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Abstract

:

Interest in the consumption of seed sprouts is gradually increasing as functional foods in the modern Western diet owing to their several nutritional and health benefits. The present study aims to investigate four major legume sprouts derived from faba bean (Vicia faba L.), lentil (Lens esculenta L.), chickpea (Cicer arietinum L.), and fenugreek (Trigonella foenum-greacum L.) for their antidiabetic activity and mitigation of associated complications, i.e., oxidative stress, liver dysfunction, and lipid metabolism, compared with glibenclamide. Biochemical results presented herein further showed that the four sprouts exhibited significant hypoglycemic effects (p < 0.05), with improvement in decreasing of blood glucose levels at different degrees and with faba bean sprout most active at 348% improvement, compared to 364.3% for glibenclamide. Further biochemometric analysis based on a comparison between targeted versus untargeted partial least square (PLS) and regression analyses revealed that faba bean sprouts’ richness in flavonoids was a determinant key factor for such efficacy. In addition, correlation with previously investigated NMR fingerprinting aided in pinpointing other active agents, such as betaine and L-DOPA. Furthermore, the effect on serum liver enzymes, including alanine aminotransferase, aspartate aminotransferase, and alkaline phosphatase; oxidative stress markers; and lipid profiles showed significant improvement, especially in the case of faba bean sprout. The study revealed the potential health benefits of legume sprouts in the treatment of diabetes and its associated complications, as well as the potential role of biochemometrics in active agents’ identification in such a complex matrix to be considered for other functional foods investigation.
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1. Introduction


Following Orchidaceae and Asteraceae, Leguminosae (Fabaceae) is the third largest plant family in Angiosperm taxa, including more than 760 genera and approximately 19,500 species grown throughout the world [1]. Legumes are recognized as the second most economical crop, following Poaceae or the rice family [2]. Particularly, legume seeds are the major edible part commonly consumed as vegetables and ingredients of food recipes [3]. They are considered nutritious foods, owing to their high contents of unsaturated fatty acids, proteins, vitamins, and minerals. Phenolic compounds (e.g., phenolic acids, flavonoids, and anthocyanins) demonstrate a wide spectrum of biological activities as antioxidant, antitumor, anticoagulant, anti-inflammatory, antimicrobial, cardioprotective, and others [3,4]. However, their potential benefits cannot be fully utilized, owing to several factors mainly related to their low protein digestibility, hard-to-cook effect, anti-nutrient constituents, and undesirable flavour [4]. Alternatively, legume sprouting has been documented to improve bioavailability and digestibility [5]. In addition, amino acids and GABA contents are increased by seed germination of various foods, including legume seeds. For instance, mung bean (Vigna radiata), where amino acids and γ-aminobutyric acid (GABA) contents increased by 8.7 and 27.9 times, respectively [6].



Legume sprouts derived from faba bean (Vicia faba L.), lentil (Lens esculenta L.), chickpea (Cicer arietinum L.), and fenugreek (Trigonella foenum-greacum L.) have been previously investigated regarding their phytochemical composition based on different analytical platforms, such as nuclear magnetic resonance (NMR), ultra-performance liquid chromatography-mass spectrometry (UPLC-MS), and gas chromatography-mass spectrometry (GC-MS) [7,8]. NMR results showed that trigonelline was abundant in all sprouts, indicating a possible vital role in the sprouting process. Additionally, isoflavones (e.g., genistein, cicerin, and daidzein) were unique constituents in chickpea sprouts, in addition to the high content of ω6-fatty acid, choline, and sucrose, while fenugreek, faba bean, and lentil sprouts were characterized by higher levels of 4-hydroxyisoleucine, L-DOPA, and acetic acid, respectively [8], Table S1. In addition, GC-MS post-derivatization and UPLC-MS analyses resulted in the identification of 78 and 303 metabolites, respectively. With relation to total flavonoid content (e.g., kaempferol-O-glycosides), faba bean sprouts showed the highest antioxidant activity, compared to the other investigated sprouts [7]. Such complex composition of legume sprouts, especially being rich in phytonutrients, warrant further biological studies for their potential health effects and identification of underlying active agents.



Diabetes mellitus (DM) is a metabolic disorder that is characterized by hyperglycemia resulting from insulin deprivation (Type I) or lack of cell response to insulin (Type II) [9]. Diabetic patients are further at increased risk of cardiovascular, cerebrovascular, and peripheral vascular complications. Additionally, hyperglycemia causes retinopathy, nephropathy, and neuropathy that may lead to blindness, renal failure, and amputations, respectively [10]. The liver is a crucial organ that regulates glucose, lipids, and protein metabolism. It plays a critical role in maintaining blood glucose balance by three regulatory processes: (1) insulin production by pancreatic cells, (2) glucose uptake activation by the liver, gut, and muscle tissues, and (3) hepatic glucose output inhibition [11]. Furthermore, hepatotoxicity is one of the foremost issues associated with DM [12].



Various studies have reported legumes’ antidiabetic action or their germinated seeds [13,14] and suggested mechanisms underlying the antidiabetic effect are mediated through delaying gastric emptying and inhibition of carbohydrate digestive enzymes. Moreover, seeds rich in trigonelline protect pancreatic β-cells, increase both insulin level and sensitivity [15], and stimulate an insulin signaling pathway [9]. The effect of legume sprouts against DM and associated complications have not been fully investigated, while they have been found to exhibit improved activity over dried seeds. For instance, the hydroalcoholic extract of germinated Lens culinaris Medik showed a significant reduction of blood glucose level and improved serum-lipid profiles in diabetic mice (p < 0.05) [13]. Yet, these studies could not correlate these activities with legume sprouts´ metabolome, nor identify the best sources of sprouts among legume seeds for these health effects.



Therefore, the current study extends our previous phytochemical analyses of various standardized legume sprouts to assess the antidiabetic potential and associated complications in streptozotocin (STZ)-induced diabetic rats. The study also aims to use the biochemometrics approach for the first time, correlating these activities with the unique metabolic profiles previously characterized based on NMR. Specifically, the application of targeted and untargeted partial least square (PLS) analysis should reveal novel insights into metabolites contributing to bioactivities, and further identify the most active legume sprouts for that effect based on a comparative approach.




