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Abstract

:

Extracts from Jamaica flowers (Hibiscus sabdariffa) from Morelia (Mexico) were evaluated as antidiabetic ingredients in a diabetic rat lab model for 80 days at doses of 200, 400, and 600 mg extract/kg rat weight. The hydroalcoholic extract (water:ethanol 80:20 (v/v) at 50 °C) showed a TPC value of 403.28 ± 7.71 mg GAE/g extract, and an antioxidant activity of 0.219 ± 0.00003 mmol Trolox/g (ABTS) and 0.134 ± 0.00001 mmol Trolox/g (DPPH). The extract allowed reducing the diabetic glucose plasma levels under fasting conditions in a dose-dependent manner by 35.2%, 41.63%, and 50.1%. Additionally, the highest dose of the extract (600 mg/kg) slightly reduced the short-term postprandial glucose response while improving the long-term response, reducing hyperglycemia by 45.1%. The same dose also improved lipid metabolism by reducing total cholesterol, triglycerides, VLDL, and LDL, while the HDL level increased. The improvement in glucose and lipid management in the treated groups also led to reduced levels of glycosylated hemoglobin, as well as lower insulin resistance (TyG index), compared to the diabetic control group. The results of this study suggest that extracts from Hibiscus sabdariffa (Morelia) can be used as potential functional ingredients or nutraceuticals for managing the diabetic condition.
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1. Introduction


Diabetes mellitus is a metabolic disease characterized by a hyperglycemia condition because of the reduction in the number of islets’ β-cell numbers or defects in islet β-cell function [1]. Additionally, diabetes is associated with increased oxidative stress and, consequently, with other metabolic pathologies such as hypercholesterolemia, dyslipidemia, impaired protein metabolism, diabetic retinopathy, nephropathies, neuropathies, ulcerations, and inflammations [2]. Consequently, varied research has been conducted to elucidate the potential benefits of foods rich in phenolic compounds or phenolic extracts from various plant sources as glycemic modulators [3,4]. In that respect, it has been suggested that phenolic compounds may act as antidiabetic molecules by reducing or inhibiting the activity of α-amylase or α-glycosidase enzymes [5,6,7], acting as glucose competitors during intestinal absorption [8], modulating the genetic expression of metabolic pathways involved in carbohydrate metabolism [9,10], improving insulin sensitivity [3,11], or the translocation of GLUT-4 transporters [6,8,12]. In addition, phenolic compounds may act as antidiabetic molecules by improving lipid metabolism [13].



In this context, scientific interest in the potential benefits of Hibiscus plant extracts has noticeably increased in the last decades. Hibiscus sabdariffa is a plant belonging to the Malvaceae family. Whilst diverse parts of the plant can be used [2], the most used part is the calyx [14] because of its interesting chemical profile containing bioactive compounds such as phenolic compounds [15]. Among the phenolic compounds, diverse hydroxybenzoic and hydroxycinnamic phenolic acids (i.e., gallic acid, syringic acid, protocatechuic acid, caffeic acid, chlorogenic acid) and flavonoids such as epigallocatechin gallate, quercetin, myricetin, kaempferol, and diverse anthocyanins have been characterized in flowers [16]. Hibiscus can be consumed as infusions or be used as dietary ingredients [2] or as a pharmaceutical [17]. Some reports have indicated antioxidant and anti-inflammatory activities for Hibiscus extracts, as well as a potential antidiabetic capacity. Even though several in vitro studies have shown a potential inhibitory activity of the α-amylase enzyme [18,19], there is a lack of in vivo studies including animal models or clinical trials focused on this topic [16]. Moreover, the few studies already published observed different results depending on the used Hibiscus variety [2], indicating the need to investigate the potential effect of the different existing Hibiscus varieties. Thus, the aim of this research was to study the potential antidiabetic effects of extracts obtained from the creole variety of Hibiscus sabdariffa from the Morelia region (Mexico), using an induced diabetic lab rat model. This Hibiscus variety has been scarcely studied, and, to the best of our knowledge, its potential as a modulator of the glucose homeostasis in a diabetic lab rat model has not been investigated so far. This research pointed out that the studied Hibiscus variety from the Morelia region shows modulatory effects on the hyperglycemia condition, suggesting a potential use as a functional ingredient or biopharmaceutical compound.




2. Materials and Methods


2.1. Plant Material


Creole Jamaica flowers (Hibiscus sabdariffa) from the Morelia region (Mexico) were purchased from local organic crops in the Morelia region (Michoacán State, Mexico). Specifically, the flower samples were obtained from KIAN-ORGANC enterprise. The calyxes were manually separated and dried at 40 °C for four days. After that, the resulting dried calyxes were grounded in a commercial blender (Nutribullet NBR-0504S-DL, Personal Blender, Los Angeles, CA, USA) and sifted with a sieve of 200 μm. The obtained homogenized powder was stored in a sealed bottle, protected from light, and stored at −20 °C until further use.




2.2. Chemicals


Gallic acid, quercetin, 6-hydroxy-2,5,7,8-tetramethylchromane-2-carboxylic acid (Trolox), potassium persulfate, 2,2′-azinobis(3-ethylbenzothiazoline-6-sulphonic acid) diammonium salt (ABTS), 2,2-diphenyl-1-picrylhydrazyl (DPPH), Folin–Ciocalteu reagent, aluminum chloride, starch Assay Reagent (S9144), 3,5 Dinitro-2-hydroxybenzoic acid (DNS), α-amylase from porcine pancreas (A3176), streptozotocin (S0130) (STZ), ferrozine, hexamethylenetetramine, and ethylenediaminetetraacetic acid (EDTA) were purchased from Sigma-Aldrich (Saint Luis, MO, USA). All standards were of analytical HPLC grade and supplied by Sigma-Aldrich (Saint Louis, MO, USA) for quercetin, apigenin (purity ≥ 95%), myricetin (purity ≥ 96%), kaempferol, vanillic acid, protocatechuic acid (purity ≥ 97%), caffeic acid, p-coumaric acid (purity ≥ 98%), gallic acid, ferulic acid, and cinnamic acid (purity ≥ 99%). The acetic acid solution was of analytical grade for HPLC from Sigma-Aldrich (Saint Louis, MO, USA); hydrochloric acid 37% analytical reagent grade, sodium hydroxide, ethyl acetate, and diethyl ether were obtained from Meyer Chemical S.A de C.V (Ciudad de Mexico, Mexico); and acetonitrile, ethanol, and methanol were obtained from J.T. Baker Chemical Co (Phillipsburg, NJ, USA). Deionized water was used in all experiments.



