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Abstract

:

The current study was intended to fabricate and evaluate ultrasonically assisted quercetin nanoemulsion (Que-NE) for improved bioavailability and therapeutic effectiveness against diabetes mellitus in rats. Ethyl oleate, Tween 20, and Labrasol were chosen as oil, surfactant, and cosurfactant, respectively. Box–Behnken design (BBD) was employed to study the influence of process variables such as % surfactant and cosurfactant mixture (Smix) (5 to 7%), % amplitude (20–30%) and sonication time (2.5–7.5 min) on droplet size, polydispersibility index (PDI), and % entrapment efficiency (%EE) were studied. The optimization predicted that 9% Smix at 25% amplitude for 2.5 min would produce Que-NE with a droplet size of 125.51 nm, 0.215 PDI, and 87.04% EE. Moreover, the optimized Que-NE exhibited appreciable droplet size and PDI when stored at 5, 30, and 40 °C for 45 days. Also, the morphological characterization by transmission electron microscope (TEM) indicated the spherical shape of the optimized nanoemulsion. Furthermore, the Que-NE compared to pure quercetin exhibited superior release and enhanced oral bioavailability. The streptozocin-induced antidiabetic study in rats revealed that the Que-NE had remarkable protective and therapeutic properties in managing body weight, blood glucose level, lipid profile, and tissue injury markers, alongside the structure of pancreatic β-cells and hepatocytes being protected. Thus, the developed Que-NE could be of potential use as a substitute strategy for diabetes.
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1. Introduction


Quercetin (Que) is a natural bioflavonoid found in commonly consumed fresh green leafy vegetables and fruits. In recent times, Que has gained considerable interest due to its potential health benefits beyond antioxidant activity, including anti-inflammatory, anticancer, cardioprotective, antihypertensive, vasodilator effects, antiobesity, anti-hypercholesteraemic, neuroprotective, and antidiabetic properties [1]. Furthermore, in vivo studies have reported that Que at doses ranging from 15 mg/kg body weight (BW) to 100 mg/kg BW for 14 to 70 days exhibited a prominent antidiabetic effect [2]. However, the low aqueous solubility and poor oral bioavailability (~17%) have constrained its therapeutic efficacy and application [2,3]. Hence, a suitable delivery system for Que could overcome these pharmaceutical challenges and improve its oral bioavailability and therapeutic efficacy. In such efforts, the lipid-based delivery system is the right choice for delivering hydrophobic bioactive such as Que, as these systems increase the solubility and bioavailability of hydrophobic components [4,5,6].



Nanoemulsion is a lipid-based delivery system defined as a colloidal dispersion of two nonmiscible fluids such as oil and water, in which one forms the dispersed phase and the other forms a dispersion medium [7]. Though nanoemulsions are thermodynamically unstable, their smaller droplet size of <200 nm helps resist gravitational separation and droplet aggregation due to less attractive forces between the smaller droplets, hence making the system kinetically stable [7,8,9]. The smaller droplet size of the nanoemulsion also influences the rheological and release behavior of the components. Nanoemulsions require less surfactant preparation and are least affected by physical and chemical variations, including temperature and pH [8]. In addition to the solubility and bioavailability improvement, the nanoemulsion improves drug encapsulation efficiency compared to its counterparts [4]. These advantages of nanoemulsion can fulfill the quest for an efficient delivery system for Que [10,11] Nanoemulsions can be successfully developed using low-energy methods (LEMs) and high energy methods (HEMs). The advantage of adopting an HEM is that it requires less surfactant and is more suitable for oral administration. An HEM consists of ultrasonication, high-pressure homogenization, and microfluidization techniques. Frequent attempts have been made to develop a quercetin nanoemulsion and evaluate its various pharmacological benefits. Most reported studies have employed either high-pressure homogenization or spontaneous emulsification methods. However, the application of the ultrasonication technique to produce quercetin nanoemulsion was merely explored systematically [12,13,14,15,16]. The benefits of ultrasonication are that it requires a relatively lower amount of surfactant than other HEM methods, and produces a nanoemulsion with smaller droplet size and a PDI with prolonged stability [17].