2. Materials and Methods


2.1. Plant Material and Chemicals


A number of major legume seeds were chosen as model plants including broad or faba bean (Vicia faba L. cv. Giza 3), lentil (Lens esculenta L. cv. Sinai 1), chickpea (Cicer arietinum L. cv. Giza 88), and fenugreek (Trigonella foenum-greacum L. cv. Giza 2). Seeds were purchased from Food Legumes Research Department, Field Crops Research Institute (FCRI), Agricultural Research Center (ARC), Giza, Egypt. They were identified by Prof. Dr. Adel El Garhy; Agricultural Research Station, Itay El Barud, Beheira, Egypt.



STZ was purchased from Sigma-Aldrich® (St. Louis, MO, USA). Glibenclamide (hypoglycemic reference drug) was obtained from Sanofi, Egypt. Kits used for the quantitative determinations of different parameters were purchased from Biodiagnostic Co. (Cairo, Egypt).




2.2. Sprouting Method


The sprouting process, in three biological replicates (n = 3), was carried out as previously described by Lv et al. [16] with few modifications. Seeds (100 g) were germinated in dark glass dishes lined with cotton after soaking in distilled water for 8 hours (h) at 28 °C. To prevent seed drying and microbial contamination during the germination process, seeds were moistened with distilled water every 3 h and washed twice daily, respectively. Afterwards, radicals were collected at the age of 3 days, lyophilized using a STELLAR® Laboratory Freeze Dryer (Millrock 100 Technology, Inc., Kingston, NY, USA), and kept at −20 °C for further investigations.




2.3. Extraction, Metabolites Profiling, and Fingerprinting


In a ratio of 1:5, 20 g of dried lyophilized sprouts were finely powdered and macerated in methanol (100% v/v) until exhaustion for 3 times. After extracts evaporation under reduced pressure using a rotary evaporator, the obtained residues weighed 8.7, 8.2, 7.8, and 7.5 g for faba bean, lentil, chickpea, and fenugreek, respectively. The metabolites profiling, finger printing, and standardization of legume sprout extracts were carried out by UPLC-MS and qNMR, exactly as previously reported in [7,8,17,18].




2.4. Animals and Diabetes Induction


64 male Wistar strain albino rats (150–200 g) were obtained from the Animal House, National Research Centre, Dokki, Giza, Egypt. Rats were fed on a standard diet (El-Kahira Co. for Oil and Soap) and had free access to tap water. They were kept for 2 weeks to acclimatize to the environmental conditions (23–25 °C and 12 h light/dark cycle).



Anesthetic procedures and handling of animals complied with the ethical guidelines of the Medical Ethical Committee of the National Research Centre and Faculty of Pharmacy, Cairo University in Egypt, following the guidelines of the 18th WMA General Assembly, Helsinki, June 1964, updated by the 59th WMA General Assembly, Seoul, in October 2008 (Approval no.: 13,089, Date: 27 June 2013).



Animals were fasted overnight and diabetes was induced by a single dose of STZ (50 mg/kg body weight (b.wt)) dissolved in 0.01 M sodium citrate buffer, pH 4.4 immediately before use [19]. After injection, animals had free access to food and water. Two hours following STZ injection, rats were given 5% glucose solution overnight to counter hypoglycemic shock [20]. After three days of diabetic induction, rats were fasted overnight, and the blood glucose level was estimated. Rats with blood glucose level >300 mg/dL were considered diabetic.




2.5. Hypoglycemic Activity Evaluation


2.5.1. Experimental Design


The rats were divided into eight groups of eight rats (n = 8) each, as follows. Group 1: Normal control rats were administered a single oral dose of 0.5 mL 1 M citrate buffer. Group 2: STZ-induced diabetic rats (50 mg/kg b.wt) and left untreated. Group 3: Diabetic rats were treated with chickpea sprouts extract. Group 4: Diabetic rats were treated with lentil sprouts extract. Group 5: Diabetic rats were treated with fenugreek sprouts extract. Group 6: Diabetic rats were treated with fava bean sprouts extract. Group 7: Diabetic rats were treated with trigonelline [21]. Group 8: Diabetic rats were treated with glibenclamide reference drug. The diabetic rat groups 3-6 were injected intraperitoneally (i.p.) daily with the sprouts extract (15 mg/kg b.wt), while group 7 with trigonelline (1.2 mg/kg b.wt) and group 8 at a daily oral dose of 5 mg/kg b.wt [22]. Treatment was carried out throughout a period of 10 days after DM induction by STZ.




2.5.2. Sample Preparation


After 10 days of treatment, animals were fasted overnight (12–14 h), and blood samples (5 mL) were taken from each animal by puncture of the sublingual vein into sterilized tubes, and let stand for 10 min to clot. The serum was separated by centrifugation at 3000 rpm for 10 min. The separated serum was stored at −80 °C for further determinations for biochemical analysis. After blood collection, all rats of each group were sacrificed under ether anesthesia. The livers from different experimental normal and diabetic groups were removed immediately, weighed, homogenized in 0.9% sodium chloride (normal saline) (1:5 w/v), and centrifuged at 4000 rpm for 15 min. The supernatant was collected, aliquoted in Eppendorf tubes, and stored at −80 °C. The supernatants were used for further oxidative stress markers assessment.




2.5.3. Determination of Blood Glucose Level


The serum glucose level was determined using the enzymatic colorimetric method reported by Cronin and Smith [23], where glucose was oxidized to gluconic acid by glucose oxidase producing hydrogen peroxide (H2O2). The produced H2O2, in the presence of peroxidase enzyme, coupled with phenol and 4-aminoantipyrine, resulted in a colored quinonimine that can be measured at 510 nm.