Disodium carbonate, methanol, ethanol, acetone, citric acid, ethyl acetate, ferric chloride, sodium phosphate, sodium chloride, HCl (37%), and iron dichloride were obtained from Merk (Naucalpan de Juárez, Mexico).




2.3. Obtention of the Functional Ingredient from Hibiscus Leaves


The extract evaluated in the induced diabetic lab rat model was selected according to its chemical composition and functional properties. To achieve this, various solid–liquid extractions using hydroalcoholic solvents were conducted. The resulting extracts were analyzed in terms of chemical composition (total phenolic compounds, total flavonoids and total anthocyanins), as well as their functional properties, including antioxidant activity (conducted by ABTS and DPPH methods) and chelating capacity.



2.3.1. Obtention of Hibiscus Extracts


To select the optimal extraction conditions, solid–liquid hydroalcoholic extractions using different solvent composition and extraction temperatures were conducted, while extraction time (24 h), pH (2.5), and particle size (5%, w/v) were maintained as constant factors. The extraction solvent pH was adjusted to pH 2.5 with citric acid. These extraction conditions were based on the report by Hapsari et al. [20]. For this purpose, 4 g of sample were mixed with 80 mL of the extraction solvent under the specific extraction condition, being solid–liquid extractions with water:ethanol 80:20, 50:50, or 100:0 (v/v) at 25 or 50 °C. After the extraction procedures, the obtained extracts were filtered using Watman paper No. 4. Subsequently, ethanol was removed by vacuum evaporation using an IKA RV 10 control evaporator (IKA, Staufen, Germany), and the samples were freeze-dried for 3 days using an Labcono FreeZone 2.5 L equipment (Labcono, Kansas, MO, USA). The resulting extracts were stored in sealed bottles, protected from light, and stored at −20 °C. It is important to indicate that hydroalcoholic extraction was selected as extraction solvents since hydroalcoholic solvents made with ethanol have been recognized as Generally Recognized as Safe (GRAS) solvents, thus ensuring the use of environmentally friendly extraction solvents [21].




2.3.2. Total Phenolic Compounds


Total phenolic compounds (TPC) were evaluated according to Nieto et al. [22]. The Folin–Ciocalteau reagent method was used for the analysis, enabling the determination of TPC values in the Hibiscus extracts. Gallic acid served as the reference compound, and the results were expressed as mg of gallic acid equivalents (GAE)/g extract. Analyses were conducted in triplicate.




2.3.3. Total Flavonoid Content


Total flavonoid content (TFC) of the extracts was determined according to Soares et al. [23], with some modifications. To do this, 400 mg of the extract were mixed with 1 mL of hexamethylenetetramine 0.5% (w/v), 20 mL of acetone, and 2 mL of hydrochloric acid. The mixture was stirred for 30 min and then filtered through a small piece of cotton wool. The resulting residues were washed twice with acetone (20 mL) while stirring for 10 min. Subsequently, the mixtures were filtered again and made up to 100 mL with acetone. Next, 20 mL of this solution were transferred to a decanting funnel, and three extraction cycles with 15 mL of ethyl acetate were performed. The organic phases (ethyl acetate) were mixed and washed twice with 50 mL of water. Then, the organic phase was made up to 50 mL with ethyl acetate, resulting in the stock solution (SS). Next, 10 mL of the SS solution was mixed with 2 mL of a 2% aluminum chloride solution in ethanol (AlCl3; w/v), and the solution was made up to 25 mL with a 0.5% acetic acid solution in methanol (v/v), obtaining the probe solution (PS). Simultaneously, 10 mL of SS was made up to 25 mL with the methanol/acetic acid solution, obtaining the contrast solution (CS). The absorbance of PS against CS was measured at 420 nm after 30 min. Samples were analyzed in triplicate, and the results were expressed as a percentage of TFC, using quercetin as a reference (with the specific absorption of the quercetin aluminum chloride complex considered as value of 500).




2.3.4. Total Anthocyanin Content


Total anthocyanin content (TAC) was determined following the well-established method previously reported by Prior et al. [24]. The method consists of absorbance differences according to pH changes. To determine the total absorbance of the samples, measurements were conducted at 520 and 700 nm at pH 1.0 and 4.5., as follows:


Total Absorbance = (Abs520 − Abs700)pH1.0 − (Abs520 − Abs700)pH4.5



(1)







To estimate the TAC, cianidin-3-o-glucoside was used as the reference compound (molecular weight = 449.2 g/mol; molar extinction coefficient = 29,600). Results were expressed as milligram equivalents of cyanidin-3-o-glucoside (mg/g extract).




2.3.5. Antioxidant Activity


Two different methods for assessing the antioxidant activity i.e., 2,2′-azino-bis (3-ethylbenzothiazoline-6-sulfonic acid (ABTS) and 2,2-diphenyl-1-picryl-hydrazyl-hydrate (DPPH) were employed.



The ABTS method was applied following the well-established method of Re et al. [25]. On the other hand, the DPPH method was applied following the well-established method of Brand-Williams et al. [26]. Trolox was used as the reference compound, allowing expressing the results as TEAC value, that is, as mmol Trolox equivalent/g extract. All analyses were conducted in triplicate.




