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Abstract

:

Flavonoids are a class of natural chemicals with variable phenolic structures that have long been recognized for their health advantages, they have recently attracted researchers’ attention for treating diabetes and hyperglycemia. The goal of this research is to develop a novel antihyperglycemic formulation using a combination of three plant flavonoids: Linum usitatissimum L. seeds (FLU), Coriandrum sativum L. seeds (FCS), and Olea europaea var. sylvestris leaves (FOE) based on a mixture design experiment approach which generates the most effective ratio of each component in a mixture instead of the trial-and-error method. Prior to the test, sub-acute toxicity research was conducted to establish a safe and effective dosage. The Oral Glucose Tolerance Test (OGTT) was used to assess the antihyperglycemic impact of these extracts and their combinations in Swiss albino mice. The dose that showed efficacy and safety was 25 mg/kg, which was utilized in all formulations. According to the results, the binary and ternary combinations showed the most significant synergetic effects. The optimum combination with the most potent effect was 37% FLU, 20% FCS, and 43% FOE. This study’s mixture design and prediction model for glycemic variation (GV) may be utilized at an industrial level to develop a novel antidiabetic and antihyperglycemic formulation that is safe and effective.
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1. Introduction


Diabetes mellitus (DM) is considered one of the most challenging metabolic disorders, with multiple underlying factors resulting in elevated blood glucose levels (BGL). It comes with various and severe life-threatening health problems, resulting in low life quality, increased mortality, and higher medical care costs [1]. The global prevalence of diabetes has been estimated by the International Diabetes Federation (IDF), indicating a rise from 151 million in 2000 to more than 693 million by 2045 [2], concomitant with an increased prevalence of the impaired glucose tolerance in adults [3]. This increasing prevalence is explicitly attributed to economic growth and urbanization, contributing to a shift in lifestyles marked by less physical activity and increased obesity [4,5]. Nowadays, herbal medicines are implicated in chronic disorders prevention and treatment [6]. Their use is common as a primary form of health care by a substantial part of the population [7]. They are still partly known, regardless of their long-term use, and their complexity and variability made it difficult to identify and understand their preventive and curative proprieties in diseases [8].



In this approach, this study was conducted to explore and valorize the discarded leftovers of three medicinal plants, more precisely their polar fraction (flavonoids), in a well-designed mixture to treat diabetes and hyperglycemia.



Using a single compound/bioactive molecule may result in an increased risk of disease resistance, especially in long-term treatments. Considering that many diseases are regulated by multiple molecular targets, a combination of molecules with various molecular targets will be a promising solution [9]. Confirmed by numerous studies that have shown that disease resistance was more with a single active molecule against a combination of compounds (Extract) [10,11]. Plants developed over a decade of evolution numerous bioactive compounds to interact with their environment, those compounds were proven to have medicinal properties, and they were in some cases the perfect choice for some diseases [12]. Herbal mixtures are an essential resource for developing new multi-target drugs, and their study is now of paramount importance [10].



In this study, three plants were selected: Coriandrum sativum L., Linum usitatissimum L., and Olea europaea var. sylvestris. C. sativum is a well-known antidiabetic plant [13] as it stimulates insulin release from pancreatic beta cells [14] and has a cholesterol-lowering property [15]. L. usitatissimum also has a proven antidiabetic activity [16,17], as well as O. europaea var. sylvestris [18]. The seeds of coriander and flax are mainly exploited for their oil, for their cosmetic and health benefit, while Olea europaea var. sylvestris is a variety of wild olive trees non-used for the production of olive oil. Flavonoids studied in this research are part of the polyphenol class, widely found in daily consumed food, drinks, and herbs [19], with over 8000 individual known compounds [20]. They are well known for their health benefits and serve multiple functions such as anticancer, antiviral, anti-allergic, antibacterial, antidiabetic, and anti-inflammatory [21]. They demonstrate their antidiabetic activity through different pathways and multiple molecule targets such as insulin signaling, secretion, and action, carbohydrate regulation, digestion, the management of the body’s glucose level through the liver and the cells, the regulation of the β-cells function by promoting their proliferation and insulin secretion [22,23]. A better antidiabetic activity combines different modes of action with different pathways, which can be possible by the intake of different flavonoids that complement each other by triggering additional pathways. The multiplicity and complexity of all those biological changes occurring during the ingestion of flavonoids contribute to their antihyperglycemic activity and explain the glycemic variation during the time. To effectively study mixtures and optimize each component’s best ratio, a mixture design study is used [24]. Mixture design is a class of response surface experiments that can generate the most effective ratio of each component in a mixture instead of the trial-and-error method [25]. The mixture design is used to optimize mixture proportions in the food industry, pharmaceutical industry, and many others [24].



