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Abstract

:

Due to the high volume of peel produced, Citrus by-product processing could be a significant source of phenolic compounds, in addition to essential oil. Citrus fruit residues, which are usually dumped as waste in the environment, could be used as a source of nutraceuticals. Citrus aurantium (L), also known as sour or bitter orange, is a member of the Rutaceae family and is the result of interspecific hybridization between Citrus reticulata and Citrus maxima. The purpose of this study is to chemically and biologically evaluate the peel of C. aurantium, which is considered a solid waste destined for abandonment. To achieve more complete extraction of the phytochemicals, we used a sequential extraction process with Soxhlet using the increasing polarity of solvents (i.e., cyclohexane, chloroform, ethyl acetate, acetone, and ethanol–water mixture). Essential oil (EO) from the Citrus peel, which was present at 1.12%, was also prepared by hydrodistillation for comparison. Various phytochemical assays were used to determine the qualitative chemical composition, which was subsequently characterized using GC-MS and HPLC-DAD. The inhibitory effects of C. aurantium peel extract on two enzymes, intestinal α-glucosidase and pancreatic α-amylase, were measured in vitro to determine their potential hypoglycemic and antidiabetic actions. Each extract had a significantly different phytochemical composition. According to GC-MS analyses, which allow the identification of 19 compounds, d-limonene is the most abundant compound in both EO and cyclohexane extract, at 35.17% and 36.15% (w/w). This comparison with hydrodistillation shows the value of the sequential process in extracting this valuable terpene in large quantities while also allowing for the subsequent extraction of other bioactive substances. On the contrary, linoleic acid is abundant (54.35% (w/w)) in ethyl acetate extract (EAE) with a lower amount of d-limonene. HPLC-DAD analysis allows the identification of 11 phytochemicals, with naringenin being the most abundant flavanone, detected in acetone extract (ACE) (23.94% (w/w)), ethanol–water extract mixture (EWE) (28.71% (w/w)), and chloroform extract (CFE) (30.20% (w/w)). Several extracts significantly inhibited α-amylase and/or α-glycosidase in vitro. At a dose of 332 g/mL, ACE, CFE, and EWE inhibited the two enzymes by approximately 98%. There were strong significant correlations between naringenin and α-glucosidase inhibition and between gallic acid and α-amylase inhibition. Molecular docking experiments further verified this. Finally, oral administration of C. aurantium extracts at a dose of 2000 mg/kg did not cause any effect on mice mortality or signs of acute toxicity, indicating that it is non-toxic at these doses. These findings suggest that C. aurantium peels could be a valuable by-product by providing a rich source of non-toxic phytoconstituents, particularly those with potential antidiabetic action that needs to be confirmed in vivo.
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1. Introduction


Citrus aurantium, also known as sour orange, is native to Southern to Eastern Asia, Malaysia, New Caledonia, and Australia [1]. It was later cultivated in Spain, France, North and South Africa, and the rest of the tropical to the temperate world because it is the most resistant plant of all Citrus species [2].



Citrus production has increased in recent years, and the fruit processing industries have focused on the production of juices, essential oils, flavoring, antioxidants, and acidifying agents for food [3,4]. However, the amount of solid Citrus waste (peels, seeds, and membrane residue) generated after processing is huge. Several studies on the recycling and valorization of solid Citrus waste have revealed a wide range of applications, particularly as a source of phytochemicals vitamins and/or minerals for the treatment of various diseases [5,6]. The main bioactive constituents of C. aurantium are flavonoids, which have been shown to have antioxidant [7,8], antimicrobial, antiallergic, anticancer, and antidiabetic properties [9]. Furthermore, C. aurantium has been used in herbal medicine as a stimulant and appetite suppressant; it has also been used in traditional Chinese medicine to treat nausea, indigestion, and constipation. It is also used to treat cancer and certain cardiovascular diseases [10].