2.6. Effect of Different Treatments of Sprouts on Diabetes Complications


2.6.1. Assessment of Liver Functions


	
Determination of liver function enzymes






Serum alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were estimated by the method of Reitman and Frankel [24], using a diagnostic kit (Bio Systems, Spain). AST and ALT were measured by monitoring the concentration of keto acids, i.e., oxaloacetate and pyruvate, hydrazone derivatives formed following the reaction with 2,4-dinitrophenylhydrazine at 520 nm. The concentration was calculated according to the following equation:


      A   Sample  −    A   Control     A   Standard  −    A   Blank      × C o n c . S t a n d a r d   











Additionally, serum alkaline phosphatase (ALP) was determined by the method of Thomas [25], using a diagnostic kit (Bio Systems, Spain). ALP catalyzes in alkaline medium pH (10) the phenyl phosphate group into phenol and phosphate. The liberated phenol was measured colorimetrically in the presence of 4-aminophenazone and potassium ferricyanide. The yellow color utilized of sample (A Sample) and standard (A standard) against reagent blank was measured at 510 nm, and enzyme activity was determined according to this equation:


Enzyme activity (IU/L) = A Sample/A Standard × 75












2.6.2. Assessment on Lipid Metabolism


	
Determination of Cholesterol Level






Total serum cholesterol was estimated using the cholesterol oxidase method described by Meiattini et al. [26]. The color intensity recorded at 500 nm was directly proportional to the cholesterol concentration. The cholesterol level in the sample was calculated using the following formula:


A Sample/A Standard × C Standard = C Sample








while the catalytic concentration was determined using:


A Sample/A Standard × 200 = mg/dL Cholesterol











	
Determination of high-density lipoprotein cholesterol (HDL-C)






Serum high-density lipoprotein cholesterol (HDL-C) was estimated by the method of Burstein et al. [27], where low-density lipoprotein (LDL) in the sample is precipitated with polyvinyl sulphate. HDL cholesterol detected in the supernatant was measured spectrophotometrically using coupled reactions described previously with cholesterol determination. HDL cholesterol levels in the sample were calculated using the following formula:


C Sample = A Sample/A Standard × C Standard × Sample dilution factor








and the catalytic concentration was calculated as:


A Sample/A Standard × 52.5 = mg/dL cholesterol











	
Determination of low-density lipoprotein cholesterol (LDL-C)






Serum low-density lipoprotein cholesterol (LDL-C) levels were determined following Assmann et al. [28]. LDL in samples was precipitated with polyvinyl sulfate. Its level was calculated in the supernatant from the difference between the total serum cholesterol determined previously and the cholesterol in the supernatant post centrifugation.



	
Determination of serum triglycerides (TG)






Serum triglyceride (TG) was measured using the method of Fossati and Prencipe [29]. The assay is based on hydrolysis of TG by lipase-producing glycerol, which reacts with glycerol kinase and L-α-glycerol-phosphate oxidase, producing H2O2. The H2O2 level was monitored in the presence of peroxidase, with 4-aminoantipyrine and 4-chlorophenol as a chromogenic system. Finally, the absorbance was recorded at 500 nm, and the TG level in the sample was calculated using the general formula:


C Sample = A Sample/A Standard × C Standard (200 mg/dL)












2.6.3. Effect on Oxidative Stress Markers


	
Determination of superoxide dismutase activity






Superoxide dismutase (SOD) activity in liver tissue was assayed according to the method of Nishikimi et al. [30]. The enzyme activity was calculated according to the following equation:


     Δ A   E . C       ×   assay   volume   ×    1 n  = μ mol / mg   protein   











ΔA = The change in the absorbance of NADH, H+ per min



E.C = Extinction coefficient of NADH, H+ which is equivalent to 6.22 × 10−3 μmol cm−1



N = mg protein in the sample



	
Determination of glutathione level






Glutathione (GSH) content in liver tissue was assayed following Moron et al. [31]. GSH was estimated using 5,5′-dithio-bis-2-nitrobenzoic acid (DTNB), which produces a stable yellow color that can be measured at 412 nm. The concentration of the sample that corresponds to the obtained absorbance was calculated from the pre-prepared standard curve (10–110 µg glutathione) and expressed as µg GSH/g tissue.



	
Determination of malondialdehyde level






Malondialdehyde (MDA) levels were estimated in liver tissue according to the method of Buege and Aust [32]. The assay is based on MDA reaction with thiobarbituric acid (TBA) in acid medium (perchloric acid 10%), resulting in an orange-colored complex that can be measured at 532 nm. MDA concentration was calculated by the following equation:


     A   t e s t   E . C    ×   1 n  =   μ mol / mg   protein   











Atest = Absorbance of the test



E.C = Extinction coefficient of MDA = 1.56 × 105 M−1 cm−1



n = mg protein in the sample





2.7. Determination of Total Protein in Tissue Homogenate


Total protein was assayed in tissue liver homogenate and serum according to Bradford [33]. The assay depends on the binding of Coomassie Brilliant blue dye to protein, producing a blue complex measured colorimetrically at 595 nm. The concentration of protein in tissue homogenate was calculated using the standard curve of protein (1–10 mg/mL of bovine serum albumin in water) and expressed as µg/g tissue.




2.8. Histopathological Examination of Liver Tissues


Liver tissue slices were fixed in 10% paraformaldehyde and embedded in paraffin wax blocks. Sections of 5 μm thick were stained with hematoxylin & eosin (H&E) and Masson’s trichrome, then examined under light microscope for determination of pathological changes [34].




2.9. Statistical and Multivariate Data Analysis


All data were expressed as mean ± SD (n = 8). Statistical analysis was carried out by one-way analysis of variance (ANOVA) and the Costat software computer program. Significance values between groups were calculated at p < 0.05. The percentage change versus control (− or +) was calculated according to Motawi et al. [35], where the negative control was the normal healthy rats, and the positive control was the diabetic rats left untreated.


% of change = (Control mean − Treated mean)/Control mean










% of improvement = (Treated mean − Diabetic mean)/Control mean











In addition, correlation was established between investigated biological parameters and phytochemical composition based on regression analysis using Excel 2013 (Microsoft, Redmond, WA, USA). The R2 values were calculated for different metabolites versus % improvement in each parameter, following treatment with each sprout extract. As well, PLS analysis was performed using SIMCA software (v. 14.1, Umetrics, Umeå, Sweden).





3. Results and Discussion


3.1. Antihyperglycemic Activity


The antihyperglycemic effect was assessed through monitoring of various parameters, viz., blood glucose level, oxidative stress markers, liver enzyme function, and histopathological liver examination in comparison with STZ-diabetic rats (Group 2). The dose of trigonelline was set at 1.2 mg/kg b.wt, which was the minimum amount of trigonelline found in 15 mg lentil sprout extract, according to NMR quantification results [8], to allow for comparison between levels present naturally in sprouts.