2.3.6. Metal Ions Chelating Activity


The chelating capacity of the extracts was determined based on the method reported by Xie et al. [27], with few modifications. This method analyzes the formation of a ferrozine complex, characterized by a purple color with a maximum absorbance at 562 nm. The chelating capacity of the extracts reduces the complex formation, decreasing the absorbance at 562 nm. Briefly, 1 mL of the sample solution was mixed with 0.05 mL of iron dichloride solution (2 mM) and 1.85 mL of ultrapure water. Then, 0.1 mL of ferrozine solution (5 mM) was added, and the mixture was vigorously stirred and maintained at room temperature for 15 min. Afterwards, the absorbance was determined at 562 nm. A control sample was conducted, using ultrapure water instead of extract sample solutions. Samples were analyzed in triplicate, and the chelating effect was calculated as follows:


Chelating effect (%) = (Abscontrol − Abssample)/(Abscontrol) × 100



(2)









2.4. In Vitro Inhibitory Activity of the α-Amylase Enzyme


The inhibitory capacity of the selected extract against α-amylase activity was determined according to the method reported by Ademiluyi and Oboh [28], with few modifications. A sodium phosphate solution (0.02 M) was prepared and adjusted to pH 6.9 with sodium chloride (0.006 M). An enzymatic solution of porcine pancreatic α-amylase (EC 3.2.1.1; 0.5 mg/mL) was prepared using the aforementioned phosphate solution. Additionally, a solution of starch at 0.5% was prepared in the phosphate solution. Then, 500 µL of the fresh enzymatic solution was heated at 37 °C for 10 min. Furthermore, a control sample without extract was prepared. Afterward, 500 µL of the starch solution was added, and the reaction was maintained for 20 min at 37 °C. Finally, the reactions were stopped by adding 1 mL of a dinitrosalicylic solution (1% w/v). The resulting mixture was made up to 10 mL in ultrapure water, and the absorbance was measured at 540 nm. Samples’ analyses were conducted in triplicate, and the inhibitory capacity was expressed as % of enzyme activity inhibition, as follows:


% Inhibition = (Abscontrol − Abssample)/(Abscontrol) × 100



(3)








2.5. Identification and Quantification of Phenolic Compounds by RP-HPLC


HPLC with a diode array detector (Waters 2996, Milford, MA, USA) and autosampler (Waters 717, Milford, MA, USA) was used. The analysis was carried out on a Symmetry C18 column (5 µm × 4.6 mm × 250 mm, WAT054275, Waters, Wexford, Ireland). The mobile phase (A) consisted of acetonitrile (JT Baker, Phillipsburg, NJ, USA), and the mobile phase (B) consisted of deionized water at pH 2.8 adjusted with HPLC grade acetic acid (Sigma-Aldrich, Saint Louis, MO, USA), with a flow rate of 1 mL/min and an injection volume of 20 µL. For the elution of flavonoids, the gradient conditions were as follows: 0 min 100% B; 0–10 min 35% B; 10–15 min 20% B; 15–16 min 5% B; 16–17 min 4% B; 17–18 min 80% B; 18–19 min 100% B; and 19–20 min 100%. UV-vis spectra were used to detect compounds using reference standards (Sigma Aldrich, Saint Louis, MO, USA). The absorbance for myricetin, quercetin, apigenin, and kaempferol were 252, 254, 266, and 265 nm, respectively. For phenolic acids, the gradient used was the following: 0 min 100% B; 0–15 min 50% B; 15–16 min 50% B; 16–18 min 35% B; 18–20 min 5% B; 20–21 min 4% B; 21–22 min 80% B; 22–23 min 100%; and 23–24 min 100% B. Post-run time was 6 min. The absorbance for gallic, caffeic, vanillic, coumaric, ferulic, protocatechuic, and cinnamic acids were 269, 323, 260, 309, 322, 259, and 274 nm, respectively. Three injections were made for each sample; the quantification was based on the relation to the area found compared to the standard using calibration curves and retention times. The limit of quantification (LOQ) was 15.6 µg/mL for flavonoids and 8.9 µg/ mL for phenolic acids. Chromatograms were recorded and analyzed using Empower Personal software version 6.01.2154.026.




2.6. Evaluation of Functionality in Induced Diabetic Rat Lab Model


Once the optimal extraction conditions were determined (water:ethanol 80:20 (v/v) at 50 °C), the antidiabetic functional properties of the selected extract were evaluated in a lab rat model with induced diabetes. The outline of the experimental design is shown in Figure 1.



2.6.1. Ethical Clearance


All animal experiments, procedures, and techniques used in this study adhered to the Official Mexican Normative NOM-062-ZOO-1999. The investigation plan (protocol code CIECUAL/010/2019) was submitted to and approved by the Ethics Committee of the Bioterio del Instituto de Ciencias de la Salud of the Universidad Autónoma del Estado de Hidalgo (CIECUAL). The study also followed the guidelines for the care and management of laboratory experimental animals of the National Academy of Science of the United States.




2.6.2. Animal Acquisition and Husbandry


Healthy Wistar male rats aged 10–12 weeks were used for this experiment. The rats were kept in the Bioterio del Instituto de Ciencias de la Salud of the Universidad Autónoma del Estado de Hidalgo (Bioterio of the Health Science Faculty of the Autonomous University of Estado de Hidalgo). The rats were placed in 6 mm thick polycarbonate cages (32 cm × 47 cm × 20 cm). Wood shavings were used as bedding. Husbandry conditions consisted of normal ambient laboratory conditions, that is, temperature of 22 ± 2 °C, humidity, and a 12 h dark–light cycle.



Animal feeding and water access were performed ad libitum. All the animals were fed with a standard rodent pelleted diet chow 5001 (LabDiet, Sant Louis, MO, USA), allowing an isocaloric diet comprised of proteins (23.0%), lipids (4.5%), fiber (6.0%), minerals (8.0%), and carbohydrates (49%). Consequently, total calorie intake was provided mainly by carbohydrates (58%), whereas lower contributions were due to proteins (28.5%) and lipids (13.5%). The extract was administered once daily (in the morning) to each corresponding experimental group via oral gavage using a cannula.




2.6.3. Establishment of Streptozotocin (STZ) Diabetes in Rats


Rats were given one week of acclimatization. After that, experimental type 1 diabetes mellitus was induced in healthy male rats (200–220 g), which were maintained with fasting conditions overnight. Administration of streptozotocin (STZ) at 60 mg/kg of the body weight was conducted by intraperitoneal puncture [29]. To this purpose, STZ was dissolved in a citrate buffer (0.1 M, pH 4.5) at 40 mg/mL (specific volume for each animal as applied to providing 60 mg/kg of the body weight, ranging between 0.32 and 0.40 mL). Also, a non-diabetic rat group (ND) was administered an intraperitoneal of the same mentioned citrate buffer (specific volumes were applied to each animal based on their weight). One week after the diabetes induction, all the experimental animals were maintained under fasting conditions for 72 h, and blood samples were collected to measure the plasma glucose levels, and therefore, to determine the hyperglycemic grade. Animals with plasma glucose levels exceeding 14 mmol/L were considered diabetic models. Finally, induced diabetic rats were randomly divided into four groups composed of 6 rats (n = 6). This sample size was chosen according to the criteria reported by Zhou et al. [29] and Kim et al. [30]. For that reason, the following experimental groups were created: non-diabetic (ND), non-treated diabetic or control diabetic (DC), and the three treated diabetic groups, that is D200 (treated with 200 mg/kg rat’s weight), D400 (treated with 400 mg/kg rat’s weight), and D600 (treated with 600 mg/kg rat’s weight). The experimental conditions were maintained for 80 days in all the experimental groups. Plasma glucose levels (under fasting conditions) were measured at the initial and end experimental points, while glycosylated hemoglobin, cholesterol, triglycerides, high-density lipoproteins (HDL), very low-density lipoproteins (VLDL), and low-density lipoproteins (LDL) were analyzed at the end of the experimental period (as explained below).