Fabrication of a stable nanoemulsion using ultrasonication depends on various parameters, including ultrasonication time, percentage amplitude, oil-to-surfactant ratio (Smix), and temperature. Hence, it becomes essential to optimize these parameters to achieve a nanoemulsion with good stability. Modern mathematical tools such as response surface methodology (RSM) are beneficial over traditional optimization techniques in reducing the optimization difficulties of cost and time.



RSM is a statistical and mathematical approach that utilizes a polynomial model to explain the relationship between response and independent variables by employing multivariate models. Under RSM, the optimum processing condition can be obtained using either three-level full factorial design, central composite design (CCD), Box–Behnken design (BBD), or a Doehlert matrix (DM). However, BBD is a multivariant optimization technique based on a three-level incomplete factorial design. The BBD is advantageous over the other RSM methods due to its ability to predict optimized conditions with fewer experimental runs by avoiding the experiential runs outside the feasible operating conditions. There are many factors, including optimum ultrasonic power, percentage Smix, and sonication time to consider when optimizing an emulsion-based system using ultrasonication to yield an optimal droplet size, polydispersibility index, and zeta potential.



The components and their combinations play a vital role in developing stable and efficient nanoemulsions. Moreover, many studies also implied that BBD is a beneficial method for nanoemulsion optimization [18,19,20]. Thus, in the present study, BBD was used to study the influence of selected independent variables (Smix, % amplitude, and sonication time) on response variables (droplet size, PDI, and %EE). The significance of this study was the evaluation of the combination of ethyl oleate, Tween 20, and Labrasol to procure a stable nanoemulsion using an ultrasonication technique for the improved bioavailability and antidiabetic properties of Que.



Hence, the present study was designed to optimize the ultrasonically assisted Que-NE using BBD and evaluate the optimized Que-NE for improved oral bioavailability and antidiabetic activity using an in vivo animal model.




2. Materials and Methods


2.1. Materials Employed


The quercetin (Que) extra pure (99%) (CAS-6151-25-3) (Supplementary Figure S1) was obtained from Sisco Research Laboratories, Hyderabad, India. The ethyl oleate (98–103%) (CAS-9005-62-6) and Tween 20 (extra pure) (CAS-9005-64-5) were procured from Loba Chemie Pvt. Ltd., Mumbai, India. The Labrasol was gifted from Gattefosse, India. The orthophosphoric acid (HPLC grade—88%) (CAS-7664-38-2), acetonitrile (HPLC grade—99.9%) (CAS-75-05-8), and methanol (HPLC grade—99.9%) (CAS-67-56-1) were obtained from Merck Specialties Pvt Ltd., Mumbai, India. The streptozocin (STZ) (CAS 18883-66-4) was purchased from Sigma-Aldrich, Bangalore, India. Water employed was Millipore-filtered through a Milli-Q filtration system. Furthermore, all the other chemicals, reagents, solvents used in the present study were of analytical grade.




2.2. Solubility Assessment of Que


Que was added in a surplus amount to each of the centrifuge tubes containing 2 mL of different oils, including coconut oil (CO), gingelly oil (GO), castor oil (CAO), olive oil (OA), ethyl oleate (EO), corn oil (COO), and Labrafac PG (LAF). Surfactants including Tween 20 (T20), Tween 40 (T40), Tween 60(T60), Tween 80 (T80), Lauroglycol (LGL), Labrasol (LAB), and Labrafil (LFIL). Cosurfactants including isopropyl alcohol (IPA), propylene glycol (PG), and Transcutol P (TP) were mixed vigorously using a vortex mixer. The samples were then placed in an isothermal shaker for 72 h at 25 ± 02 °C. The samples after equilibration were centrifuged at 6000 rpm (REMI, Ultracentrifuge) for 10 min. The supernatant was collected and clarified through a 0.22 μm membrane filter. The filtrate concentration was measured spectrophotometrically at 361 nm utilizing a UV-1700 spectrophotometer (Shimadzu, Canby, OR, USA) [21].




2.3. Screening of Surfactants


Oil emulsification by the surfactant was also crucial for a stable emulsion. Hence, the T20, LAB, and LAF surfactants in which the drug had high solubility were screened for EO (oil) emulsifying ability. In water, 2.5 mL of 15 wt % surfactant solution was prepared, and 4 μL of oil was supplemented with brisk vortexing. The addition of the oil was continued until the mixture turned cloudy [21,22].