Our work aims to provide a practical way to design and study the mixture of flavonoids from three plants with multi-target compounds in the case of diabetes and hyperglycemia to optimize their best combination.




2. Results and Discussion


2.1. Yield of Extraction


The yield of extraction of the different flavonoids fraction was: for Olea europaea var. sylvestris: 5.7%, Linum usitatissimum: 1.1%, Coriandrum sativum: 1.6%.



The flavonoid composition of the three plants used in this study varies: Flax seeds contain mainly herbacetin diglucoside (HDG) and kaempferol diglucoside (KDG) [26]. Coriander seeds contain mostly rutin, quercetin, kaempferol, rhamnetin, and apigenin [27]. Olea europaea genre contains mainly luteolin, apigenin, rutin [28,29], and in a recent study published by our team using this same oleaster extract it was shown that it only contains flavonoids namely: amentoflavone, quercetin-3-O-glucoside, quercetin-3-O-hexose-deoxyhexose, luteolin-7-O-glucoside and rutin [18]. Almost all flavonoids identified in the three plants exhibit an important antidiabetic activity with different action mechanisms. For example, quercetin improves glucose absorption and GLUT 4 translocation, inhibits GLUT2, and blocks the tyrosine kinase activity [30,31]. Rutin reduces carbohydrates absorption, improves their uptake by the cells, stimulates the β-cells to secrete insulin, and protects Langerhans’ islets from degenerative changes [32]. Kaempferol also works by stimulating the secretion and production of insulin [33], enhancement of glucose uptake leading to reduced hyperglycemia, [34] it also has a significant role in enhancing the cellular viability and repressing apoptosis [35], promoting the synthesis of new glucose transporters [36], decreasing the serum levels of HbA1c, fasting blood glucose (FBG), increasing insulin sensitivity, and suppressing hepatic gluconeogenesis [37]. For apigenin, it exhibits its antidiabetic activity by reducing the activities of glutathione, glucose 6-phosphatase superoxide dismutase, and hepatic catalase resulting in reduced hyperglycemia and serum cholesterol levels [38]. It also works by enhancing GLUT4 translocation [39], limiting oxidative damage of pancreatic β-cells [40]. As for luteolin, it reduces apoptosis and improves insulin secretion [41,42].




2.2. Sub-Acute Toxicity


After daily oral administration of the flavonoids extracts of the three plants at three different doses, no mortality was recorded, but some toxicity signs were recorded for the dose of 100 mg/kg, this dose also caused a slight perturbation in the animal’s body weight.



However, the doses of 25 and 50 mg/kg did not present any toxic reactions, and they maintained a normal body weight during the test period (partial data could be assessed in [18]).



The dose of 25 mg/kg was selected to pursue the study because of its safety, and for being at the same efficacity as the dose of 50 mg/kg.




2.3. Antihyperglycemic Activity of the Formulation


2.3.1. Experiment Results


The blood glucose level in all groups showed a high peak value at 30 min after glucose load, and all treatments were significantly (p < 0.001) better than the normal group. Those results clearly show the antihyperglycemic activity of all treatments. Blood glucose level continues to drop significantly until the end of the test (Table 1).



The AUCs of blood glucose levels (Figure 1) in groups treated with glibenclamide were significantly reduced by 62.47% compared to the normal control group. For the single flavonoids treatment, the best reduction was noted by FCS (59.24%) followed by FLU (50.36%) then FOE (49.59%). For the binary result, the combination of FLU and FOE gives us the best reduction with 60.56%, followed by the combination between FLU and FCS (53.83%), FCS, and FOE (44.63%). The ternary combination with an equal proportion of all plant flavonoids gave by far the best reduction among all different combinations with 67.07%. Those results show that the ternary combinatory effect is present, not only it is effective, but it has the best reduction against single, binary, and glibenclamide.




2.3.2. Establishment of Response Prediction Models


The coefficient of determination (R2) and the adjusted R2 values indicated that the selected models provided an excellent fit to the data (Table 2). The analysis of variance (ANOVA) showed the statistical significance of the regression models.




2.3.3. Effect of Mixtures and Validation of Their Interactions


The linear model contains first-order terms for each of the components. The quadratic model adds cross terms between pairs of components. The special-cubic model adds terms using products of the three components. Following Table 2, all analyzed models were special cubic. However, binary and ternary interaction outcomes were time-dependent. Follow their p-values, b12 becomes significant just after 30 min, while the b13 effect disappears after 1 h to reappear after 30 min. After 1 h 30, all interactions were significantly present, to reach 2 h with the extinction of b13 influence.