2.6.4. Plasma Collection


After 80 days under the specific experimental conditions, all rats were subjected to 12 h fasting conditions. Subsequently, the animals were anesthetized with sodium pentobarbital (1 g/L) and blood samples were collected (through cardiac puncture) into tubes containing anticoagulants to avoid sample hemolysis. Blood plasma was obtained by centrifuging the blood samples for 10 min at 10,000 rpm, being immediately stored at −80 °C until further analysis.




2.6.5. Nutritional Parameters


To analyze the potential impact of the extracts on the nutritional parameters, considering the physiological condition (diabetic or non-diabetic), three commonly measured nutritional parameters were monitored throughout the experimental period for all experimental groups: body mass gain (BMG), specific growth rate (SGR), and metabolic growth rate (MGR), as described by Kumar et al. [31]. These nutritional parameters were calculated according to the equations given below:


BMG % = [Final body mass (FBM) − initial body mass (IBM)/IBM] × 100



(4)






SGR (% per days) = [(ln FBM in g) − (ln IBM in g)/number trial days] × 100



(5)






MGR (g kg0.8 /day) = (BMG g)/{[(IBM g/1000)0.8 + (FBM g/1000)0.8]/2}/duration of the trial days



(6)








2.6.6. Biochemical Parameters


The collected plasma samples of all groups of animals at the end of the experimental period after the fasting condition (12 h) were analyzed in terms of glucose, glycosylated hemoglobin, cholesterol, triglycerides, HDL, VLDL, and LDL. A commercial kit was used to quantify these parameters by enzymatic–colorimetric methods, according to the manufacturer’s instructions (Wiener Laboratories S.A.I.C., Buenos Aires, Argentina), excepting the glycosylated hemoglobin, which was measured using the kit Stanbio Glicohemoglobina (Pre-Fil) (Stanbio Laboratory, Boerne, TX, USA).





2.7. Glucose Homeostasis Analyses


2.7.1. Short-Term Postprandial Glucose Response


After the whole experimental period (12 weeks), the animals were subjected to a 12 h fasting period prior to the assessment of the short-term postprandial response, as previously reported by our group [32]. After that, animals from all the experimental groups were allowed to feed ad libitum for 30 min. Afterward, food was removed. Blood samples (0.5 mL) were collected every 30 min for 150 min via capillary puncture of the tail saphenous vein. Collected samples were placed in tubes containing heparin as an anticoagulant to avoid hemolysis of the sample. Subsequently, they were centrifuged for 5 min at 5000 rpm to obtain the plasma, which was stored freezing at −80 °C until further analysis. Glucose concentrations were evaluated using a commercial kit by enzymatic–colorimetric kit following the manufacturer’s protocol (Wiener Laboratories S.A.I.C. brand).




2.7.2. Long-Term Postprandial Glucose Response


To evaluate the effect of the Hibiscus extracts in the long-term postprandial glycaemia, the same procedure described above was performed, with sample collection conducted every hour for 7 h. Plasma glucose levels were quantified using the same commercial enzymatic–colorimetric kit (Wiener Laboratories S.A.I.C.).




2.7.3. Insulin Resistance Index


Potential insulin resistance was estimated according to the triglyceride–glucose (TyG) index [33]. This index mathematically estimates the potential insulin insensibility as the product of fasting plasma concentrations of triglycerides and glucose, expressed on a logarithmic scale (values above 8.7–8.8 are considered indicative of insulin resistance), calculated as follows:


TyG = Ln [fasting triglycerides (mg dL) × fasting glucose (mg dL)/2]



(7)









2.8. Statistical Analyses


Statistical analyses of the results were conducted using the software Statgraphics Centurion XVI (Statistical Graphics Corp., Warrenton, VA, USA). One-way ANOVA, along with Tukey tests (significance level of p ≤ 0.05), was used for mean comparisons.





3. Results


3.1. Obtention of the Functional Ingredient of Hibiscus Extracts


3.1.1. Chemical Characterization of the Hibiscus Extracts


The studied extraction conditions resulted in extracts with different composition profiles. The results of the chemical composition of the extracts in terms of TPC, TFC, TAC, TBL, and TBX are shown in Table 1. The extractions conducted with water:ethanol 80:20 (v/v) allowed the extracts with the highest TPC values, regardless the applied temperature (no significant statistical differences were found between both extracts), being noticeably higher compared with the other obtained extracts. On the opposite side, the extractions conducted with water:ethanol 50:50 (v/v) resulted in the lower TPC values. Conversely, the highest TFC was obtained with water at 50 °C, whereas extractions conducted with water:ethanol 80:20 (v/v) at 25 °C allowed superior TAC values.




3.1.2. Antioxidant Activity of the Hibiscus Extracts


The antioxidant capacity of the diverse extracts obtained using the ABTS and DPPH methods is shown in Table 1. The antioxidant activity measured with both methods showed, in general, the same trend as the TPC values. Then, higher antioxidant activities were observed in the extracts conducted with water:ethanol 80:20 (v/v) regardless the applied temperatures.




3.1.3. Chelating Capacity of the Hibiscus Extracts


The chelating capacity of the extracts showed significant differences (Table 1). Conversely to the antioxidant capacity trend, water:ethanol 80:20 (v/v) resulted in the lowest chelating capacity. However, the water extraction at 50 °C exhibited the maximum cheating capacity, although no significant differences were determined compared to the extracts obtained at 25 °C, nor with the water:ethanol 50:50 (v/v) extracts regardless of the extraction temperature.