Diabetes mellitus, a serious disease that can be defined as a group of metabolic disorders characterized by chronic hyperglycemia, is common throughout the world. Diabetes is classified into two types: type 1 (insulin-dependent diabetes), which occurs as a result of the pancreas’ inability to secrete enough insulin due to beta cell destruction, and type 2 (non-insulin-dependent diabetes) [11]. Cells in type 2 (non-insulin-dependent) diabetes no longer respond to insulin and become insulin resistant. There are currently several synthetic drugs used to treat diabetic patients; the main goal is to reduce postprandial hyperglycemia by inhibiting digestive enzymes, primarily intestinal α-glucosidase and pancreatic α-amylase, or by reducing glucose absorption by the intestine. Several plant natural products/extracts have emerged as promising α-glucosidase and α-amylase inhibitors in recent decades [12,13,14,15,16]. Furthermore, recent research has emphasized the importance of promoting safer and tolerable inhibitors for the two enzymes that are naturally extracted from medicinal plants, fruits, and vegetables at a lower cost, particularly Citrus fruits. Many studies have shown that their consumption helps to treat a variety of chronic diseases, including type 2 diabetes [17]. It has been reported that navel orange contains significant antidiabetic constituents. Furthermore, another study on some selected Citrus species from Jordan revealed potential α-glucosidase and α-amylase inhibitory activities [18].



The goal of this study was to extract and separate secondary metabolites from the C. aurantium peel using the polarity of solvents, moving from a non-polar solvent (cyclohexane) to a more polar solvent mixture (ethanol–water). Here, these sequential extraction methods take advantage of the fact that different solvents have different polarities and thus different extraction capacities for different compounds. Citrus peel was therefore extracted using a series of solvents, each selected to selectively extract a single or a group of compounds with similar chemical properties. It was supported by both qualitative and quantitative phytochemical analyses, followed by GC-MS and HPLC-DAD characterization and identification of the compounds in comparison to local database abs standards. This research focused on the potential antidiabetic activity of α-glucosidase and α-amylase enzyme inhibition. A systematic study of the in vivo toxicity of all extracts on mice was performed.




2. Materials and Methods


2.1. Chemicals


All solvents (cyclohexane, chloroform, ethyl acetate, acetone, ethanol, dimethyl sulfoxide (DMSO)), analytical grade (99.5%), were purchased from Sigma-Aldrich. Acarbose was purchased from Bayer Schering Pharma. Intestinal α-glucosidase type I (10 units/mg of proteins), pancreatic α-amylase, and all the reagents were purchased from Sigma-Aldrich.




2.2. Plant Material


Sour oranges were collected locally from an average of 10 C. aurantium trees, for a good sampling, grown in Eastern Morocco, in the period between November and February. The fruits were washed in running water and then in distilled water, and they were peeled. The peels were divided into two parts; the first one was used fresh for the extraction of essential oil, while the second was dried on the stove, for 3 days, at a temperature of 35 to 45 °C and then ground into a fine powder using Moulinex LM242, a powerful grinder, to avoid any chemical degradation of the starting compounds due to the heat caused during the grinding process, which would further affect the test results.




2.3. Sample Preparation


C. aurantium peel essential oil was obtained by submitting 250 g of fresh peels to hydrodistillation for 3 h using the Clevenger type-apparatus. The essential oil was dried over anhydrous magnesium sulfate and conserved in dark flacons at 3 °C.



C. aurantium peel extracts were obtained by extracting, successively, 80 g of dried peel powder with 800 mL of solvents in increasing order of polarity (cyclohexane, chloroform, ethyl acetate, acetone, and ethanol–water) using the Soxhlet-type apparatus. The extracts were concentrated using a rotary vacuum evaporator and stored, away from light, at 3 °C for further use.




2.4. Phytochemical Investigation of C. aurantium Peel Extracts


Qualitative and quantitative phytochemical screening was performed for C. aurantium peel extracts to determine the nature of the families of chemical compounds present in each extract and the phenol and flavonoid total content as well.



2.4.1. Qualitative Screening


A screening of steroids/terpenoids, alkaloids, flavonoids, saponins, phenols and tannins, coumarins, and free quinone was performed based on the color intensity or precipitate formation that are considered analytical responses to these tests.



The Liebermann–Burchard test was used by adding 2 mL of chloroform to each extract and then acetic anhydride, and concentrated H2SO4, and the color of the mixture turned to red, blue, and then green, which indicated the presence of steroids and terpenoids [19].



The extracts were recuperated in a few milliliters of HCl (50%), to which then Mayer reagent was added. The appearance of a white or yellow precipitate indicated the the entity of alkaloids [20].



Exactly 0.5 g of magnesium ribbon and concentrated HCl were mixed with each extract. A pink-colored precipitate appeared that indicated the the presence of flavonoids [19].



A volume of 2 mL of distilled water was added to each extract in a test tube, and it was shaken vigorously. The foam formation indicated a positive test for the revelation of saponins [19].



A volume of 2 mL of 1% (w/v) solution of FeCl3 was mixed with crude extract, and a black or blue-green color indicated the presence of tannins and phenolics [19].



