong in the general category of phenols, and a few molecules belonging to terpenes and N-containing compounds (Table S1). Selected compounds identified in the shoot and root extracts were semi-quantified (Table S2) and the results are presented in Table 1 as ratios of the quantities found in inoculated vs. non-inoculated (control) plants.



The chemical analysis showed huge changes in the accumulation of many metabolites after the inoculation of plants with any of the microsymbionts compared to the control (non-inoculation) condition. Most metabolites were affected by at least one of the microbial inoculation treatments, and only three (chalconaringenin, vestitone, and coniferyl acetate) out of the 52 metabolites semi-quantified were not affected by any of the treatments. Of the 49 metabolites that were affected by the microbial inoculation, 43 metabolites were affected by AMF inoculation and 41 by Rhizobium inoculation. In roots, inoculation with AMF, AMF-D, R, and R + D resulted in a remarkable change (five-fold or greater change) of twelve, twenty, ten and sixteen metabolites, respectively. As expected, changes were observed not only in roots, where microbial colonization takes place, but also in shoots. Thus, similarly, in shoots, inoculation with AMF, AMF-D, R, and R + D resulted in a remarkable change (five-fold or greater change) of fourteen, five, twelve, and six metabolites, respectively. Almost all of the identified metabolites were detected in all samples analyzed, except for quercetin-3-rutinoside, which was shoot-specific, and eriodictyol, which was Rhizobium-specific (Table 1).



Inoculation with Rhizobium and AMF did not cause similar metabolic changes in the tissues and resulted in different metabolic patterns, as many metabolites that were induced by one microsymbiont were reduced by the other. For example, in root extracts, accumulation of several metabolites, like hydroxycaffeic acid, vestitol, lotaustralin, phenylalcetaldehyde, and caffeic acid hexoside, was reduced by AMF inoculation and induced by Rhizobium inoculation. Considering the two R. irregularis strains (AMF and AMF-D) tested, comparison between the strains showed that differences are observed in the accumulation levels of the metabolites; however, both strains caused plant metabolic changes towards the same direction (induction or reduction), resulting in a similar metabolic profile. It is noteworthy that inoculation with any of the AMF strains caused a reduction in the accumulation levels of the metabolites. Specifically, in roots, the levels of twenty-two metabolites were reduced after inoculation with AMF, and no metabolite was induced, compared to control non-inoculated plants; similarly, in shoots, the levels of twenty-six metabolites were reduced and only three metabolites were induced. Contrastingly to AMF inoculation, Rhizobium inoculation resulted in elevated levels of many metabolites. More specifically, in Rhizobium-inoculated roots, the levels of twenty-one metabolites were increased and the levels of nine metabolites were reduced; similarly, in Rhizobium-inoculated shoots, the corresponding numbers were twenty and twelve. Considering the double-inoculated plants, the levels of twenty-nine metabolites were increased and only three metabolites were reduced in roots, a metabolic profile that resembles that of Rhizobium-inoculated roots. However, in shoots, the levels of four metabolites were increased and nine metabolites were reduced, which resembles the AMF-inoculation metabolic profile (Table 1).



Some metabolites mostly accumulated in shoot tissues, whereas some others were more prominent in roots (Table 2). A comparison between the metabolite accumulation in the root and shoot extracts of non-inoculated (control) plants showed that out of fifty-four metabolites analyzed, six metabolites were more (two-fold or greater) accumulated in roots than shoots, and twenty-three metabolites were more (two-fold or greater) accumulated in shoots than roots. Inoculation with the microsymbionts caused changes in the metabolite allocation between shoot and roots; however, for most of the metabolites, the changes observed were towards the same direction (higher accumulation in roots or shoots), resulting in a similar metabolite root to shoot accumulation pattern. Thus, in general, most of the metabolites analyzed were found in higher abundance in shoots rather than roots, regardless of the plant symbiotic or non-symbiotic status. Despite this general observation, it is noteworthy that specific inoculation treatments resulted in remarkable changes in the accumulation of specific metabolites. For example, the accumulation of (6aR,11aR)-3,9-Dihydroxypterocarpan, which was seen equally distributed between shoots and roots in non-inoculated (control) plants, was 10 times up in roots compared to shoots of Rhizobium-inoculated plants, as well as Rhizobium–AMF double-inoculated plants, an effect that was not observed by AMF single inoculation. Another example is genistin, which was accumulated in shoots rather than roots; however, this pattern changed after single inoculation with Rhizobium, resulting in a remarkably high accumulation in root extracts. Similarly, double inoculation with AMF and Rhizobium resulted in a remarkably high accumulation of maachiain in roots, an effect that was not seen in the other treatments (Table 2).