Trigonelline was detected as a major bioactive component of potential hypoglycemic action in legume sprouts utilizing NMR and UPLC–UV–MS [8,36], and it is well reported for its antidiabetic action [37]. Consequently, the hypoglycemic action of these sprout extracts was evaluated in comparison with the trigonelline standard and glibenclamide as positive drug controls.



Post DM induction by STZ, a significant increase in the blood glucose level of diabetic rats was observed at 435%, compared to the control group (Table 1). Treatment with chickpea, lentil, fenugreek, faba bean, trigonelline, and glibenclamide standard led to a significant decrease (p < 0.05) in sugar levels by 23.6, 36.3, 26.6, 65.0, 29.7, and 68.1%, respectively, compared to the diabetic control group. Accordingly, improvement levels reached 126.4, 194.2, 143.1, 348.0, 159.1, and 364.3%, respectively (Table 1).



Notably, faba bean sprout recorded the most potent effect in decreasing blood glucose levels, concurrent with the highest level of antioxidant flavonoids in our previous study at 178.0 ± 7.3 mg rutin equivalent (RE)/g dried sprouts methanol extract, and the unique presence of kaempferol and its various glycosides, based on UPLC-PDA-MS analysis [7,38]. Aside from flavonoids known for antidiabetic effect, they also serve to neutralize reactive oxygen species (ROS) resulting from DM oxidative stress mitigating the incidence of organ dysfunction [39].




3.2. Management of Diabetes Complications


STZ exposure induced diabetes, accompanied by liver damage, as manifested by elevated levels of hepatic marker enzymes, i.e., serum AST, ALT, and ALP. STZ-induced hepatic damage is also manifested in liver histopathological changes, i.e., severe vesicular steatosis, hepatocyte ballooning, and lobular inflammation [40].



3.2.1. Liver Enzymes


The effect of the various treatments on serum AST, ALT, and ALP in diabetic rats is summarized in Table 1. Results showed a significant increase in ALT level in the diabetic group by 52.70%, as compared with the control group. Treatment of diabetic rats with sprouts derived from chickpea, lentil, fenugreek, and faba bean, alongside trigonelline and glibenclamide standards, exhibited a significant decrease (p < 0.05) in ALT level by 15.9, 23.0, 14.6, 23.9, 20.8, and 28.3%, respectively, compared with the diabetic group. Based on that, the ALT level was improved by 24.3, 35.1, 22.3, 36.5, 31.8, and 43.2%, respectively, following these treatments. Faba bean and lentil were the most active sprouts, whereas trigonelline showed a decrease similar to that produced by chickpea and fenugreek sprouts.



Likewise, a significant increase in the AST level (Table 1) was observed in the diabetic group at 62.5%, compared with the control group. Treatment with chickpea, lentil, fenugreek, faba bean, trigonelline, and glibenclamide recorded a decrease in AST of 3.8, 12.6, 8.8, 14.8, 2.7, and 34.1%, respectively, as compared to the diabetic group. Accordingly, the improvement levels reached 6.3, 20.5, 14.3, 24.1, 4.5, and 55.4%, respectively. There was no significant difference (p > 0.05) between the sprout extracts and trigonelline treatment groups, whereas glibenclamide reduced AST levels almost to the normal level suggested for its superiority in that effect.



Thirdly, ALP showed a significant increase in the diabetic group, amounting to 67.5%, compared with the control group. Nevertheless, treatment with legume sprouts, including chickpea, lentil, fenugreek, faba bean, trigonelline, and glibenclamide, resulted in a significant decrease (p < 0.05) in ALP levels of 25.3, 23.9, 26.4, 35.7, 26.8, and 37.0%, respectively, as compared to diabetic group. The improvement levels were calculated to be at 42.3, 40.0, 44.7, 59.8, 44.9, and 62.0%, respectively, following treatment (Table 1). Faba bean and glibenclamide showed the strongest improvement in ALP levels, whereas other sprouts and trigonelline showed similar ALP decreasing activity.



It is worth mentioning that treatment with faba bean sprout extract exhibited the strongest effect in improving the levels of all investigated liver function enzymes, including ALT, AST, and ALP. Such improvement might be attributed to its richness in flavonoids, particularly kaempferol and its glycosides, which are known for their antioxidant and hepatoprotective activity [8,41].




3.2.2. Lipid Profile


DM is commonly associated with dyslipidemia that can lead to an increased predisposition toward development of non-alcoholic fatty liver disease and risk of heart diseases [42,43]. Dyslipidemia is characterized by elevated levels of bad fats, i.e., cholesterol, HDL, and TG, concurrent with a decrease in HDL level. Hence, the current study further investigated the effect of various legume sprouts on the lipids profile associated with DM, presenting an added value aside from the hypoglycemic action.



Cholesterol levels revealed a marked increase in diabetic rats by 506.7%, as compared to the control group, Figure 1. Treatment with chickpea, lentil, fenugreek, and faba bean sprout extracts, alongside trigonelline and glibenclamide standards, showed a significant decrease (p < 0.05) in cholesterol level, while faba bean and chickpea were the most active sprouts in decreasing cholesterol level by 79.1 and 78.6%, respectively. Trigonelline showed a moderate decrease of 76%, followed by fenugreek and lentil sprouts with 74.7 and 71.2, respectively, in Figure 1.



In addition, HDL-C demonstrated a significant decrease in diabetic rats of 54.8%, compared with the control group. Treatment with chickpea, lentil, fenugreek, and faba bean sprout extract, alongside trigonelline and glibenclamide, resulted in a significant increase in HDL levels (p < 0.05). Trigonelline and fenugreek showed the most improvement in HDL-C levels with 36.6 and 28.8, respectively (Figure 1). This effect may account for fenugreek sprout being the richest in trigonelline and 4-hydroxyisoleucine, as revealed using UPLC-MS and NMR [7,8], both known to exert an HDL-C improvement effect [44,45].