3.1.4. Identification and Quantification of Phenolic Compounds by RP-HPLC


The optimal extract (water:ethanol 80:20 (v/v) at 50 °C) was analyzed by HPLC-RP to determine the phenolic composition of the sample (Table 2). Diverse phenolic acid and flavonoids were identified in the extract. Among them, flavanols were the most abundant, mainly as myricetin. However, quercetin and kaempferol aglycones were not found in the sample (Figure S1).



On the other hand, various phenolic acids were identified. Gallic acid was the most abundant phenolic acid, together with caffeic and ferulic acids. Conversely, neither vanillic acid nor protocatechuic acid were observed in the sample, whereas cinnamic acid was determined under the quantification limit of the method. Additionally, diverse compounds with absorbances at 520 nm were observed in the sample, confirming the presence of diverse anthocyanins, as was previously quantified in the sample (Table 1).





3.2. Inhibitory α-Amylase Activity of the Selected Hibiscus Extract


Once the chemical composition was analyzed, the extraction conditions selected were water:ethanol 80:20 (v/v) at 50 °C, as it showed the highest TPC values, as well as the highest antioxidant activity by ABTS and DPPH. Consequently, extractions under these conditions were conducted and the inhibitory capacity of the extracts against the α-amylase enzyme was evaluated. The extract showed a linear dose-dependent activity, with higher inhibitory activity at higher extract concentrations. Results are shown in Figure 2. The IC50 value, that is, the extract concentration that inhibits 50% of the enzyme activity, was determined as 323.66 μg/mL.




3.3. Effect of the Hibiscus Extracts on Nutritional Parameters


Before the nutritional parameters analyses (BMG, SGR, and MGR), the amount of food along the experimental period was assessed. In general, similar amounts of food were consumed by the diverse experimental groups, with slightly higher amounts for the non-diabetic group (ND). However, when considering the mean amount of consumed food per kg of weight (mean consumed food in g/kg of rat weight per day), the ND group showed consumption significantly lower than the diabetic groups, regardless of the level of Hibiscus extract intake (Table 3). Then, in all the diabetic groups a lower growth rate was observed compared to the ND group.



The weight gain and body development of the animals during the experimental period were monitored to analyze the effect of ingredient consumption on nutritional parameters. The results of nutritional parameters are shown in Table 3. The ND showed weight gain and body development in accordance with the animal physiology. Conversely, the diabetic groups showed lower growth and body development values. In this regard, the animals of the diabetic control diabetic group (DC) showed the lower development trend in terms of BMG, SGR, and MGR parameters, although no differences were found between the DC group and the diabetic animals fed with 200 and 400 mg/kg weight (D200 and D400 groups, respectively). Moreover, no significant differences in BMG and SGR values between the ND group and the diabetic group fed with 600 mg/kg weight were observed. D600, D400, and D200 groups exhibited higher weight increases compared to the DC group. Therefore, the consumption of 600 mg/kg showed improvements in the nutritional parameters of BMG and SGR.




3.4. Effect of the Hibiscus Extracts on Metabolic Biomarkers


To elucidate the effect of the Hibiscus extract consumption on glycaemia levels, the fasting plasma glucose levels were determined before and after the experimental period. Thus, 72 h after diabetic induction in the animals by STZ injection, plasma glucose levels were measured to ensure that the pathological condition was induced. The groups of diabetic animals showed a plasma glucose level higher than 14 mmol/L after 72 h, with similar baseline glucose concentrations (26.41 ± 3.33, 34.33 ± 2.66, 32.29 ± 2.24 and, 31.92 ± 2.08 mmol/L for DC, D200, D400 and, D600, respectively), although the levels of the DC were slightly lower. However, the ND group resulted in normal glycaemia (4.81 ± 0.62 mmol glucose/L). These results confirm the induction of a diabetic condition within DC, D200, D400, and D600 groups. At the end of the study (12 weeks), the glucose concentrations after 12 h of fasting condition in the ND group (5.47 ± 0.57 mmol glucose/L) were lower compared to the diabetic groups. Nevertheless, the glucose plasma levels of the diabetic groups remained steady over normal physiological values regardless of the applied treatment (DC, D200, D400, and D600 groups) (Table 4). It is important to point out that no significant improvements in plasma glucose levels were observed in the DC, whereas for the diabetic treated groups plasma glucose levels were reduced in a dose-dependent manner, with higher reductions in glucose level observed in D600 group. Then, the treated groups exhibited a significant reduction in plasma glucose levels compared to the initial levels of 35.2%, 41.63%, and 50.1% for D200, D400, and D600 group, respectively (p ˂ 0.05).



On the other hand, related to the glycaemia management, at the end of the study the % of glycosylated hemoglobin in all experimental groups was measured (Table 4). No significant differences in the hemoglobin glycosylation levels between the ND group, 7.5% ± 0.87% and the treated groups D200, D400, and D600 (8.1% ± 0.87%, 7.5% ± 1.12%, and 7.4% ± 1.0%, respectively) were found, whereas the diabetic DC group showed noticeable higher values (14.9% ± 1.76%).



Lipid (triglycerides) and cholesterol plasma levels are biomarkers widely associated with metabolic syndrome. In this study, significant differences in total triglycerides, cholesterol, VLDL, LDL, and HDL plasma levels were observed, and consequently, in the LDL/HDL index. Results are shown in Table 5. In general, total triglycerides, HDL, and VLDL were similar between the ND group and the D600 treated group, whereas total cholesterol and LDL levels were reduced in the D600 treated group. As a result, a reduced LDL/HDL index was observed in the three treated groups compared to ND group, but also compared with the DC group. Hence, the treated group, and especially the D600 group, showed a decreasing trend in lipid triglycerides and cholesterol, compared to the DC group. These results suggest a potential modulatory capacity of the Hibiscus extracts in lipid metabolism.




3.5. Effect of the Hibiscus Extracts on Glucose Homeostasis: Postprandial Response


After the whole experimental period (12 weeks), the animals were maintained in a 12 h fasting state. Afterwards, animals were allowed ad libitum feeding, after which fasting was re-introduced. The postprandial glucose response was monitored in the short term (for 180 min) and in the long term (for 7 h). The results are represented in Figure 3. To enhance the comparison of the postprandial glucose response, the areas under the curve (AUC) were calculated and compared. Because of ethical reasons, long term postprandial glucose was not monitored in the ND group since a normal glycemic response was previously confirmed during the short-term postprandial response for this group, thus minimizing animal suffering.