3.2. Effects of L. japonicus Extracts on HEK-293 Cell Viability


To evaluate the putative effects of L. japonicus shoot and root ethyl acetate extracts on HEK-293 cell viability, an MTT assay was implemented. Extracts were applied to HEK-293 cells at a concentration of 10 μg/mL or 20 μg/mL, and cell viability was estimated 48 h later. Shoot extracts from AMF-inoculated plants caused a slight reduction (almost 0.2-fold) in cell viability (Figure 1a), and root extracts of the same plants caused an almost 0.3-fold reduction in cell viability (Figure 1b), compared to that observed when the cells were treated with DMSO only. A similar slight reduction in cell viability, almost 0.2- and 0.25-fold (compared to DMSO treatment), was caused by shoot extracts from plants inoculated with Rhizobium or double-inoculated with Rhizobium and AMF, respectively (Figure 1c). However, a high reduction in cell viability was observed in cell cultures treated with root extracts from Rhizobium single-inoculated or Rhizobium–AMF double-inoculated plants. Specifically, the levels of HEK-293 cells’ viability were found to be almost 0.5-fold reduced by both treatments compared to those measured in DMSO-treated cells (Figure 1d). It is noteworthy that extracts from non-inoculated plants (samples C1 and C2) were also seen to reduce HEK-293 cells’ viability (Figure 1); however, considering the root samples, the effect was not as strong as that observed by the application of extracts from Rhizobium-inoculated plants (Figure 1d). Considering the comparisons between the two different concentrations of extracts tested in this assay, no significant differences were observed.




3.3. Apoptotic Activities of L. japonicus Extracts


To assess putative pro-apoptotic and apoptotic properties of the plant extracts, a Western blot analysis of procaspace-3 and bcl2 protein levels was performed after the application of shoot and root ethyl acetate extracts to HEK-293 cells. Extracts from non-inoculated, AMF-inoculated, and Rhizobium-inoculated L. japonicus plants were applied to HEK-293 cell cultures at a concentration of 20 μg/mL, and the human cells were incubated for 48 h in a hormone-free medium. The treatment of HEK-293 cells with shoot extracts from non-inoculated (C2) or AMF-inoculated plants (grown at 24–25 °C) resulted in a slight reduction in procaspace-3 and bcl2 protein levels (approximately 0.2-fold), and no effect was observed when root extracts from the same plants were tested (Figure 2a). A significant decrease in procaspace-3 protein levels was observed in HEK-293 cells treated with either shoot extracts (more than 0.5-fold) or root extracts (approximately 0.5-fold) from Rhizobium-inoculated plants and non-inoculated (C1) plants grown at 21 °C (Figure 2b). Moreover, the levels of bcl2 protein were affected by the application of shoot extracts (approximately 0.3-fold), but not root extracts, from Rhizobium-inoculated plants (Figure 2b).




3.4. Anti-Inflammatory Properties of L. japonicus Extracts


The putative anti-inflammatory activities of the plant extracts were evaluated by an NF-κB-associated luciferase/β-galactosidase reporter gene assay. Transfected HEK-293 cells were treated with 20 μg/mL plant extract or with 1 μM DEX for 6 h in the presence or absence of TNFα. The treatment of HEK-293 cells with either shoot or root extracts from non-inoculated (C2) or AMF-inoculated plants (grown at 24–25 °C) resulted in statistically significant inhibition of TNFα-induced NF-κB transcriptional activation (Figure 3). Specifically, TNFα-treated cells induced greater NF-κΒ transcriptional activation up to 13-fold, while DEX caused statistically significant reduction up to 40%, as expected. Treatment with root extracts from C2, AMF, and AMF-D plants reduced TNFα-induced NF-κΒ transcriptional activation up to 35, 30, and 25%, respectively. Shoot extracts from the same plants also reduced TNFα-induced NF-κΒ transcriptional activation, but to a lesser extent (18–20%). No statistically significant difference was observed between extracts from AMF- and AMF-D-inoculated plants and extracts from control non-inoculated plants. No anti-inflammatory activity was observed after the application of extracts from Rhizobium-inoculated plants to HEK-293 cells, even when a higher concentration (40 μg/mL) of extracts was tested (Supplementary Figure S1).