Moreover, serum LDL-C showed a significant increase in diabetic rats of 208.5%, compared with the control group. However, treatment with chickpea, lentil, fenugreek, faba bean sprouts, trigonelline, and glibenclamide standards exerted a significant decrease in LDL levels (p < 0.05), amounting to 60.9, 54.5, 58.6, 66.1, 59.9, and 62.7%, respectively, as compared to the diabetic group. Remarkable improvement levels were observed at 188.0, 168.2, 180.9, 203.9, 184.7, and 193.4%, respectively, with regard to the previous treatments (Figure 1). Faba bean showed the highest improvement in LDL-C among other treatments, including the standardly used drugs glibenclamide and trigonelline, presenting an added value for faba bean sprout. The reduction of LDL-C might be attributed to the flavonoids enrichment exemplified by kaempferol conjugates, which are known to induce the expression of LDL receptors [46].



Furthermore, induction of DM was associated with a significant increase in serum TG, reaching 107.6%, compared with the control group. Treatment with chickpea, lentil, fenugreek, faba bean, trigonelline, and glibenclamide showed a significant decrease in TG levels (p < 0.05), amounting to 48.3, 36.0, 36.7, 46.6, 21.3, and 50.6%, respectively, with improvement levels that reached 100.2, 74.8, 76.1, 96.8, 44.2, and 105.1 %, respectively, after treatment, Figure 1. Hence, these results demonstrated that chickpea, faba bean, and glibenclamide were the most active, in agreement with previous findings [47].



In conclusion, treatment with faba bean showed more or less the highest improvement in cholesterol, TG, and LDL levels, while trigonelline and fenugreek showed the highest improvement in HDL levels.




3.2.3. Liver Oxidative Stress Markers


The antioxidant effect of natural products, such as flavonoids, has been reported to play a potential role aiding in DM management, including its complications, such as cardiomyopathy via alleviation of oxidative stress that is induced by elevated blood sugar levels, inflammation, and apoptosis [48,49,50]. Consequently, the antioxidant activity was assessed through the determination of SOD and GSH levels, in addition to the anti-inflammatory effect via measurement of MDA, following treatment with legume sprouts and the two drug standards, viz., glibenclamide and trigonelline. The results are summarized in Table 2.



SOD level showed a significant reduction in the liver tissue of diabetic rats, amounting to 65.8%, as compared with the control group (Table 2). However, treatment of diabetic rats with legume sprouts, trigonelline, and glibenclamide resulted in a significant increase (p < 0.05) of SOD activity in the order of faba bean > lentil > chickpea > fenugreek. Faba bean sprout showed the strongest elevation in SOD activity detected at 80.8%, compared to the diabetic group. Lentil showed moderate elevation of SOD activity (60.0%), followed by chickpea, fenugreek, and trigonelline, ranging from 15–27%, compared with the diabetic group.



Moreover, GSH levels in diabetic rats showed a similar significant decrease of 64.6%, compared with the control group. Diabetic rats treated with chickpea, lentil, fenugreek, faba bean, trigonelline, and glibenclamide recorded significant increases (p < 0.05) of 38.0, 33.2, 11.6, 71.7, 50.1, and 78.3%, respectively, as compared to the diabetic group. Hence, treatments showed improved GSH levels of 13.5, 11.7, 4.2, 25.4, 17.7, and 27.7%, respectively, revealing the same pattern of SOD, i.e., faba bean > lentil > chickpea > fenugreek (Table 2). Moreover, faba bean sprout showed the strongest improvement in GSH levels, similar to that observed by glibenclamide, which exhibited antioxidant and antimutagenic potentials against oxidative stress and organ damage [51,52]. However, trigonelline, chickpea, and lentil showed moderate GSH elevation, whereas fenugreek sprout produced the minimum GSH level improvement (Table 2).



Furthermore, significant increases in MDA levels after STZ-induced DM were detected at 173.5%, compared with the control group. Meanwhile, diabetic rats treated with chickpea, lentil, fenugreek, faba bean, trigonelline, and glibenclamide revealed significant decreases (p < 0.05) in MDA levels of 34.6, 48.9, 45.0, 52.8, 52.4, and 57.3%, respectively, compared with the diabetic group. Accordingly, the magnitude of improvement in MDA levels reached 94.6, 133.6, 123.0, 144.2, 143.4, and 156.6%, respectively. Both faba bean and lentil showed the highest decrease in MDA levels that could be comparable with that of the antidiabetic standard glibenclamide, Table 2.



It is worth mentioning that treatment with faba bean sprout exhibited the most potent effect in increasing SOD activity and GSH levels, in addition to decreasing MDA levels, in diabetic rats (Table 2). This effect of faba bean sprout might be explained by its rich flavonoids content and associated antioxidant activity [7,53]. The results were consistent with the previous study, which showed that faba bean sprout exhibited the highest in vitro antioxidant activity, using both DPPH and ABTS assay methods, found in strong correlation with flavonoid content [7] and in agreement with the previous report by Randhir and Shetty [54]. Such results could be further correlated with the type of flavonoid found in legume sprouts, as faba bean sprout is rich in flavonols, which have been proven previously to exert the strongest in vivo antioxidant activity among flavonoid subclasses [53].



However, the study’s limitation may be in monitoring only end products, with less insight on action mechanisms, and not testing pure isolates to prove the hypothesis, except for trigonelline. The NMR analytical platform captured the major metabolite, with less evidence of minor chemicals likely to contribute to antidiabetic efficacy and associated complications. Moreover, more clinical investigations and profiling of other legume sprouts are recommended to prove the efficacy level.





3.3. Histopathological Findings


The liver is typically susceptible to xenobiotics and/or drug-induced injury because of its central role in metabolism and its portal location within the circulatory system. Liver tissue histopathological assessment was conducted to determine the degree of architectural changes due to the different treatments and to confirm results obtained by liver function enzyme assays (Table 1). The histopathological examination of liver tissue in the current study is shown in Figure 2.



Histopathological examination of the liver in control rats revealed preserved lobular hepatic architecture and normal morphological appearance (Figure 2A,B). The histological changes in the liver injury induced by STZ revealed a high level of lobular inflammation, severe vesicular steatosis, and hepatocyte ballooning in the STZ group rats, compared with the normal histological liver (Figure 2C,D).