The extracts were put in test tubes, and they were covered with filter paper soaked with diluted NaOH. The tubes were placed in a water bath for a few minutes, and then the paper was examined under UV light. Yellow fluorescence indicated the presence of coumarins [20].



A few drops of NaOH (1/10) aqueous solution were mixed with the extracts in test tubes, and a yellow, red, or purple color developed, testifying to the presence of quinones [20].




2.4.2. Quantitative Screening


The phenolic and flavonoid total content was determined only for the extracts showing a positive test for those entities.



The total phenol content of the extracts was estimated according to the method described in the literature [8,21]. Briefly, 1 mL of Folin–Ciocalteu reagent diluted at 10% was mixed with 200 μL of the extracts or gallic acid (standards calibration) or methanol (blank). After 5 min, 800 µL of Na2CO3 solution (7.5 g/L) was added to the mixtures, which were stood for 1 h before their absorbance measurement at 700 nm using a UV–VIS spectrophotometer. Results were expressed as gallic acid equivalent (GAE) in milligrams per 100 g of dry matter.



The total flavonoid content of the extracts was determined using the colorimetric aluminum chloride method [8]. Briefly, 1 mL of diluted extract in methanol (2 mg/mL) was mixed with 1 mL of 2% aluminum chloride solution prepared in methanol. The mixtures was left at room temperature for 10 min, and then absorbance was measured at 430 nm using a UV–VIS spectrophotometer. Results were expressed as quercetin equivalent (QE) in milligrams per 100 g of dry matter.





2.5. Gaz Chromatography Coupled with Mass Spectroscopy (GC-MS) Analysis


The essential oil from C. aurantium peel and the mother extracts of ethyl acetate and cyclohexane were analyzed using a Shimazadu QP 2010 GC-MS apparatus equipped with a DB-5 capillary column (30 m long, 0.25 mm diameter, 0.25 µm film thickness). Helium was used as a carrier gas with a flow rate of 1 mL/min. The initial temperature of the column was 60 °C. It was gradually increased to finally reach 210 °C with a step of 10 °C/min. Then, 1 μL of the diluted samples 1:100 (v/v) with hexane was injected in spitless mode. The temperature of the injector and detector was set at 250 °C and 280 °C, respectively.



Chemical compounds present in each sample were identified based on the GC retention time on the DB-5MS column and matching of the spectra with computer software data of standards.




2.6. High-Performance Liquid Chromatography Coupled with Diode Array Detector (HPLC-DAD) Analysis


C. aurantium peel chloroform, acetone, and ethanol–water extract analyses were performed using Waters 2695 Alliance Analytical HPLC equipped with a 2998 Photodiode Array detector. The column used was a C18 reverse-phase HPLC column (25 cm length, 4.6 mm diameter, and 5 μm particle size). The protocol used was according to that already described in the literature [22] with a slight modification, where the elution system was made up of two solvents: solvent A (acetonitrile) and solvent B (water with 2% (v/v) acetic acid glacial) at a flow rate of 0.9 mL/min. The initial condition gradient was 5% (v/v) A, which increased to 35% (v/v) A at 30 min and reached 70% (v/v) A at 45 min, to return to initial conditions, which were maintained for 5 min to equilibrate the column between analyses. Then, 20 μL of samples was injected and detected at λ = 280 nm and 350 nm.



Peak samples were identified and quantified by comparing their retention times and UV spectra in the chromatograms, respectively, with those of pure standards (vanillic acid, coumaric acid, gallic acid, caffeic acid, syringic acid, ascorbic acid, rosmarinic acid, p-coumaric acid, hydrobenzoic acid, chlorogenic acid, ferulic acid, kaempferol, quercetin, rutin, apigenin, catechin, tyrosol, naringenin, vanillin, malic acid, and citric acid) [23].




2.7. Inhibition Assay (In Vitro) for Intestinal α-Glucosidase Activity


Solutions of α-glucosidase (10 UI/mL), sucrose (50 mM), and glucose (1 g/L) were prepared by dissolving the enzyme, sucrose, and glucose, respectively, in phosphate buffer at pH 7.5. Meanwhile, all C. aurantium peel extracts and their essential oil were resuspended in DMSO and distilled water.



Intestinal α-glucosidase activity was evaluated by a spectrophotometer, following the release of glucose from sucrose, using a method described in the literature [24] with slight modifications. The quantity of liberated glucose was measured by the glucose oxidase–peroxidase (GOD-POD) method using a commercial test kit. In contrast, the inhibition test was examined for two concentrations of samples C1 (166 μg/mL) and C2 (332 μg/mL).