4. Discussion


In the present study, we took advantage of the wide variety of secondary metabolites produced in plants, and we triggered the enhancement of the variation of the L. japonicus plant metabolic profile by inoculating the plant roots with beneficial soil microorganisms to investigate the putative accumulation of bioactive compounds in plant tissue extracts. Plant single inoculations with M. loti (the L. japonicus Rhizobium microsymbiont) or two R. irregularis (AMF) strains and double inoculation with Rhizobium and AMF resulted in altered metabolic profiles of shoot and root ethyl acetate extracts (Table 1). Microbial inoculation affected not only the metabolite content within the shoots or roots, but also the metabolite distribution between the shoots and roots (Table 2).



The chemical analysis showed that the plant extracts were predominantly enriched in phenolic compounds, although a few metabolites belonging to terpenes and N-containing compounds were also identified (Table 1, Table 2, and Table S1). The most abundant group of metabolites identified in the extracts were flavonoids (48% of the total secondary metabolites identified) (Table S1), a large family of phenolic compounds that are ubiquitous in plants and play important roles in the symbiosis with rhizobia [29], as well as plant interactions with AMF [30,31]. The L. japonicus extracts were enriched in isoflavones (Table S1), a subclass of flavonoids which are characteristic molecules in leguminous plants, as they are most commonly found in the legume (Fabaceae) family [32]. Isoflavones are well-known for their biological activities, including estrogenic and anticancer activities, beneficial for human health. Clinical studies have claimed the benefits of specific isoflavones (like genistein and daidzein) against cancer, cardiovascular disease, osteoporosis, and postmenopausal symptoms [33]. Moreover, flavonoids are known as potent antioxidants and also exert anti-inflammatory properties by inhibiting regulatory enzymes or transcription factors involved in inflammation [34]. In addition to flavonoids, compounds with known biological activities, such as hydroxycaffeic acid, a phenolic acid with anticancer activity [35]; coniferaldehyde, a phenylpropanoid with anti-inflammatory activity [36]; lariciresinol, a lignan which induces apoptosis [37]; and compounds with multiple biological activities (anti-inflammatory, anticancer, antioxidant, and antibacterial) like the phenolic aromatic compound eugenol [38] and the triterpene acid ursolic acid [39], were also detected in the L. japonicus extracts.



Assessment of the biological activities of shoot and root extracts from non-inoculated or inoculated plants revealed the moderate apoptotic activities of extracts even from non-inoculated plants. Extracts from roots exhibited relatively increased anti-proliferative activity which was accompanied by induction of apoptosis, as indicated by the caspase-3 activation in HEK-293 cells treated with root extracts from non-inoculated or Rhizobium-inoculated plants grown at 21 °C. Induction of apoptosis was increased when extracts were derived from plants grown at 21 °C, an effect that was not observed with extracts of plants (inoculated or not) grown at 24–25 °C, which may reflect the effects of high temperature on different aspects of plant physiology and metabolism, given that the optimal growth temperature of L. japonicus is 21 °C. Shoot extract’s anti-proliferative activity was also accompanied by the induction of apoptosis in HEK-293 cells treated with extracts from either inoculated or non-inoculated plants, as indicated by the reduction in procaspase-3 and bcl2 protein levels. Rhizobium inoculation, in accordance with its suppressive effect on cell viability, strengthened the apoptotic properties of the root extracts, which may be associated with the observed Rhizobium inoculation-induced accumulation of plant metabolites known for their anticancer and/or apoptotic properties, such as hydroxycaffeic acid [35], lariciresinol [37], formononetin [40], portulacaxanthin [41], oleic acid, and glycerol tributanoate [42,43]. The less toxic extracts from the AMF- and AMF-D-inoculated plants were further assessed for their potential anti-inflammatory activity. A luciferase assay revealed that root and shoot extracts from non-inoculated and AMF- and AMF-D-inoculated plants showed suppressive effects on TNFα-induced NF-κΒ activation. Interestingly, root extracts exhibited inflammatory activity comparable to that of the synthetic glucocorticoid DEX, which is well-known for its anti-inflammatory activity, exerted among others via suppression of the transcriptional activation of the inflammatory factor NF-κΒ [44]. This action may be attributed to root extracts’ composition, which is enriched by metabolites known for their involvement in inflammation, such as vanillic acid [45] and gamma tocopherol [46]. Although the microbial inoculation did not enhance the anti-inflammatory properties of the plant tissues, the knowledge of their not reducing the anti-inflammatory potential of the plant extracts is also useful, because these microbes benefit the plant, and such symbiotic associations are desirable in crops. The finding that the extracts possess significant anti-inflammatory properties, while also possessing minor anti-proliferative properties (denoting that the extracts are not toxic), makes their further exploitation meaningful and promising for future pharmaceutical use.