The short-term postprandial kinetics showed a typical animal physiological response in the non-diabetic animals (a small plasma glucose peak close to 30 min and returning to normal glycaemia). Conversely, the diabetic groups showed a typical diabetic response, despite the applied treatment with the extract. Nevertheless, reduced values of plasma glucose levels were determined at 150 min in the treated groups (29.41 ± 2.74, 29.01 ± 4.56, and 28.88 ± 3.70 mmol/L, to D200, D400, and D600, respectively) compared to DC group (31.83 ± 4.55 mmol/L). Then, at the end point of the experiment, the treated groups reduced the hyperglycemia condition between 7 and 9% compared to the DC group. However, comparison of the AUC revealed no significant differences among the treated groups, neither between them nor the DC group.



Regarding the long-term postprandial kinetic response, noticeable differences between the diabetic treated groups and the diabetic non-treated group were found. On that account, at the end point of the experiment, the D200 group reduced the glucose levels 27.4% compared to the DC group, whereas similar decreases for D400 (41.5%) and D600 (45.1%) groups were observed. However, no significant differences were determined in the AUC of D200 and DC groups; meanwhile, D400 and D600 resulted in significantly lower AUC compared to the DC group.




3.6. Effect of the Hibiscus Extracts on Glucose Homeostasis: Insulin Resistance Index


Values above 8.7–8.8 in the triglycerides and glucose index (TyG index) have been suggested as a biomarker of insulin resistance, indicating pre-diabetic and diabetic conditions [33]. In this study, the ND group showed an insulin index of 8.43 ± 0.19 after the experimental period, whereas values above 8.8 were determined for all the diabetic groups (Table 3). However, a significant, scarce improved prognostic for the treated groups (10.49 ± 0.35, 10.22 ± 0.27, and 10.17 ± 0.34, for D200, D400, and D600, respectively) compared to the DNT group (11.02 ± 0.14) was observed. These results are in concordance with the improved glucose plasma levels under fasting conditions. Accordingly, the results suggest that consumption of the Hibiscus extracts may improve insulin resistance under diabetic conditions, although healthy levels cannot be achieved.





4. Discussion


In the present study, hydroalcoholic extracts of the calyxes of the creole variety of Hibiscus sabdariffa from the Morelia region (Mexico) were evaluated as a bioactive compound source and, for the first time, as an antidiabetic extract in a lab rat model with an induced diabetic condition.



The hydroalcoholic extracts obtained from Hibiscus sabdariffa (Morelia) exhibited higher antioxidant capacities compared to the aqueous extracts. It has been postulated that hydroalcoholic solvents enhance the recovery of phenolic compounds, leading to higher TPC and antioxidant extracts [21]. Previous studies have demonstrated that hydroalcoholic extractions are adequate solvents to obtain antioxidant or functional extracts from Hibiscus sources [34,35]. The obtained extracts showed TPC values ranged between 189.15–405.06 mg GAE/g extract, and antioxidant capacity ranged between 0.043–0.219 mmol Trolox/g extract by ABTS and 0.031–0.13 mmol Trolox/g extract by DPPH. Considering that in this study extraction yields ranged from 37.4 to 57.53%; these results are in concordance with previous research. Mercado-Mercado et al. [36] found a TPC value of 63.65 mg GAE/g dry calyx of Hibiscus sabdariffa. Magaña-Rodríguez et al. [5] reported a TEAC value of Hibiscus rosa sinensis extracts of 0.293 mmol trolox/mL extract (DPPH) and 0.443 mmol trolox/mL extract (ABTS). In this context, the extracts obtained with water:ethanol (80:20, v/v) at 50 °C (but also at 25 °C) resulted in the highest TPC values, as well as the highest antioxidant capacity regardless of the antioxidant method used. These results indicate that the antioxidant activity was due to the TPC.



Regarding the phenolic composition of the optimal extract, diverse phenolic acids were identified in the sample. The samples resulted in a lack of protocatechuic acid, although this compound has been little reported in some Hibiscus samples [37]. Gallic, ferulic and caffeic acid were also previously determined in Hibiscus extracts, where gallic and caffeic acid resulted as the main phenolic acids, being in concordance with our results [38]. On the other hand, although myricetin and quercetin have been identified among the most abundant flavanols in Hibiscus extracts [37], in our research we found myricetin as the main flavanol, whereas quercetin aglycone was not detected. Besides, apigenin was observed in the sample. Apigenin has been little reported as a phenolic compound in Hibiscus samples [38], being in concordance with our results, although noticeable amounts were observed in this study. In the sample were also measured anthocyanin compounds (total anthocyanins). In this regard, it is well known that Hibiscus extracts show great amounts of anthocyanins, mainly cyanidin-3-sambubioside and delphinidin-3-sambubioside but also delphinidin-3-glucoside and cyanidin-3-glucoside [39].