The assay mixtures contained 0.1 mL of sucrose (50 mM), 0.1 mL of α-glucosidase solution (10 UI/mL), 1 mL of phosphate buffer (50 mM) at pH 7.5, and 10 μL (166 μg/mL)/20 μL (332 μg/mL) of each sample. The volume of the sample was replaced by the same volume of distilled water, 20% DMSO, and Acarbose (166 μg/mL)/(332 μg/mL) for the control, negative control, and positive control, respectively.



The mixtures were incubated for 20 min at 37 °C, and the enzymatic reaction was stopped by heating for 5 min in a water bath at 100 °C. After adding 1 mL of GOD-POD, the mixtures were incubated again for 10 min at 37 °C. Finally, absorbance was measured at λ = 500 nm.




2.8. Inhibition Assay (In Vitro) for Pancreatic α-Amylase Activity


Solutions of α-amylase (13 UI/mL), substrate (soluble potato starch, 10 mg/mL) and samples (0.5 mg/mL, extracts, essential oil or Acarbose) were prepared in phosphate buffer at pH 6.9. Then 3,5-dinitrosalicylic chromogenic reagent (DNSA) was prepared as follows: 1 g of DNSA, 30 g of sodium potassium tartrate, and 20 mL of 2 N sodium hydroxide were adjusted to a final volume of 100 mL with distilled water [25].



Pancreatic α-amylase inhibitory assay was performed according to the method already described in the literature [26]. Briefly, 200 µL of plant sample solutions or Acarbose solution (positive control) or phosphate buffer solution (control) was added to 200 µL of the enzyme solution. The mixtures were pre-incubated for 10 min at 37 °C, and afterward, 200 µL of substrate solution was added, and the mixtures were incubated again for 15 min at 37 °C.



The enzymatic reaction was stopped by adding 600 µL of DNSA. The mixtures were placed in a water bath at 100 °C for 8 min to favor the reaction between DNSA and reducing sugars from starch hydrolysis. This reaction was stopped by a thermal shock, where the mixtures were placed in an ice-cold water bath, and then 1 mL of distilled water was added to dilute them and to facilitate the absorbance measurement at λ = 540 nm using a spectrophotometer.



In both cases of inhibition (α-amylase and α-glycosidase), the tests were carried out in three assays, and the percentage of inhibition was calculated according to the formula:


  Inhibitory   activity   ( % ) =   A b s ( c o n t r o l ) − A b s ( s a m p l e )   A b s ( c o n t r o l )   × 100  








where Abs (control) is the absorbance of the control mixture containing phosphate buffer and the enzyme and Abs (sample) is the absorbance of the sample mixtures containing plant samples or Acarbose and the enzyme.




2.9. Molecular Docking Analysis


PyRx virtual screening tool software, which includes Autodock 4 and Autodock Vina (Scripps Research Institute, La Jolla, CA, USA) and Pymol v2.1.1 (Schrodinger, New York, NY, USA), was used to predict the conformation of naringenin within the appropriate target-binding site of α-glucosidase (PDB: 5NN5). Discovery Studio 2020 (Dassault Systemes, Vélizy-Villacoublay, France) was used to determine the type of interaction and visualize it in 2D, while UCSF Chimera 1.14 (San Francisco, CA, USA) was used to represent molecules and interaction residues in 3D. The docking protocol employed was described by [16]. The ligand’s 3D structure was obtained from PubChem (available online: https://pubchem.ncbi.nlm.nih.gov/ (accessed on 25 August 2021)). To identify the most favorable binding site predicted by the program based on the lowest docking energy and the maximum docking number, an initial virtual screen with the entire enzyme was performed with a grid box of 81 Å × 82 Å × 85 Å (for α-glucosidase) in the x, y, and z dimensions, respectively. This site was then used to refine the docking with a grid box of 25 Å (square).




2.10. Acute Oral Toxicity of C. aurantium Samples


The toxic effect of C. aurantium peel samples was carried out on both sexes of animals, male and female albino mice, according to the Organization for Economic Co-operation and Development (OECD) guidelines [27]. The mice were cared for in compliance with the guidelines of the Declaration of Helsinki, and the study was approved by the institutional review board of the Faculty of Sciences, Oujda, Morocco (01/20-LBBEH-04 and 09/01/2020).