5. Conclusions


Bioactivity assays performed with L. japonicus shoot and root ethyl acetate extracts uncovered their moderate anti-proliferative, apoptotic, and anti-inflammatory properties, suggesting the accumulation of bioactive molecules in the tissues of this plant. Engagement into symbiotic relationships with rhizobia and AMF altered the metabolic profile of the plant and influenced the biological activities of the plant extracts. Our results suggest that asymbiotic L. japonicus plants have the ability to produce bioactive molecules, and this trait is not only maintained, but also enhanced, upon inoculation with beneficial microbes. This indicates that the production of interesting molecules in L. japonicus tissues can be accomplished by using microbial fertilizers. This knowledge is valuable because it promises the successful production of interesting bioactive molecules in legume plants in a sustainable way, without the addition of high amounts of chemical fertilizers. Future work may focus on specific molecules that possess the desired biological activities and explore putative additional properties of these extracts, like antioxidant and antimicrobial activities.
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Figure 1. Effects of extracts of non-symbiotic and symbiotic L. japonicus plants on HEK-293 cell viability. Cytotoxicity was evaluated by an MTT assay, following the application of shoot (a,c) or root (b,d) extracts to HEK-293 cell cultures at a concentration of 10 μg/mL (10) or 20 μg/mL (20) and 48 h incubation. The viability of control DMSO-treated cells was considered 1 and all measurements were normalized accordingly. DMSO: control DMSO-only treatment; C1: extracts from non-inoculated plants grown at 21 °C; C2: extracts from non-inoculated plants grown at 24–25 °C; AMF: extracts from AMF-inoculated plants (Greek isolate); AMF-D: extracts from AMF-inoculated plants (DAOM strain); R: extracts from Rhizobium-inoculated plants; R + D: extracts from Rhizobium–AMF double-inoculated plants. Bars show means and standard deviation (n = 4–6). Comparisons are between samples of the same concentration. One-way ANOVA: * p < 0.05, ** p < 0.01, *** p < 0.001 (comparison with DMSO treatment) and # p < 0.05, ## p < 0.01 (comparison between inoculated and non-inoculated plants). 
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Figure 2. Apoptotic properties of extracts of non-symbiotic and symbiotic L. japonicus plants on HEK-293 cells. A Western blot analysis of procaspace-3 and bcl2 after the application of shoot and root extracts to human cell cultures at a concentration of 20 μg/mL and 48 h incubation. (a) Protein levels after the application of extracts from AMF-inoculated plants or non-inoculated plants grown at 24 °C, (b) protein levels after the application of extracts from Rhizobium-inoculated plants or non-inoculated plants grown at 21 °C. Data are expressed as ratios of the levels of the apoptosis-related proteins to the respective levels of β-actin. The relative band density of control DMSO-treated cells was set as 1. DMSO: control DMSO-only treatment; C1: extracts from non-inoculated plants grown at 21 °C; C2: extracts from non-inoculated plants grown at 24–25 °C; AMF: extracts from AMF-inoculated plants (Greek isolate); AMF-D: extracts from AMF-inoculated plants (DAOM strain); R: extracts from Rhizobium-inoculated plants. 
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Figure 3. The anti-inflammatory activities of extracts from AMF-inoculated plants. The anti-inflammatory activities of the non-inoculated and AMF- and AMF-D-inoculated plant extracts were evaluated by assessment of the suppression of TNFα-induced NF-κB transcriptional activation in HEK-293 cells. HEK-293 cells were co-transfected with the NF-κB-luciferase reporter and the β-galactosidase reporter constructs and, subsequently, were treated with 20 μg/mL plant extract or with 1 μM DEX for 6 h in the presence or absence of 20 ng/mL TNFα in a hormone-free medium. The results are expressed as relative luciferase activity normalized against β-galactosidase activity. The relative luciferase activity in control TNFα-minus DMSO-treated cells was set at 1. DMSO: control DMSO-only treatment; C2: extracts from non-inoculated plants grown at 24–25 °C; AMF: extracts from AMF-inoculated plants (Greek isolate); AMF-D: extracts from AMF-inoculated plants (DAOM strain); R: root extract; S: shoot extract. Bars show means and SD (n = 3). Two-way ANOVA: * p < 0.05, ** p < 0.01 (comparison with TNFα-plus DMSO treatment). 
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Table 1. Identified metabolites of L. japonicus ethyl acetate extracts. Data are presented as ratios to the corresponding control treatment (non-inoculated plants). In bold: two-fold or greater change; In red: five-fold or greater increase; In blue: five-fold or greater decrease.
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Metabolites