In the present study, the intake of the Hibiscus extract under diabetic conditions showed clear beneficial effects in the lab rats. Regarding the nutritional parameters, the intake of the Hibiscus extract was not able to completely ameliorate the diabetic condition, affecting the animal’s development, and therefore, showed the animal’s reduced growth as a consequence of the diabetic condition. Sachdewa et al. [40] observed an improved development of induced animals treated with Hibiscus rosa sinensis extracts compared with the diabetic control group (untreated), agreeing with the highest doses treatment of the present study (600 mg/Kg). Conversely, Adeyemi and Adewole, [41] did not observe differences in body weight and growth between treated diabetic rats with Hibiscus sabdariffa extracts and healthy rats. However, it is important to consider that noticeably higher doses were given to the animals in the mentioned study. Also, this result is aligned with the observed trend in the present investigation, where the rats treated with 600 mg/kg showed no significant differences in BMG and SGR parameters with the ND group, approaching a healthier condition. It has been previously reported that Hibiscus extracts are able to improve the diabetic condition through diverse potential mechanisms, mainly derived from the antioxidant activity and their bioactive compounds. In this context, the flavonoid fraction of Hibiscus sabdariffa extracts can induce β-cell regeneration, as well as improve the diabetic condition due to their antioxidant activity [41]. Sachdewa et al. [40] suggested a potential reduction of the gluconeogenic enzymes (glucose-6-phosphatase), as well as an improvement of insulin release, with Hibiscus rosa sinensis extract treatment in diabetic rats. Also, hydroalcoholic extracts from Hibiscus rosa sinensis can regenerate the damaged pancreatic β cells [42]. The results of this study suggest that the improvement of glucose management derived from the extract intake is not able to completely ameliorate the diabetic condition but can enhance energy management, probably derived from an improved glucose metabolism or management. These results agree with the inhibitory capacity of the α-amylase activity observed for the extracts, as has been previously reported for other Hibiscus extracts [5,19]. In this regard, the inhibitory capacity was noticeably superior that the capacity showed by extracts obtained from cultivars Aswan and Sudan-1 [18]. The inhibitory capacity has been associated with the activity of the phenolic compounds [2], such as gallic or protocatechuic acids, with gallic acid being the main phenolic acid of the extract [19]. It is important to point out that the Hibiscus sabdariffa extracts (Morelia) of the present study showed slight improvements in the short-term postprandial condition, whereas significant improvements were observed regarding long-term postprandial responses, although only the highest doses (D400 and D600 groups) were able to significantly improve the diabetic condition. Similar results were reported for hydroalcoholic extracts obtained from Hibiscus rosa sinensis, showing a long-term postprandial response improvement in a dose-dependent manner; therefore, higher extract doses resulted in lower glucose serum levels [42]. Consequently, regardless of the intake amount of the extract, all the treated groups of the present study showed reduced glucose plasma levels under fasting conditions, agreeing with the long-term postprandial results. These results were especially noticeable at the highest tested dose (600 mg/kg), allowing the reversal of the glucose levels close to 50% compared to the DC group. Other investigations have also observed improved glucose serum levels under fasting conditions, being in concordance with the present study. The consumption of 600 mg/kg of root extracts from Hibiscus rosa sinensis allowed the reversion of glucose levels in the diabetic condition by 30% [31]. Also, because of the improved glucose management with the extract intake, lower glycosylated hemoglobin levels were determined. The improvement of glucose management can be associated not only with decreased α-amylase activity (as mentioned before) but also with reduced glucose intake during the digestion process, probably modulated by a competitive mechanism with glycosylated anthocyanins [8]. Additionally, phenolic compounds such as anthocyanins can exert the oxidative stress on islet cells against hyperglycemia through the AMPK/ACC/mTOR pathway, as well as cyanidin-3-glucoside protected cells from high glucose-induced oxidative stress by activating glutathione synthesis [11].



In this study, an evident improvement in lipid metabolism in the animals treated with the Hibiscus extract at doses of 600 mg/kg was observed. These results suggest a potential impact of the Hibiscus extract compounds (such as phenolic compounds) in the lipid management of the liver. Kumar et al. [31] observed that induced diabetic rats reduced the total cholesterol and total triglycerides when animals were treated with Hibiscus rosa sinensis extracts, enhancing the lipid metabolism, agreeing with this study. Sachdewa et al. [40] observed enhanced lipid metabolism in diabetic rats fed with Hibiscus rosa sinensis extracts, characterized by reductions in cholesterol (close to 22%) and triglycerides (close to 30.5%), while increasing HDL levels (close to 12.5%) compared with diabetic non-treated rats. Comparable results were observed in the present study at high doses. In this context, previous investigations have pointed out that Hibiscus sabdariffa extracts are able to reduce the lipid peroxidation in the liver of diabetic individuals due to its antioxidant activity, as well as ameliorate the liver damage [43]. The improvement of the lipid management derived of the intake of Hibiscus extracts or infusions, mainly observed as reductions in LDL but also increases in HDL levels, has been associated with their phenolic composition, such as diverse anthocyanins, among them delphinidin- 3-sambubioside and cyanidin-3-sambubioside [44]. As a direct consequence of the glucose and lipid improvements, the intake of the extracts allowed slight improvements in TyG index (insulin resistant) in the present study, although it did not allow healthy values to be achieved.




5. Conclusions


The results of this study suggest that a dose of 600 mg/kg of the hydroalcoholic extracts (water:ethanol 80:20 (v/v) at 50 °C) from the Hibiscus sabdariffa creole variety from Morelia (Mexico) can impact lipid and glucose metabolism, showing improvements in long-term glucose postprandial management and fasting glucose glycaemia, as well as promoting the reduction in total cholesterol, triglycerides, VLDL, and LDL. These results are aligned with the general trend of the antidiabetic properties observed for hibiscus (Hibiscus sabdariffa or Hibiscus rosa sinensis) extracts, although few experiments have been conducted in animal models or clinical trials but mainly reported as inhibitory capacities against α-amylase activity. Since more evidence is necessary in animal models, and mainly in human clinical trials, the present study contributes to increase the evidence in in vivo research of antidiabetic capacities derived from Hibiscus extract intake. However, further studies focused on the impact of the consumption of the obtained extracts on glucose homeostasis (hepatic gluconeogenesis regulations and muscle glucose intake) are necessary. Additionally, studies focused on elucidating the exact mechanism of action at the molecular level of the specific bioactive compounds of the extracts are necessary. Nevertheless, this study highlights Hibiscus sabdariffa from Morelia as a potential source for the obtention of extracts with antidiabetic and antioxidant capacities. Nevertheless, these extracts could be used as ingredients for nutraceutical or functional food formulations, benefiting both diabetic individuals and the healthy population.
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Figure 1. Whole experimental design for the extract effect evaluation with the animal model. 
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Figure 2. Inhibitory capacity against the enzyme α-amylase activity of the obtained Hibiscus extracts (obtained with water:ethanol 80:20 v/v, at 50 °C). 






Figure 2. Inhibitory capacity against the enzyme α-amylase activity of the obtained Hibiscus extracts (obtained with water:ethanol 80:20 v/v, at 50 °C).



[image: Antioxidants 13 01010 g002]







[image: Antioxidants 13 01010 g003a][image: Antioxidants 13 01010 g003b] 





Figure 3. Postprandial response of the diverse experimental groups after the whole experimental period (80 days). (a) Short-term postprandial response; (b) Long-term postprandial response. * Indicate significant differences between treatment and diabetic control group. 
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Table 1. Chemical characterization (TPC = total phenolic content; TFC = total flavonoid content; TAC = total anthocyanin content), antioxidant activity (T. = trolox), and chelating capacity of the Hibiscus extracts.