The healthy animals were divided into seven groups, with 3 males and 3 females per group. The first group (control) received distilled water orally, whereas the other groups (acute toxicity) received a single dose of peel samples (2000 mg/kg) body weight. Groups 1 to 6 received cyclohexane, chloroform, ethyl acetate, acetone, ethanol–water extracts, and EO of C. aurantium peel, respectively. Before oral administration, the animals were weighted and fasted overnight but with free access to water. Samples were administered to mice for 14 days.



The mice were observed individually for the first 30 min and then every hour for 6 h. Then, the animals were examined daily for any physiological changes (alteration, weight loss, damage to the skin or eyes) or general behavior (food intake, water consumption, respiration) or other dangerous symptoms.




2.11. Statistical Analysis


Data were presented as the mean ± standard error and were subjected to statistical analysis using Graph Pad Prism 5.04 software (San Diego, CA, USA) and XL-STAT (Addinsoft, Paris, France). Multiple-group comparisons were analyzed by one-way analysis of variance (ANOVA). Statistical significance was accepted as p ≤ 0.05.





3. Results


3.1. Yield of Extractions


Figure 1 depicts the extraction process from C. aurantium dried peel using polar and non-polar solvents, as well as the extraction yield. Due to its sensitivity to heat, only the essential oil was extracted from the fresh peel.



The total extraction yield was 46%, with the remainder consisting primarily of fibers and residues. Extraction with an ethanol–water mixture yielded the highest yield (32.10%), while extraction with ethyl acetate yielded the lowest (2.40%). The results show that the type of solvent used during the extraction process affects the yield. The yield of essential oil obtained from fresh peel (1.12%), however, is comparable to that found in the literature (ranging from 0.5% to 1.02%) [7,22,23].




3.2. Qualitative Phytochemical Screening


Figure 2 summarizes the secondary metabolites present in C. aurantium peel extracts for various solvents. These findings indicate that Citrus peel is an excellent source of phytochemicals that may detoxify free radicals by lowering oxidative stress [28]. Indeed, acetone extract was rich in flavonoids, phenolics, and tannins, whereas coumarins (polyphenolic compounds) were present in many extracts. Cyclohexane, chloroform, and ethyl acetate extracts were high in steroids and terpenoids, but only chloroform extract contained alkaloids. Surprisingly, quinone was only found in the extracts of ethyl acetate and acetone, whereas saponins were found in the extracts of chloroform and ethanol–water. Overall, our results are consistent with those published in the literature in many countries [7,29,30].



It should be noted that the extraction solvent composition is critical for extracting and separating specific secondary metabolites. Indeed, the polarity of the solvent is critical in determining the family of compounds to be extracted. For example, polar solvents are best for extracting phenolic compounds and flavonoids, whereas non-polar solvents are best for extracting steroids and terpenoids. Solvents with intermediate polarity can extract both types of families, which is why it is necessary to select suitable solvents with large polarity gaps to extract and separate the various families of compounds contained in the matrix at the same time. For example, we can sequentially extract and separate this matrix that constitutes C. aurantium peels using three solvents: cyclohexane (which extracts only steroids and terpenoids), acetone (which extracts flavonoids, phenolics, coumarins, and quinone), and an ethanol–water mixture (which extracts flavonoids, saponins, and phenolics); this allows for the possibility of various applications for this co-product.




3.3. Quantitative Phytochemical Screening


Table 1 summarizes the total phenolic content in mg gallic acid equivalent (GAE)/100 g dry weight (DW) and the total flavonoid content in mg quercetin equivalent (QE)/100 g DW of each extract. According to the results, the ethanol–water extract had the highest yield and contained the most total phenolic compounds (421.95 mg of GAE/100 g DW) and flavonoids (188.04 mg of QE/100 g DW). Although the extracts obtained with ethyl acetate and acetone contained the same amount of phenolic compounds (126 mg of GAE/100 g DW), the acetone extract contained more flavonoids (42.96 mg QE/100 g DW). Certainly, because of its lipophilic nature, cyclohexane extract contained none of these compounds, whereas chloroform extract contained a lower amount of flavonoids.



This sequential extraction method of increasing solvent polarity allowed for the extraction of all soluble chemical compounds from this Citrus species peel. Chloroform and ethyl acetate extracts are lipophilic, whereas acetone and the ethanol–water mixture extracts are hydrophilic. Certainly, the qualitative and quantitative phenolic and flavonoid compositions extracted with these two solvents are dissimilar.