	
Shoot Extracts

	
Root Extracts




	
* Control

	
AMF

	
AMF-D

	
R

	
R + D

	
Control

	
AMF

	
AMF-D

	
R

	
R + D






	
Phenolics

	

	

	

	

	

	

	

	

	

	




	
vanillic acid

	
1

	
0.4

	
1.1

	
1.2

	
0.9

	
1

	
0.5

	
0.2

	
3.0

	
1.5




	
apigenin 7-glucoside

	
1

	
0.4

	
0.3

	
5.4

	
3.4

	
1

	
1.9

	
2.1

	
0.4

	
2.0




	
cyanidin3-rytinoside

	
1

	
0.4

	
0.1

	
2.4

	
1.7

	
1

	
1.3

	
0.7

	
0.6

	
6.8




	
hydroxycaffeic acid

	
1

	
0.6

	
1.1

	
3.4

	
1.7

	
1

	
0.0

	
0.4

	
10.7

	
7.4




	
isoorientin

	
1

	
0.6

	
0.5

	
3.2

	
0.8

	
1

	
0.9

	
0.8

	
1.2

	
0.9




	
isorhoifolin

	
1

	
0.3

	
0.3

	
5.1

	
2.9

	
1

	
0.5

	
0.2

	
4.6

	
3.1




	
lariciresinol

	
1

	
0.6

	
0.6

	
0.6

	
1.0

	
1

	
1.3

	
2.5

	
1.7

	
5.3




	
luteolin-5-glucoside

	
1

	
0.6

	
0.5

	
3.2

	
0.8

	
1

	
0.9

	
0.8

	
1.2

	
0.9




	
quercetin-3-rutinoside

	
1

	
0.2

	
0.3

	
4.7

	
1.3

	
N/A

	
N/A

	
N/A

	
N/A

	
N/A




	
gamma tocopherol

	
1

	
0.0

	
1.0

	
7.2

	
1.1

	
1

	
0.1

	
0.2

	
2.3

	
2.3




	
m-coumaric acid

	
1

	
0.6

	
0.3

	
1.8

	
1.0

	
1

	
0.9

	
0.9

	
19.5

	
8.2




	
maachiain

	
1

	
0.1

	
0.3

	
0.4

	
0.4

	
1

	
0.2

	
0.2

	
0.5

	
11.3




	
glycinol

	
1

	
1.3

	
1.2

	
1.2

	
1.2

	
1

	
1.0

	
0.9

	
1.1

	
1.0




	
phaseollin

	
1

	
0.6

	