Table 1. Chemical characterization (TPC = total phenolic content; TFC = total flavonoid content; TAC = total anthocyanin content), antioxidant activity (T. = trolox), and chelating capacity of the Hibiscus extracts.





	Extraction

Condition
	TPC

(mg GAE/g)
	TFC

(mg QE/g)
	TAC

(mg CE/g)
	ABTS

(μmol T./g)
	DPPH

(μmol T./g)
	Chelating

(%)





	Water:ethanol 80:20

25 °C
	405.06 ± 7.07 a
	23.98 ± 0.75 b
	9.00 ± 0.01 a
	219.4 ± 0.03 a
	134.4 ± 0.01 a
	40.93 ± 0.03 b



	Water:ethanol 80:20

50 °C
	403.28 ± 7.71 a
	25.30 ± 1.58 b
	4.80 ± 0.05 c
	192.5 ± 0.01 a
	132.0 ± 0.01 a
	41.64 ± 0.02 b



	Water:ethanol 50:50

25 °C
	202.50 ± 2.04 d
	15.96 ± 0.24 d
	5.40 ± 0.08 b
	77.9 ± 0.01 c
	42.7 ± 0.01 b
	49.99 ± 0.03 a



	Water:ethanol 50:50

50 °C
	189.15 ± 5.04 e
	17.82 ± 0.86 d
	3.00 ± 0.01 d
	170.5 ± 0.01 ab
	44.6 ± 0.01 b
	51.97 ± 0.01 a



	Water:ethanol 100:0

25 °C
	232.78 ± 2.31 c
	20.38 ± 0.82 c
	3.60 ± 0.04 d
	110.9 ± 0.01 b
	31.2 ± 0.01 b
	50.73 ± 0.03 a



	Water:ethanol 100:0

50 °C
	312.46 ± 9.84 b
	28.86 ± 1.54 a
	4.80 ± 0.02 bc
	42.7 ± 0.01 c
	54.1 ± 0.01 b
	53.37 ± 0.04 a







a,b,c,d,e Different letters indicate significant differences between samples by Tukey post-hoc test (p ≤ 0.05), expressed as mean value ± S.D.













 





Table 2. Phenolic composition of the extract identified and quantified by HPLC-RP (mean values ± S.D.).
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	Compound
	mg/g 100 Extract





	Gallic acid
	5.29 ± 0.24



	Caffeic acid
	4.15 ± 2.11



	Vanillic acid
	N.D.



	p-Coumaric acid
	2.15 ± 0.27



	Ferulic acid
	4.22 ± 0.41



	Protocatechuic acid
	N.D.



	Cinnamic acid
	<LOQ



	Myricetin
	18.79 ± 3.26



	Quercetin
	N.D.



	Apigenin
	10.16 ± 1.93



	Kaempferol
	N.D.







N.D. = No Detected. <LOQ = under quantification limit.













 





Table 3. Average food consumption (g food/kg weight · day) of the experimental groups along the experimental period, and nutritional parameters of the different experimental groups.






Table 3. Average food consumption (g food/kg weight · day) of the experimental groups along the experimental period, and nutritional parameters of the different experimental groups.





	Experimental Group
	BMG

(%)
	SGR

(%)
	MGR

(g/kg · día)
	Daily Intake

(g Food/kg · día)





	ND
	33.05 ± 3.87 a
	0.36 ± 0.04 a
	2.95 ± 0.28 a
	75.94 ± 8.39 b



	DC
	10.04 ± 9.34 b
	0.12 ± 0.11 b
	0.87 ± 0.82 b
	116.83 ± 14.48 a



	D200
	13.14 ± 10.64 b
	0.15 ± 0.12 b
	1.15 ± 0.91 b
	128.79 ± 10.22 a



	D400
	16.48 ± 6.80 b
	0.19 ± 0.07 b
	1.46 ± 0.58 b
	107.80 ± 7.11 a



	D600
	19.01 ± 10.20 ab
	0.21 ± 0.10 ab
	1.65 ± 0.80 b
	116.29 ± 13.36 a







a,b Different letters indicate significant differences between samples by Tukey post-hoc test (p ≤ 0.05), expressed as mean value ± S.D. BMG = body mass gain; SGR = specific growth rate; MGR = metabolic growth rate. ND = non-diabetic group; DC = control diabetic group; D200 = diabetic group treated with 200 mg/kg; D400 = diabetic group treated with 400 mg/kg; D600 = diabetic group treated with 600 mg/kg.













 





Table 4. Baseline (before the experimental period, 0 days) and final (after the experimental period, 80 days) plasma glucose levels under fasting condition, and glycosylated hemoglobin levels (%) and TyG index (insulin resistance) after the whole experimental period (80 days) of the different experimental groups.






Table 4. Baseline (before the experimental period, 0 days) and final (after the experimental period, 80 days) plasma glucose levels under fasting condition, and glycosylated hemoglobin levels (%) and TyG index (insulin resistance) after the whole experimental period (80 days) of the different experimental groups.





	Experimental Group
	Initial Glucose (mmol/L Blood)
	Final Glucose (mmol/L Blood)
	Glycosylated Hemoglobin (%)
	TyG Index





	ND
	4.81 ± 0.62 c
	5.47 ± 0.57 c
	7.49 ± 0.87 b
	8.43 ± 0.19 c



	DC
	26.41 ± 3.33 b
	28.08 ± 2.69 a
	14.92 ± 1.76 a
	11.02 ± 0.14 a



	D200
	34.33 ± 2.66 a
	22.24 ± 3.27 bc*
	8.05 ± 0.87 b
	10.49 ± 0.35 b



	D400
	32.29 ± 2.24 a
	18.85 ± 6.24 b*
	7.53 ± 1.12 b
	10.22 ± 0.27 b



	D600
	31.92 ± 2.08 a
	15.93 ± 2.83 b*
	7.41 ± 1.02 b
	10.17 ± 0.34 b







a,b,c Different letters indicate significant differences between samples by Tukey post-hoc test (p ≤ 0.05), expressed as mean value ± S.D. * Indicate 