In contrast, all legume sprouts-treated groups showed preserved lobular hepatic architecture, normal morphological appearance, improvement in steatosis, and mild interlobular inflammation (Figure 2E–L), compared to the diabetic group. Faba bean sprout treatments showed the most improvement in liver architecture with vacuolization (Figure 2K,L) and in agreement with biochemical assays for liver functions, shown in Table 1.



In diabetic rats treated with both antidiabetic drugs, i.e., trigonelline and glibenclamide, hepatocytes degeneration, necrosis, and infiltration of inflammatory cells were all apparently ameliorated (Figure 2M,N) and (Figure 2O,P). The results showed that the treatment of diabetic rats with faba bean sprouts recorded the most hepatoprotective effect (Figure 2K,L) among treatments, which confirms the results of the liver biochemical parameters analysis and correlates to some extent with the total flavonoids content of legume sprouts [7].




3.4. Bioactivities in Relationship with Major Metabolites in Legume Sprouts


Following experimental results, analysis of data by chemometric tools is typically performed, based on either a supervised or unsupervised approach to aid in drug discovery. Examples include principal component analysis (PCA) and PLS. Such data analysis investigates multiple and interacting factors that help in identification and determination of potential markers specifically [55,56]. In relation to major primary and secondary metabolites quantified in our previous publications on these sprouts using MS and NMR [7,8], we attempted to use such a matrix for identification of active agents using chemometric tools. 1H-NMR quantification of the metabolites detected in different samples of legume sprouts’ methanol extracts is presented in the Supplementary material (Table S1). Sugars and isoflavonoids were predominant in chickpea; amino acids, choline, L-DOPA, and betaine in faba bean; in addition to trigonelline and 4-hydroxyisoleucine in fenugreek sprout extracts [7,8].



Simply, regression analysis was done as the first step to determine the regression coefficient (R2) by correlating the % improvement of each parameter with the major metabolites separately, where R2 values close to 1.0 indicate stronger relationships. Furthermore, more advanced PLS modeling was carried out investigating all interacting factors at the same time being able to identify the potential metabolite markers responsible for the antidiabetic activity in legume sprouts [57].



3.4.1. Regression Analysis


Results summarizing the calculated R2 are listed in Table S2. They revealed that blood glucose levels showed a strong correlation with the sprouts’ flavonoid content (R2 = 0.85), and to a much less extent for histidine (R2 = 0.53), while trigonelline content failed to show a potential correlation (R2 = 0.32), in parallel with the moderate effect shown in the group treated with trigonelline, Table 1. These results suggested that the main antihyperglycemic action in sprouts is mediated via the inhibition of carbohydrates’ digestive enzymes by flavonoids, i.e., α-glucosidase, reducing metabolism and, thus, the bioavailability of sugars [13], with prevention of pancreatic cell damage by STZ-induced oxidative stress [58]. Histidine-rich supplements were reported to alleviate insulin resistance due to their anti-inflammatory activity in clinical studies [59]. Interestingly, L-DOPA content, which was detected only in faba bean sprouts, showed a strong relationship with antihyperglycemic activity (R2 = 0.92). The hypoglycemic effect of L-DOPA has not been shown before in previous literature. Nevertheless, this action might be mediated by the antioxidant and anti-inflammatory activities of L-DOPA [60]. Hence, flavonoid and L-DOPA contents in faba bean sprouts could account for the potential hypoglycemic effect.



The improvement percentage for the different calculated parameters, where moderate relationships with R2 at 0.79, 0.84, and 0.72 for L-DOPA, betaine, and total flavonoid content, respectively, for GSH, while a strong relationship was observed with histidine, with an improvement of MDA. L-DOPA, betaine, and total flavonoids were also revealed as key determinants for the improvement of ALP levels, with R2 values of 0.96, 0.93, and 0.99, respectively. Furthermore, L-DOPA, betaine, and total flavonoids correlated with LDL levels positively at R2 values of 0.69, 0.70, and 0.77, respectively. However, the effect on HDL was less obvious, Table S2.



Betaine supplements have been reported to improve liver functions, in agreement with our findings to improve SOD and GSH activities and lower TG levels [61,62]. Nevertheless, the effect of betaine levels on TG levels could not be confirmed with a weak relationship (R2 = 0.28). Histidine is an essential amino acid that has demonstrated beneficial health benefits for the liver through several roles, including scavenging of reactive oxygen and nitrogen species, increasing rates of MDA formations, increased GSH content, in addition to a decrease of inflammatory mediators, such as IL-6 and TNF-α [63,64]. Yet, the role of L-DOPA in diabetes is still not clear from previous literature, and its contribution to a liver protection effect warrants more studies in the future.




3.4.2. Partial Least Square Analysis (PLS)


The PLS model was established based on the NMR fingerprint and total flavonoid content that were reported in our previous publication [8], and in correlation with the different bioactivities reported in this study. Both untargeted as NMR bins of the whole NMR region from 0–11 ppm, and targeted approaches for targeted quantified NMR peaks were attempted and compared to reveal the possible correlations between identified metabolites (X-variables) and investigated parameters (Y-variables).



	
Untargeted PLS approach






Firstly, binned NMR spectra from all sprouts (δH 0.0–11.0 ppm) of 0.04 ppm width were modeled against the different antidiabetic activity and associated complication parameters. The score plot (Figure 3A) demonstrated the wide distance of the fenugreek sprout from all other sprouts, which could be correlated with HDL levels to the right of the loading plot (Figure 3B). In addition, faba bean sprout was found on the most left side of the score plot, correlated with GSH and SOD being rich in aromatic signals at the 6.7 and 6.3 ppm assigned for L-DOPA [8]. The corresponding loading bar plot (Figure 3C) failed to reveal a clear correlation between activity and NMR signals, likely due to the abundance of primary metabolites, i.e., sugars and organic acids, as is typical in most plant extracts, contributing less to the sprouts’ efficacy. Additionally, prediction power (Q2) was weak at 0.21, although of good variance coverage (R2 of Y-intercept = 0.83), based on the 4 calculated PCs. This model’s weakness is likely due to interference from sugar signals not related to the health effect and abundance in the sprout samples. Consequently, another model was constructed from the aromatic region (δH 5.5–11.0 ppm) more specific toward secondary metabolites and likely to account for the antidiabetic effect. Our previous NMR metabolomics revealed that aromatic regions provided a stronger PCA model [17], and it is first time to be examined here in the case of PLS.