	
3.5

	
1.8

	
1

	
0.1

	
0.0

	
0.4

	
2.8




	
vestitol

	
1

	
0.0

	
0.4

	
0.1

	
0.2

	
1

	
0.1

	
0.1

	
16.8

	
4.5




	
sophorol

	
1

	
0.0

	
0.6

	
0.4

	
1.5

	
1

	
0.1

	
0.1

	
0.3

	
8.5




	
(6aR,11aR)-3,9-Dihydroxypterocarpan

	
1

	
0.2

	
0.3

	
0.7

	
0.2

	
1

	
1.0

	
0.2

	
6.6

	
2.4




	
2′-Hydroxyformononetin

	
1

	
0.1

	
0.3

	
0.4

	
0.4

	
1

	
0.2

	
0.2

	
0.5

	
11.3




	
astragalin

	
1

	
0.6

	
0.5

	
3.2

	
0.8

	
1

	
0.9

	
0.8

	
1.2

	
0.9




	
chalconaringenin

	
1

	
1.3

	
1.2

	
1.2

	
1.2

	
1

	
1.0

	
0.9

	
1.1

	
1.0




	
delphinidin

	
1

	
0.1

	
0.1

	
0.1

	
0.1

	
1

	
0.3

	
0.1

	
0.1

	
0.0




	
eugenol

	
1

	
60.9

	
72.2

	
80.8

	
79.1

	
1

	
1.0

	
1.2

	
2.2

	
1.6




	
formononetin

	
1

	
0.0

	
0.4

	
0.2

	
0.3

	
1

	
0.3

	
0.0

	
2.8

	
1.6




	
genistein

	
1

	
0.2

	
0.1

	
0.1

	
0.1

	
1

	
0.4

	
0.2

	
0.6

	
0.4




	
genistin

	
1

	
0.7

	
0.5

	
0.0

	
2.1

	
1

	
1.9

	
2.1

	
1.7

	
2.0




	
homogentistic acid

	
1

	
0.4

	
1.1

	
1.2

	
0.9

	
1

	
0.5

	
0.2

	
3.0

	
1.5




	
leucopelargonidin

	
1

	
5.2

	
4.6

	
4.4

	
4.3

	
1

	
1.0

	
1.1

	
1.0

	
1.0




	
lotaustralin

	
1

	
0.3

	
0.7

	
1.0

	
1.8

	
1

	
0.4

	
0.1

	
8.0

	
9.5




	
pelargonidin

	
1

	
0.2

	
0.1

	
0.1

	
0.1

	
1

	
0.4

	
0.2

	
0.6

	
0.0




	
phenylalcetaldehyde

	
1

	
0.6

	
0.6

	
6.2

	
1.3

	
1

	
0.1

	
0.0

	
12.6

	
5.8




	
sinapaldehyde

	
1

	
0.8

	
0.9

	
0.4

	
0.8

	
1

	
1.0

	
1.0

	
1.0

	
0.6




	
vestitone

	
1

	
0.8

	
0.7

	
0.6

	
0.7

	
1

	
0.9

	
0.8

	
1.0

	
0.9




	
coniferyl acetate

	
1

	
1.2

	
1.1

	
1.2

	
1.1

	
1

	
1.0

	
1.0

	
1.1

	
1.1




	
astragalin

	
1

	
0.6

	
0.5

	
3.2

	
0.8

	
1

	
0.9

	
0.8

	
1.2

	
0.9




	
caffeic acid hexoside

	
1

	
0.6

	
1.1

	
3.4

	
1.7

	
1

	
0.0

	
0.4

	
10.7

	
7.4




	
coniferaldehyde

	
1

	
0.5

	
0.4

	
3.1

	
1.6

	
1

	
0.9

	
0.1

	
3.2

	
4.5




	
diosmetin

	
1

	
0.0

	
0.6

	
0.4

	
1.5

	
1

	
0.1

	
0.1

	
0.3

	
8.5




	
eriodictyol

	
N/A

	
N/A

	
N/A

	
1

	
N/A

	
N/A

	
N/A

	
N/A

	
5.3

	
N/A




	
N-containing compounts

	

	

	

	

	

	

	

	

	

	




	
caffeine

	
1

	
0.5

	
0.4

	
1.4

	
2.2

	
1

	
0.3

	
0.3

	
2.1

	
3.5




	
cinchonidine

	
1

	
1.1

	
1.0

	
1.2

	
1.0

	
1

	
1.1

	
0.4

	
0.1

	
1.1




	
theobromine

	
1

	
0.8

	
0.1

	
0.2

	
0.8

	
1

	
0.2

	
0.3

	
0.8

	
2.2




	
portulacaxanthin

	
1

	
4.0

	
9.0

	
26.2

	
0.5

	
1

	
0.6

	
2.4

	
8.4

	
1.2




	
Terpenes

	