The interpretation of the extract effect is linked to the coefficient sign. In sum, a negative sign of a coefficient in the fitted model indicates its associated factor’s ability to decrease the response, contrary to the positive one. In the present study, the goal is to increase the GV values.



The GV reflects the variance of glycemia between two successive measures. Five readings were taken at 0; 30; 60; 90, and 120 min permitting to have four GV. The mixture’s impact on GV is modeled following the mixture design approach.



Four fitted models time-dependent were being established, equations obtained are:



After 30 min:


  Y = 177.7  X 1  + 139  X 2  + 199  X 3  − 178.7  X 1   X 3  + 172  X 2   X 3  − 1468  X 1   X 2   X 3   



(1)







After 1 h:


  Y = − 125.5  X 1  − 106.4  X 2  + − 141  X 3  + 154.2  X 1   X 2  + 273  X 1   X 3  + 586.5  X 1   X 2   X 3   



(2)







After 1 h30


  Y = − 15.2 − 13  X 2  − 39.6  X 3  − 192.6  X 1   X 2  + − 27.2  X 1   X 3  + − 176.4  X 2   X 3  + 475.6  X 1   X 2   X 3   



(3)







After 2 h


  Y = − 21.3  X 1  − 14  X 2  − 9  X 3  + 41 , 5  X 1   X 2  + 27.3  X 2   X 3  − 219  X 1   X 2   X 3   



(4)








2.3.4. Optimal Mixture Prediction


Figure 2 represents the 3D plots that show GV variations by variations of formulations and in time. The pink zones are the most efficient formulations decreasing the GV index. The optimal formulation was highlighted by the desirability function (Figure 3) represented by a ratio of 0.37, 0.2, and 0.43 of FLU, FCS, and FOE, respectively.






3. Materials and Methods


3.1. Plant Material


Linum usitatissimum L. seeds (BPRN57) and Coriandrum sativum L. seeds (BPRN28) were purchased from herbalists, while Olea europaea var. sylvestris leaves (BPRN12) was collected in April 2019 from the Taounate region in northern Morocco. All three plants were identified taxonomically, and their voucher specimen was stored in the LBEAS laboratory in the Faculty of Sciences Dhar el Mahraz Fez Morocco.




3.2. Preparation of Flavonoids Extracts


The seeds of Linum usitatissimum, Coriandrum sativum, and leaves of Olea europaea var. sylvestris were well cleaned with water, air-dried (room temperature), and then reduced to a fine powder using an electric grinder.



The seeds were defatted before proceeding with the extraction of 10 g of powdered seeds washed out with 30 mL Hexane 3 times.



The extraction starts using 10 g of the plant powder mixed with 100 mL of 70% methanol in an ultrasound-assisted apparatus for 40 min at a frequency of 35 KHz. The extract was then filtered using Whatman paper number 5 (Merk, Espoo, Finland), then concentrated to have a crude extract. In order to get the flavonoids fraction, this extract was diluted in distilled water, then washed with chloroform and dichloromethane (2 times, v:v) (For the elimination of lipids and pigments as well as the mannitol), and then extracted with N-butanol (2 times) [43]. The organic phase (N-butanol) containing the flavonoids was concentrated and stored for future use.




3.3. Animals


For the in vivo study, and since the test used does not affect hormones, nor does the gender impact the results, Swiss albino mice (aged 3–4 weeks) of both sex with an average weight of 20–26 g were used in this study. They were procured from the animal house facility in the faculty of Sciences Dhar el Mahraz Fez. They were maintained at standard housing conditions and had free access to food and water during the experiment period. All treatments administered in this study were orally (gavage) using a bulb-tipped gastric gavage needle. Experimental procedures were carried out in compliance with the international standards for the treatment and use of laboratory animals [44], and the procedure was accepted by the Animal Ethics Institutional Committee (10/2019/LBEAS).




3.4. Sub-Acute Toxicity Studies


A sub-acute toxicity study (28-day repeated oral toxicity study) was carried out in order to set the safe and lethal dose.



Mice of both sexes were divided into 10 groups with 5 animals.



Group I received 0.2 mL saline orally and served as a control group, whereas group II, group III, and group IV received flavonoids extract from Linum usitatissimum seeds (FLU) at 25, 50, and 100 mg/kg body weight, orally, group V, group VI, and group VII received flavonoids extract from Coriandrum sativum seeds (FCS) at 25, 50 and 100 mg/kg body weight orally, group VIII, group XI, and group X received flavonoids extract from Olea europaea var. sylvestris (FOE) at 25, 50, 100 mg/kg body weight, orally.