3.4. GC-MS Analysis


Three extracts could be analyzed by GC-MS due to the physicochemical properties of the solvents: essential oil, ethyl acetate, and cyclohexane extracts. Figure 3 depicts chromatograms, and Tables S1–S3 assign chemical compound structures to the corresponding chromatograms.



The EO of C. aurantium peel contained 14 major volatile compounds. The results show that monoterpene hydrocarbons (63.80%) predominated in essential oil, while D-limonene (35.17%), β-myrcene (17.61%), and β-linalool (18.19%) were the major constituents. Monoterpene acetate was also present, along with linalyl acetate (5.26%), geranyl acetate (1.54%), and other compounds with lower yields. In previous similar studies on the chemical composition of essential oil (EO) from C. aurantium peel, D-limonene has always been the main component with some difference in percentages [7,31,32]: from Western Morocco, researchers found 90.9% [33], from Iran 94.81% [34], and from Brazil 98.66% [31].



Another study reported that Bulgarian essential oil of sour orange peel consists essentially of D-limonene (85.22%), β-myrcene (4.30%), α-pinene (1.29%), and β-linalool (0.42%) [32]. However, the EO from Algeria [35] is strikingly characterized by its high content of β-linalool (12%), followed by trans-carveol (11.9%), cis-linalool oxide (8.1%), carvone (5.8%), and D-limonene (2.5%).



With a slight difference in percentages, our findings are similar to those of all previous recent studies. The observed variation could be attributed to the nature of the soil, as well as the geographical and climatic conditions under which the species was grown. It is necessary to specify the harvest season, the maturity of the fruits, and the method of extraction used, as these are determining factors in the quantity and chemical composition of the extracts. Indeed, the alcohols and oxides found in extracts are the result of the degradation of monoterpene hydrocarbons caused by the maturation of the fruit or the heat used during the extraction process. GC-MS analysis of the ethyl acetate extract obtained from the peel led to the identification of four volatile compounds (100%), while that of the cyclohexane extract revealed the presence of six volatile compounds (77.29%).



Both studied extracts contained a mixture of monoterpenes and fatty acids. The main component found in ethyl acetate extract was linoleic acid (54.35%), followed by palmitic acid (18.83%), D-limonene (21.12%), and rimantadine (5.68%), which is a cyclic amine with underlined antiviral activity. In the extract of cyclohexane, D-limonene (36.15%) seemed to be the major constituent, followed by 3,3,6-trimethylhepta-1,5-dien-4-ol (aka Artemisia alcohol) (21.62%), palmitic acid (9.35%), linoleic acid (6.13%), emylcamate (2.20%), and α-terpineol (1.83%).



The results for these two extracts are consistent with earlier research on Citrus species of different types. Indeed, the main compounds found [36] in the hexane extract of Mexican C. aurantifolia are 5,7-dimethoxycoumarin (15.80%), palmitic acid (6.89%), α-terpineol (5.97%), and linoleic acid (0.96%). However, in ethyl acetate and hexane extracts, the Indonesian C. aurantifolia peel contains d-limonene, palmitic acid, α-tocopherol, and linoleic acid [37]. In contrast, D-limonene (31.64%) was found in ethyl acetate extract from the peel of Thai Citrus hystrix as the main compound, followed by citronellal (25.99%) and β-pinene (6.83%) [38].




3.5. HPLC-DAD Analysis


Figure 4 shows the chromatograms of the acetone (ACE), water–ethanol mixture (EWE), and chloroform (CFE) extracts, while Figure S2 shows the chemical structures of the bioactive fractions found in these three extracts.



The chemical components included in Citrus peel extracts were characterized using high-performance liquid chromatography coupled with a diode array detector (HPLC-DAD) by comparing their retention periods and UV spectra to those of authentic standards.



This led to the identification of several chemical compounds: phenolic acids (rosmarinic, gallic, caffeic, chlorogenic, coumaric and ferulic acids), flavonoids (catechin, apigenin, naringenin), hydroquinone, and malic acid. Naringenin, an aglycone of a flavanone found principally in Citrus fruits [39], is the main component in all analyzed extracts.