	

	

	

	

	

	

	

	

	




	
oleanolic acid

	
1

	
0.3

	
0.6

	
2.4

	
0.9

	
1

	
0.1

	
0.0

	
1.8

	
0.7




	
ursolic acid

	
1

	
0.3

	
0.6

	
2.4

	
0.9

	
1

	
0.1

	
0.0

	
1.8

	
0.7




	
menthone

	
1

	
0.4

	
0.7

	
2.0

	
1.1

	
1

	
0.7

	
0.8

	
0.9

	
0.8




	
Sterols

	

	

	

	

	

	

	

	

	

	




	
desmosterol

	
1

	
1.2

	
1.3

	
0.7

	
0.6

	
1

	
1.2

	
1.0

	
0.6

	
0.5




	
Fatty acids

	

	

	

	

	

	

	

	

	

	




	
myristoleic

	
1

	
0.4

	
0.5

	
0.6

	
1.8

	
1

	
0.7

	
0.7

	
1.3

	
8.0




	
octadecanoic acid

	
1

	
0.6

	
0.8

	
0.7

	
0.7

	
1

	
1.1

	
0.8

	
0.8

	
1.8




	
oleic acid

	
1

	
0.6

	
0.5

	
0.8

	
0.6

	
1

	
0.7

	
1.1

	
2.9

	
2.0




	
palmitoleic acid

	
1

	
0.7

	
0.7

	
0.6

	
1.4

	
1

	
1.1

	
1.0

	
1.4

	
6.9




	
pentadecanoic acid

	
1

	
0.8

	
0.8

	
0.6

	
1.2

	
1

	
0.9

	
0.7

	
1.1

	
2.8




	
glycerol tributanoate

	
1

	
0.5

	
0.5

	
0.7

	
1.0

	
1

	
1.0

	
2.6

	
2.3

	
5.9








* Control: extracts from non-inoculated plants; AMF: extracts from AMF-inoculated plants (Greek isolate); AMF-D: extracts from AMF-inoculated plants (DAOM strain); R: extracts from Rhizobium-inoculated plants; R + D: extracts from Rhizobium–AMF double-inoculated plants.













 





Table 2. Accumulation of metabolites of L. japonicus ethyl acetate extracts in roots vs. shoots. Data are presented as ratios of metabolite accumulation in roots to metabolite accumulation in shoots. In bold: two-fold or greater change; In red: higher accumulation in roots than shoots (five-fold or greater); In blue: higher accumulation in shoots than roots (five-fold or greater).
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Metabolites

	
Root/Shoot Ratios




	
* Control

	
AMF

	
AMF-D

	
R

	
R + D






	
Phenolics

	

	

	

	

	




	
vanillic acid

	
10.4

	
14.4

	
2.1

	
27.2

	
17.0




	
apigenin 7-glucoside

	
0.3

	
1.8

	
2.5

	
0.0

	
0.2




	
cyanidin3-rytinoside

	
0.1

	
0.5

	
0.9

	
0.0

	
0.6




	
hydroxycaffeic acid

	
0.3

	
0.0

	
0.1

	
0.9

	
1.3




	
isoorientin

	
0.5

	
0.8

	
0.9

	
0.2

	
0.6




	
isorhoifolin

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
lariciresinol

	
0.7

	
1.6

	
2.7

	
1.9

	
3.4




	
luteolin-5-glucoside

	
0.5

	
0.8

	
0.9

	
0.2

	
0.6




	
quercetin-3-rutinoside

	
Shoot sp.

	
Shoot sp.

	
Shoot sp.

	
Shoot sp.