During the daily administration of the extract, the mice were monitored twice daily to record any sign of toxicity that appeared, and any mortality or morbidity until the end of the test, and the body weights measurements were taken weekly.




3.5. Mixture Design and Glucose Tolerance Test


The combined hypoglycemic effect of the three flavonoids extract was carried out using a combination of Oral Glucose Tolerance Test (OGTT) and formulation by Mixture design based on a simplex-centroid design matrix. The results are expressed as glycemic variation (GV).



3.5.1. Oral Glucose Tolerance Test


Mice were fasting the night before the experiment. After an hour of drug administration, the animals were given orally a D-glucose solution (5 g/kg).



Blood Glucose Level (BGL) was measured at the 0 times of the test (glucose administration) and after 30, 60, and 120 min by a tail vein puncture. The measurements were being taken using the Accu-Chek blood glucose monitoring system (Roche, Basel, Switzerland) and compatible blood glucose test strips.



Doses and groups were set following the result of the toxicity and the suggested combination from the mixture study software as follows:



(1) Normal group receiving saline (2 mL); (2) positive control group Gli (Glibenclamide) receiving a dose of 1 mg/kg; (3) group receiving 100% FLU at the dose of 25 mg/kg; (4) group receiving 100% FCS at the dose of 25 mg/kg; (5) group receiving 100% FOE at the dose of 25 mg/kg; (6) group receiving equal doses of FLU/FCS (1/2:1/2) in a final dose of 25 mg/kg; (7) group receiving equal doses of FOE/FCS (1/2:1/2) in a final dose of 25 mg/kg; (8) group receiving equal doses of FLU/FOE (1/2:1/2) in a final dose of 25 mg/kg; (9) group receiving equal doses of FLU/FCS/FOE (1/3:1/3:1/3) in a final dose of 25 mg/kg; (10) group receiving unequal doses of FCS/FLU/FOE (2/3:1/6:1/6) in a final dose of 25 mg/kg.




3.5.2. Mixture Design


The simplex-centroid design was used to study the ternary antihyperglycemic effect of the flavonoids. An equilateral triangle is used to represent three-component mixtures (Figure 4). Points 1,2,3 are at the vertices of the equilateral triangle, they are 1st-degree centroids, each of them contains only pure products. Binary mixtures are represented by the sides of the triangle (point 5,6,7), and they are 2nd-degree centroids, each of them has two non-zero components with equal values. Point 4 is a 3rd-degree centroid where all three components have the same value.



The experimental design, as shown in Table 1, consisted of 10 experiments with 5 replication each, and they were performed in random order.



The responses (dependent variable) were the evolution of the mice’s glycemia during the time of the test.



Subsequently, data were fitted to a special cubic polynomial model using the least square regression for estimating unknown coefficients in Equation (5).




Y = b1 × 1 + b2 × 2 + b3 × 3 + b12 × 1 × 2 + b13 × 1 × 3 + b23 × 2 × 3 + b123 × 1 × 2 × 3



(5)





Considering Y is the response, bi is the magnitude of the effect of each component. Xi, bij is the magnitude of the interactive effect of two components, and bijk is the magnitude of the interactive effect of the three components on the response. Xi indicates the proportions of the component ‘(i) of the mixture.



This analysis was performed using the SAS JMP ® software version 8.0.1 for windows.





3.6. Statistical Analysis


Graph pad prism (Version 8.0 for windows) was used to perform the statistical analysis. Differences between groups were evaluated by one-way analysis of variance (ANOVA) followed by Tukey’s post-test. Values less than p < 0.05 were considered statistically significant.





4. Conclusions


A mixture design experiment is a powerful tool to study the combinatory and synergic effects of multiple compounds and optimize the desired effect response. This first study on an alternative antihyperglycemic mixture showed that the single, binary, and ternary combination was very effective compared to the positive and negative control, the synergistic effects in the binary and ternary mixtures were highly significant, and the best combination was set according to the software analysis. This study indicates that a mixture design experiment could be successfully applied to elaborate new medicines for various diseases. Demonstrating total safety, the obtained formulation could be used as a new antihyperglycemic phytomedicine or as a supplement to conventional drugs.
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Figure 1. Effect of different treatments on the total area under the curves (AUCs) of blood glucose based on the 120 min of the OGTT test results. *** p < 0.001 compared to normal control. Gli: Glibenclamide; FLU: L. usitasimum flavonoids; FCS: C. sativum flavonoids; FOE: O. europaea flavonoids. 
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Figure 2. Surface plots for the effect of different combinations of the studied flavonoids extract on GV variations over time A: after 30 min, B: after 1 h, C: after 1 h 30, D: after 2 h. 
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Figure 3. Optimal combination against hyperglycemia using desirability function, with the predicted BGL on each time (presented on the left by the mean ± SD) and the best combination based on the test result (presented at the bottom as a percentage). 
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Figure 4. An overview of the simplex-centroid design for the three-component. 
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Table 1. Glycemia variation after administration of different treatments.
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Time (Min)