Our results are in agreement with those reported in previous studies that are presented in Table S4. The authors confirmed the presence of naringenin, heperidin, naringin, neohesperidin, tangeritin, apigenin, and catechin, which were considered the main identified flavonoids in C. aurantium peel with a difference in percentages, while ferulic, caffeic, p-coumaric, and gallic acids were phenolic acids characteristic of bitter orange peel. In addition, chlorogenic acid and rosmarinic acid were also identified in the methanolic extract of C. aurantium peel from Tunisia [40]; furthermore, and similar to our results, three flavonoids were found to be the main bioactive compounds in the hydroethanolic extract of sour orange peel from China [41]: 8 mg/100 g peel naringin, 27 mg/100 g peel naringenin, and 3 mg/100 g peel hesperetin.




3.6. Inhibitory Activities of Citrus aurantium Peel Extracts against Intestinal α-Glucosidase and Pancreatic α-Amylase


Essential enzymes for carbohydrate digestion and absorption, intestinal α-glucosidase (EC3.2.1.20) and pancreatic α-amylase (EC3.2.1.1), are described as effective therapeutic targets for modifying the pathologic postprandial hyperglycemia found in T2DM patients. After a preliminary screening, the potential in vitro inhibitory effect of each Citrus peel extract was assessed at two different concentrations.



The antidiabetic activity of intestinal α-glucosidase was investigated in vitro at two concentrations (166 g/mL and 332 g/mL) of samples from the peel of C. aurantium, with the results shown in Figure 5. The extracts EWE, ACE, and CFE all inhibited α-glucosidase activity in the same way as the control drug (Acarbose). The activity of the other three samples CHE, EO, and EAE was lower than that of the reference. CFE appeared to be the most potent of all the extracts, with an inhibitory activity of over 100% at 332 g/mL. We observed that the effect of increasing extract concentration is significantly more noticeable for less active extracts than for more active extracts.



The assays for pancreatic α-amylase were performed at two concentrations (0.5 mg/mL and 1 mg/mL). As shown in Figure 6, the assays confirmed the inhibitory capacity of Citrus peel extracts in vitro. Except for the essential oil (EO), which showed almost no activity even at the highest concentration, all of the extracts studied showed remarkable inhibitory activity (ranging from 60% to 90%). Furthermore, these Citrus peel extracts showed higher inhibition capacity than that of Acarbose. Surprisingly, the concentration of the extracts had only little effect on the inhibitory activity against this enzyme.



Reduced postprandial hyperglycemia is one of the therapeutic approaches used to control and treat diabetes mellitus. This is accomplished by inhibiting two major enzymes found in the human digestive tract: α-amylase, which catalyzes the hydrolysis of polysaccharides to broken down oligosaccharides, and α-glucosidase, which catalyzes the hydrolysis of oligosaccharides to monosaccharides (simpler sugars) [42,43]. Currently, the pharmaceutical sector provides various antidiabetic medications to treat diabetic patients, but their side effects are exceedingly hazardous. To address this issue, we have turned to natural resources and herbal therapies that naturally metabolize sugars without causing negative effects [12,13,14,15,16].



The potential antidiabetic efficacy of different extracts from the peel of C. aurantium was revealed in this study by examining their inhibitory effects on α-amylase and α-glucosidase in vitro. The extracts tested had strong inhibitory action against both enzymes or a particular enzyme. Some extracts had an activity that was higher than that of the reference molecule Acarbose, while others had an activity that was low or even nonexistent.



For both enzymes, CFE containing a high amount of phenolics and flavonoids, including naringenin and gallic acid, showed high inhibitory activity. The activity of ACE and EWE also containing these phenolics and flavonoids, in a different amount, also showed higher inhibition than Acarbose. Phenolics and flavonoids are natural antidiabetic medicines that inhibit the digesting enzyme and, as a result, lower postprandial blood sugar levels [44]. In this study, correlation analysis showed a significant positive correlation with naringenin and α-glucosidase inhibition (Pearson coefficient correlation (PCC) = 0.884, p = 0.017), as well as gallic acid and α-amylase inhibition (PCC = 0.833, p = 0.014). In our previous work, we have already demonstrated an interaction between gallic acid and α-amylase [16]. Here, we confirmed that naringenin has a higher affinity (ΔG = −7.2 kcal/mol) for interacting with α-glucosidase in its active site (Figure S3). This result is consistent with prior research that suggested naringenin may have antidiabetic properties [45,46,47]. Naringenin, alongside naringin, both of which are abundant in the peel of Citrus species, shows high antidiabetic activity in type 2 diabetic rats induced by NA/STZ [17]. In the light of the present results, we can propose that naringenin could be responsible for the possible antidiabetic activity of C. aurantium peel extracts.