	
Shoot sp.




	
gamma tocopherol

	
20.0

	
123.1

	
5.0

	
6.4

	
42.0




	
m-coumaric acid

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
maachiain

	
1.0

	
1.8

	
0.5

	
1.3

	
26.1




	
glycinol

	
1.1

	
0.9

	
0.9

	
1.0

	
1.0




	
phaseollin

	
94.4

	
14.3

	

	
10.1

	
149.3




	
vestitol

	
0.0

	
0.0

	
0.0

	
0.5

	
0.1




	
sophorol

	
0.7

	
1.5

	
0.1

	
0.5

	
4.0




	
(6aR,11aR)-3,9-Dihydroxypterocarpan

	
1.1

	
4.5

	
0.7

	
10.9

	
10.2




	
2′-Hydroxyformononetin

	
1.0

	
1.8

	
0.5

	
1.3

	
26.1




	
astragalin

	
0.5

	
0.8

	
0.9

	
0.2

	
0.6




	
chalconaringenin

	
1.1

	
0.9

	
0.9

	
1.0

	
1.0




	
delphinidin

	
0.3

	
1.2

	
0.4

	
0.2

	
0.1




	
eugenol

	
49.0

	
0.8

	
0.8

	
1.3

	
1.0




	
formononetin

	
0.2

	
1.6

	
0.0

	
2.5

	
0.9




	
genistein

	
0.3

	
0.6

	
0.9

	
2.4

	
1.5




	
genistin

	
0.2

	
0.6

	
0.8

	
56.9

	
0.2




	
homogentistic acid

	
10.4

	
14.4

	
2.1

	
27.2

	
17.0




	
leucopelargonidin

	
4.7

	
0.9

	
1.1

	
1.1

	
1.1




	
lotaustralin

	
0.1

	
0.1

	
0.0

	
0.6

	
0.4




	
pelargonidin

	
0.3

	
0.6

	
0.9

	
2.4

	
0.1




	
phenylalcetaldehyde

	
0.0

	
0.0

	
0.0

	
0.0

	
0.1




	
sinapaldehyde

	
0.8

	
1.0

	
1.0

	
2.0

	
0.6




	
vestitone

	
0.8

	
0.9

	
1.0

	
1.3

	
1.1




	
coniferyl acetate

	
1.1

	
0.9

	
1.0

	
1.1

	
1.1




	
astragalin

	
0.5

	
0.8

	
0.9

	
0.2

	
0.6




	
caffeic acid hexoside

	
0.3

	
0.0

	
0.1

	
0.9

	
1.3




	
coniferaldehyde

	
0.0

	
0.0

	
0.0

	
0.0

	
0.0




	
diosmetin

	
0.7

	
1.5

	
0.1

	
0.5

	
4.0




	
eriodictyol

	
-

	
-

	
-

	
5.4

	
-




	
N-containing compounts

	

	

	

	

	




	
caffeine

	
0.5

	
0.3

	
0.3

	
0.8

	
0.8




	
cinchonidine

	
0.9

	
1.0

	
0.3

	
0.1

	
1.0




	
theobromine

	
0.6

	
0.1

	
1.2

	
2.2

	
1.6




	
portulacaxanthin

	
0.5

	
0.1

	
0.1

	
0.1

	
1.2




	
Terpenes

	

	

	

	

	




	
oleanolic acid

	
1.9

	
0.6

	
0.0

	
1.4

	
1.6




	
ursolic acid

	
1.9

	
0.6

	
0.0

	
1.4

	
1.6




	
menthone

	
0.6

	
1.1

	
0.6

	
0.3

	
0.4




	
Sterols

	

	

	

	

	




	
desmosterol

	
1.3

	
1.4

	
1.1

	
1.2

	
1.0




	
Fatty acids

	

	

	

	

	




	
myristoleic

	
0.9

	
1.5

	
1.2

	
2.0

	
3.9




	
octadecanoic acid

	
0.9

	
1.6

	
1.0

	
1.0

	
2.3




	
oleic acid

	
1.0

	
1.1

	
2.0

	
3.5

	
3.2




	
palmitoleic acid

	
0.9

	
1.4

	
1.3

	
1.9

	
4.4




	
pentadecanoic acid

	
1.3

	
1.4

	
1.1

	
2.3

	
3.2




	
glycerol tributanoate

	
0.5

	
1.2

	
2.8

	
1.7

	
3.1








* Control: extracts from non-inoculated plants; AMF: extracts from AMF-inoculated plants (Greek isolate); AMF-D: extracts from AMF-inoculated plants (DAOM strain); R: extracts from Rhizobium-inoculated plants; R + D: extracts from Rhizobium–AMF double-inoculated plants.
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