	
T0

	
T30

	
T60

	
T90

	
T120




	
Treatment






	
Normal (0.2 mL of saline)

	
91.2 ± 8.04

	
495 ± 24.4

	
372 ± 18.1

	
293 ± 21,6

	
140 ± 12.7




	
Gli 1 mg/kg

	
57 ±9.43 ***

	
186 ± 12.4 ***

	
149 ± 16.7 ***

	
92.4 ± 5.94 ***

	
56.2 ± 6.34 ***




	
FLU 25 mg/kg

	
71.8 ± 11.5 **

	
247 ± 21.8 ***

	
128 ± 8.7 ***

	
120 ± 7.82 ***

	
89.8 ± 7.82 ***




	
FCS 25 mg/kg

	
55.2 ± 8.46 ***

	
202 ± 12.1 ***

	
96 ± 9.2 ***

	
82.6 ± 6.87 ***

	
67.6 ± 9.6 ***




	
FOE 25 mg/kg

	
63.6 ± 5.77 ***

	
250 ± 27.8 ***

	
116 ± 12.6 ***

	
76.4 ± 10.4 ***

	
67.4 ± 8.44 ***




	
FLU/FCS (1/2:1/2) 25 mg/kg

	
65.4 ± 3.2 ***

	
229 ± 30.6 ***

	
151 ± 19.7 ***

	
85.6 ± 9.63 ***

	
78.2 ± 7.85 ***




	
FOE/FCS (1/2:1/2) 25 mg/kg

	
53.2 ± 12.51 ***

	
274 ± 29.4 ***

	
147 ± 14.9 ***

	
76.4 ± 8.53 ***

	
68.6 ± 8.67 ***




	
FLU/FOE (1/2:1/2) 25 mg/kg

	
48.2 ± 7.08 ***

	
195 ± 28.6 ***

	
121 ± 11.8 ***

	
87.2 ± 9.23 ***

	
74.8 ± 8.07 ***




	
FLU/FCS/FOE (1/3:1/3:1/3) 25 mg/kg

	
47 ± 10.72 ***

	
163 ± 19.2 ***

	
119 ± 8.07 ***

	
69.8 ± 9.36 ***

	
57.2 ± 7.36 ***




	
FCS/FLU/FOE (2/3:1/6:1/6) 25 mg/kg

	
59.8 ± 6.53 ***

	
198 ± 15.3 ***

	
113 ± 9.01 ***

	
73 ± 7.71 ***

	
61.8 ± 5.63 ***








Values are expressed as mean ± SD (n = 5 mice). *** p < 0.001, ** p < 0.01 compared to normal control; Gli: Glibenclamide; FLU: L. usitasimum flavonoids; FCS: C. sativum flavonoids; FOE: O. europaea flavonoids.
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Table 2. Coefficients of each model fitted and their level of significance determined by p-value.
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	Nom
	Coef.
	Signif. %
	Coef.
	Signif. %
	Coef.
	Signif. %
	Coef.
	Signif. %





	b1
	177.7
	<0.01 (***)
	−125.5
	<0.01 (***)
	−15.2
	<0.01 (***)
	−21.3
	<0.01 (***)



	b2
	139.0
	<0.01 (***)
	−106.4
	<0.01 (***)
	−13.0
	<0.01 (***)
	−14.0
	<0.01 (***)



	b3
	199.0
	<0.01 (***)
	−141.0
	<0.01 (***)
	−39.6
	<0.01(***)
	−9.0
	<0.01 (***)



	b12
	8.0
	84.1
	154.2
	<0.01 (***)
	−192.6
	<0.01 (***)
	41.5
	<0.01 (***)



	b13
	−178.7
	0.0970 (***)
	273.0
	<0.01 (***)
	−27.2
	3.97 (*)
	10.9
	10.0



	b23
	172.0
	0.0554 (***)
	34.8
	16.8
	−176.4
	<0.01 (***)
	27.3
	0.211 (**)



	b123
	−1468.0
	0.0161 (***)
	586.5
	0.270 (**)
	475.6
	<0.01 (***)
	−219.0
	0.0210 (***)







Coef.: Coefficient; Signif.: Significance (the stars represent the significance degree with *** been the most highly significant).
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