The PLS model based on the aromatic region showed a higher prediction power Q2 of 0.43, compared to the whole NMR region model at only 0.21. The score plot in Figure 3D shows that faba bean was the most distant due to its richness in NMR signals at 6.7 and 6.3 ppm, correlating strongly with the SOD and GSH effect (Figure 3E), and in agreement with untargeted loading plot results for the whole scale (Figure 3B). In addition, the loading plot showed a positive correlation of antioxidant assays, i.e., SOD and GSH, with L-DOPA and, to a less extent, a glucose-lowering effect (Figure 3F), in contrast to previous studies that showed the neurotoxic effect of L-DOPA resulting from induced oxidative stress, except for low concentrations <30 µM [65]. The biplot overlaying score and loading plots in one figure showed a correlation of antioxidant and glucose-lowering mostly close to faba bean sprouts and correlated with L-DOPA and trigonelline to a lesser extent (Figure S1A). Additionally, the VIP score for L-DOPA signals was measured at 2, which is considered significant (Figure S1B). The relationship between the observed versus predicted effect showed the most discriminant PLS model of L-DOPA for the GSH and glucose-lowering effect (R2 > 0.9) and SOD (R2 = 0.83), Figure S1C.



Furthermore, a final model was developed to exclude the hyperglycemic effect of L-DOPA on glucose levels by removing blood glucose level parameters as the Y-variable. The bar loading plot (Figure S1D) showed a more prominent positive correlation of antioxidant assay in SOD and GSH with L-DOPA, in addition to a VIP score above 2 (Figure S1E). Confirming L-DOPA’s antioxidant effect [60] and whether it contributed to antidiabetic action needs to be further examined.



Considering that we failed to include signals from aliphatic and sugar regions, we finally attempted a third PLS model, in which total quantified metabolites expressed as µg/mg dry matter, along with the total flavonoids, were modeled along biological effects in a rather targeted approach.



	
Targeted PLS approach






The constructed model combining absolute quantification of metabolites and measured biological parameters showed much higher prediction power at 0.8, compared to 0.2 and 0.4 in the whole and aromatic NMR regions, respectively, that were based on an untargeted PLS approach. Such a model is expected to better pinpoint potential candidates for the prediction of metabolites mediating legume sprouts’ antidiabetic actions. The score plot (Figure 4A) revealed that faba bean was the most discriminant sample, found on the right side with positive score values from other sprout samples. The biplot (Figure 4B) revealed a strong correlation of L-DOPA, betaine, and total flavonoid content (TFC) with blood glucose, GSH, and SOD, confirming the previous results found in regression analysis (Section 3.4.1) and a further untargeted approach for L-DOPA. Additionally, the bar loading plot (Figure 4C) confirmed the prominent effect of TFC, followed by L-DOPA and betaine. Flavonoids have been well documented for their antidiabetic effect in foods and, more specifically, in legume sprouts, including extract of Lens culinaris and associated serum-lipid profiles [14], and Cicer arietinum extracts via their antioxidant and intestinal α-glucosidase inhibitory effects [13].



The model’s validation was performed by the goodness of fit studied through regression analysis of Y-observed versus Y-predicted values of the selected Y-variables, revealing an R2 close to 1 in the case of blood glucose (R2 = 0.97), ALP (R2 = 0.96), LDL (R2 = 0.95), SOD (R2 = 0.95), and GSH (R2 = 0.97). However, other parameters, such as ALT, TG, and MDA, showed moderate relationships at R2 values of 0.8, 0.81, and 0.52, respectively (Figure S2). Additionally, a permutations test was carried out to further check the model reproducibility in 100 trials. The results showed significant models, where the R2 values were at <0.3 and Q2 < 0.05 in biomarkers associated with antidiabetic activity (Figure S3).






4. Conclusions and Future Perspectives


This study represents the first biochemometric approach to assess the antidiabetic activity of four major legume sprouts and their mitigation against diabetic-associated complications, as determined using NMR to reveal active agents in sprout extracts. The application of the targeted versus untargeted PLS regression models aided in revealing active agents to mediate a decrease in serum glucose level, particularly for L-DOPA. Faba bean sprout showed the strongest effect, compared to glibenclamide, among other sprouts, posing its future inclusion in nutraceuticals for diabetic patients. This effect is likely attributed to its richness in flavonoids, alongside high levels of L-DOPA absent in all the other sprouts. Other nitrogenous compounds, i.e., betaine and histidine, appeared to be more related to the hepatoprotective and antihyperlipidemic effects. Moreover, flavonoids played a more discriminatory role in sprouts´ antidiabetic action than trigonelline, although the latter is known as an antidiabetic agent. The antioxidant effect was more associated with L-DOPA, while HDL was more correlated to omega fatty acids (e.g., ω6-fatty acids). Conclusively, our results pinpoint the benefit of sprouts consumption for improving decreases of insulin resistance, scavenging ROS, and anti-inflammatory activity. However, the current study suffers from some limitations, such as monitoring of only end products and not testing pure isolated metabolites, except in the case of trigonelline.