3.7. Acute Toxicity Evaluation


For a short and extended length of time (48 h–14 days), oral administration of the EO and all extracts from bitter orange peel at a concentration of 2000 mg/kg did not elicit any clinical symptoms of acute toxicity or mortality in any of the mice. Furthermore, during the monitoring period, there was no change in food intake, behavior, or body weight (14 days). Those findings are in congruence with a study carried out in India [48], where it was reported that the oral administration of sour orange hydroalcoholic and aqueous peel extracts at different doses does not lead to any mortality of the animals or any other signs of acute toxicity; moreover, the extracts were considered to be safe up to the dose of 5000 mg/kg. Another study onregarding the administration of Brasilian EO of C. aurantium peel [31] did not induce any changes in body weight or toxicity in mice; however, the treatment with EO at 10 mg/kg highly reduced the serum total cholesterol.





4. Conclusions


In addition to being a source of D-limonene-rich essential oil, Citrus aurantium by-product processing could be a substantial source of phenolic compounds due to the large volume of peel produced. C. aurantium fruit residues, which are typically discarded as waste, could be used to produce nutraceuticals. Indeed, due to their good joint inhibitory activities against intestinal α-glucosidase and pancreatic α-amylase, only three extracts from C. aurantium peel extracts (chloroform, acetone, and aqueous ethanol), which are rich in phenolics and flavonoids, have significant antidiabetic potential and can manage postprandial hyperglycemia. The presence of naringenin (inhibition of α-glucosidase) and gallic acid (inhibition of α-amylase) in these extracts could explain this activity. Furthermore, unlike manufactured medications, these extracts are regarded as non-toxic inhibitors with no side effects; therefore, they could be used as preventative oral hypoglycemic treatments.
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Figure 1. Extraction process and extraction yield by different solvents (cyclohexane, chloroform, ethyl acetate, acetone, and ethanol–water) from C. aurantium peel. Hydrodistillation of essential oil from the fresh peel. 
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Figure 2. Qualitative phytochemical screening of C. aurantium peel extracts. 
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Figure 3. GC-MS chromatogram of the extracts from the peel of C. aurantium L.: (A) essential oil (EO), (B) ethyl acetate, (C) cyclohexane, and (D) relative quantification (%) of individual compounds identified in each extract. For numbers appearing in (A–C): please refer to Tables S1–S3 respectively. 
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Figure 4. HPLC chromatogram patterns of extracts from C. aurantium L. peel: (A) acetone ((2) malic acid (0.51%), (3) rosmarinic acid (4.47%), (4) gallic acid (0.61%), (5) caffeic acid (1.60%), (6) catechin (5.24%), (8) p-coumaric acid (1.01%), (10) ferulic acid (1.50%), (12) naringenin (23.94%)); (B) ethanol–water ((1) malic acid (0.80%), (2) rosmarinic acid (1.12%), (3) gallic acid (0.25%), (4) hydroquinone (1.80%), (5) caffeic acid (2.93%), (6) catechin (0.85%), (10) naringenin (28.71%)); (C) chloroform ((1) malic acid (0.70%), (2) rosmarinic acid (2.08%), (3) gallic acid (0.27%), (6) ferulic acid (5.37%), (7) naringenin (30.20%), (9) chlorogenic acid (1.40%), (19) apigenin (12.01%)); and (D) relative quantification (%) of individual compounds identified in each extract. 
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Figure 5. Inhibitory activity of C. aurantium peel extracts and Acarbose against intestinal α-glucosidase in vitro for two sample concentrations, 166 µg/mL and 332 µg/mL. 
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Figure 6. Inhibitory activity of C. aurantium peel extracts and Acarbose against pancreatic α-amylase in vitro for two extract concentrations, 0.5 mg/mL and 1 mg/mL. 
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Table 1. Yield and quantitative phytochemical screening of C. aurantium peel extracts.
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	Solvent Extract
	Yield (%)
	Total Phenol Content *
	Total Flavonoid Content **





	Cyclohexane (CHE)
	3.56
	–
	–



	Chloroform (CFE)
	3.85
	–
	18.53 ± 0.67



	Ethyl acetate (EAE)
	2.40
	126.46 ± 1.41
	9.72 ± 0.21



	Acetone (ACE)
	4.45
	125.54 ± 1.92
	42.96 ± 1.86



	Ethanol-water (EWE)
	32.10
	421.95 ± 5.24
	188.04 ± 1.91







* in mg gallic acid equivalent (GAE) per 100 g of dry matter; ** in mg quercetin equivalent (QE) per 100 g of dry matter.
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