Further studies are recommended for revealing action mechanisms either for the crude extracts or pure isolated metabolites, as well as more clinical investigations and profiling of other legume sprouts to aid in identifying more active agents. Moreover, examining changes in the levels of these chemicals with sprouting can identify the best stages for their harvest. Investigation of the possible synergistic effects of these sprouts and standard antidiabetic drugs should be examined to help provide the most efficacious regimens and identify any potential interactions.
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Figure 1. Effect of different treatments on lipid profile of diabetic rats (DR, Diabetic Rats; C, Chickpea; L, Lentil; T, Fenugreek; V, faba bean; Trig., Trigonelline; Glib., Glibenclamide). The values are represented as mean (n = 8) ± SD. Statistical analysis is carried out by one-way ANOVA where groups having the same letters (a–e) in superscripts are not significantly different, while those having different letters are significantly different at p < 0.05. 
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Figure 2. Photomicrographs of liver sections showing; (A,B): preserved lobular hepatic architecture and normal morphological appearance, (C,D): severe vesicular steatosis, hepatocyte ballooning (black arrow) and lobular inflammation (dashed arrow), (E,F): mild vesicular steatosis, hepatocyte ballooning (solid arrow) and mild inflammation (dashed arrow), (G,H): micro steatosis, hepatocyte ballooning (black arrow) with mild interlobular inflammation (dashed arrow), (I–L): intact lobular hepatic architecture, scattered few micro steatotic changes (black arrow) and minor inflammation (dashed arrow), (M,N): mild vacuolization of hepatocytes and mild ballooning of hepatocytes, and (O,P): showed more or less normal hepatic structure with minimal vacuolization. ((A,C,E,G,I,K,M,O) are stained with (H,E), while (B,D,F,H,J,L,N,P) are Masson’s trichrome, 100×). 
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Figure 3. Untargeted PLS analysis for NMR spectral bins (0.04 ppm each) of the whole NMR scale (δH 0.0−11.0 ppm) in (A−C), in addition to aromatic region (δH 5.5−11.0 ppm) in (D−F). (A,D): Score plot, (B,E): Loading scatter plot, and (C,F): Loading bar plot. It should be noted that ellipses drawn do not reflect statistical significance. 
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Figure 4. (A): PLS score plot of investigated legume sprouts based on quantified metabolites by NMR and total flavonoid content (TFC). (B): Biplot relating the quantified metabolites (X−Variables) correlated with investigated parameters (Y−Variables) related to the antidiabetic activity, and (C): Loading bar plot showed the positive correlation of the antidiabetic activity with identified metabolites and TFC. The t(corr) [2] sign denotes the correlation sites between X− and Y−variables. 
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Table 1. Effect of different treatments on serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), and alkaline phosphatase (ALP) of diabetic rats (n = 8).
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Groups

	
Glucose Level

	
ALT

	
AST

	
ALP




	
Glucose (mg/dL)

	
% Improvement

	
ALT (Unit/L)

	
% Improvement

	
AST (Unit/L)

	
% Improvement

	
ALP (Unit/L)

	
% Improvement






	
Control

	
74.6 e ± 2.4

	
---

	
1.5 c ± 0.1

	
---

	
2.2 b ± 0.2

	
---

	
258.5 d ± 11.0

	
---




	
DR

	
399.2 a ± 30.9

	
---

	
2.3 a ± 0.3

	
---

	
3.6 a ± 0.3

	
---

	
433.2 a ± 16.8

	
---




	
DR + C

	
304.9 b ± 36.4

	
126.5

	
1.9 b ± 0.1

	
24.3

	
3.5 a ± 0.4

	
6.3

	
323.8 b ± 5.5

	
42.3




	
DR + L

	
254.4 c ± 26.6

	
194.2

	
1.7 bc ± 0.1

	
35.1

	
3.2 a ±0.6

	
20.5

	
329.7 b ± 4.4

	
40.0




	
DR + F

	
292.6 bc ± 25.4

	
143.1

	
1.9 b ± 0.2

	
22.3

	
3.3 a ± 0.2

	
14.3

	
318.9 b ± 8.9

	
44.6




	
DR + V

	
139.6 d ± 11.4

	
348.0

	
1.7 bc±0.1

	
36.5

	
3.1 a ± 0.1

	
24.1

	
278.6 c ± 9.2

	
59.8




	
DR + Trig.

	
280.5 bc ± 32.0

	
159.1

	
1.8 b ± 0.2

	
31.8

	
3.5 a ± 0.4

	
4.5

	
317.1 b ± 3.3

	
44.9




	
DR + Glib.

	
127.4 d ± 2.5

	
364.3

	
1.6 bc ± 0.11

	
43.2

	
2.4 b ± 0.2

	
55.4

	
273.0 c ± 21.3

	
62.0








DR, Diabetic Rats; C, Chickpea; L, Lentil; F, Fenugreek; V, Faba bean; Trig., Trigonelline; Glib., Glibenclamide. Data are expressed as mean ± SD of eight rats in each group. Statistical analysis is carried out using one-way ANOVA where groups having the same letters (a–e) in superscripts are not significantly different, while those having different letters are significantly different at p < 0.05.
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Table 2. Effect of different treatments on liver superoxide dismutase (SOD) activity, liver glutathione (GSH) level, and liver malondialdehyde (MDA) of diabetic rats (n = 8).
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Group

	
SOD

	
GSH

	
MDA




	
SOD Level

(µg/mg Protein)

	
% Improvement

	
GSH Level

(µg/g Tissue)

	
% Improvement

	
MDA

(µmol/mg Protein)

	
% Improvement






	
Control

	
28.4 a ± 1.4

	
---

	
26.0 a ± 2.0

	
---

	
1.1 d ± 0.2

	
---




	
DR

	
9.7 e ± 0.8

	
---

	
9.2 d ± 0.7

	
---

	
3.1 a ± 0.5

	
---




	
DR + C

	
12.4 d ± 1.6

	
9.4

	
12.7 c ± 1.1

	
13.5

	
2.0 b ± 0.2

	
94.6




	
DR + L

	
15.5 c ± 1.1

	
20.5

	
12.3 c ± 0.7

	
11.7

	
1.6 cd ± 0.2

	
133.6




	
DR + F

	
11.8 d ± 1.0

	
7.5

	
10.3 d ± 0.6

	
4.2

	
1.7 c ± 0.7

	
123.0




	
DR + V

	
17.5 b ± 1.7

	
27.6

	
15.8 b ± 0.6

	
25.4

	
1.5 cd ± 0.2

	
144.2




	
DR + Trig.

	
11.2 de ± 1.0

	
5.3

	
13.8 c ± 0.6

	
17.7

	
1.5 cd ± 0.2

	
143.4




	
DR + Glib.

	
14.7 c ± 0.7

	
17.5

	
16.4 b ± 1.6

	
27.7

	
1.3 cd ± 0.2

	
156.6








DR, Diabetic Rats; C, Chickpea; L, Lentil; T, Fenugreek; V, Faba bean; Trig., Trigonelline; Glib., Glibenclamide. Data are expressed as mean ± SD of eight rats in each group. Statistical analysis is carried out by one-way ANOVA where groups having the same letters (a–e) in superscripts are not significantly different, while those having different letters are significantly different at p < 0.05.
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