2.4. Screening of Cosurfactants


The various solubilizers as cosurfactants, involving IPA, PG, TP, and LAB, were selected at a fixed ratio (1:1) with T20 and inspected for their ability to produce a transparent nanoemulsion region by constructing pseudoternary phase diagrams (TPDs). The oil and Smix were evaluated in 15 different combinations (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1, 1:2, 1:3, 1:5, 1:6, 1:7, and 1:8) to incorporate maximum possible ratios to define the frontiers of phases precisely in the phase diagrams [23].




2.5. Effect of Surfactant and Cosurfactant (Smix) Mass Ratio


The surfactant (T20) was blended with the cosurfactant (LAB) in the weight ratios of 1:0, 1:1, 1:2, 1:3, 1:4, 1:5, 5:1, 4:1, 3:1, and 2:1. For a detailed study of the phase diagrams, the Smix ratios were initially chosen with an increasing surfactant concentration, while the cosurfactant concentration was kept constant. Later, the surfactant concentration was kept constant with an increasing concentration of the cosurfactant. TPDs were constructed using the aqueous titration method, which involved step-by-step addition of water to each weight ratio of oil and surfactants, and then blending the components using a vortex mixer at 25 °C [24]. Based on visual observation, the clear, easily flowable, and transparent formulation was identified as the nanoemulsion phase. Fifteen distinct permutations of different weight ratios of oil and Smix (1:9, 2:8, 3:7, 4:6, 5:5, 6:4, 7:3, 8:2, 9:1, 1:2, 1:3, 1:5, 1:6, 1:7, and 1:8) were taken. The three axes of the phase diagram corresponded to the three components of the nanoemulsion system: aqueous, oil (EO), and Smix (T20:LAB) phases.




2.6. Preparation of Nanoemulsion


A measured quantity of Que was dissolved by vortexing in an organic phase constituting a specified amount of EO, T20, and LAB. The organic-phase components and dissolved Que were transferred to the aqueous phase and subjected to high-shear homogenization (T-25 Ultraturrax, IKEA, Staufen, Germany) at 5000 rpm for 5 min to form a crude emulsion. This emulsion was then subjected to ultrasonication (Vibra cell VCS 750–220, Sonics, with a power output ranging between 20% and 40% amplitude) at a predetermined amplitude and time.




2.7. Optimization of Nanoemulsion by Box–Behnken Design (BBD)


BBD is beneficial, as it contains combinations for which all factors are concurrently at their highest and lowest levels. Furthermore, the suggested runs help avoid experiments performed under extreme conditions for which undesirable results might occur, and hence provides a study design with fewer study runs, making it economical. BBD also was successfully employed to optimize an NE system previously [18]. A three-factor, three-level Box–Behnken experimental design was adopted to optimize the NE formulation in the present study. Design Expert® (Version 10.0 Stat-Ease Inc., Minneapolis, MN, USA) was used to investigate the quadratic response surfaces represented by the second-order polynomial model. An Smix ratio (A) from 5 to 7% was selected while considering the amount of Smix required to emulsify EO, % amplitude (B) from 20–30%, and sonication time (C) from 2.5 to 7.5 min as independent variables, considering the feasibility and previously reported studies; whereas the droplet size, PDI, and %EE were the dependent variables [18].




2.8. Determination of Droplet Size, PDI, and Zeta Potential


The Que-NE’s particle size, PDI, and zeta potential were determined using a dynamic light-scattering technique with a Zetasizer ZS90 (Malvern, Worcestershire, UK). The NE samples were measured at 25 °C after diluting them with distilled water at a ratio of 1:100.




2.9. Determination of Entrapment Efficiency (% EE)


The % EE was defined as the amount of drug entrapped within the matrix core formed by the organic phase components. The Que-loaded NE was ultracentrifuged (REMI Electrotechnik Ltd., Vasai, India) at 12,000 rpm for 20 min, and the supernatant was collected and filtered through a 0.22 µm membrane filter. The Que was quantified using HPLC (Shimadzu HPLC system-LC20C, I prominence series) consisting of an autosampler system and quaternary pump equipped with a UV–visible detector. The Lab-solution was used to process the chromatograms. The Que was eluted effectively by using a C18 column (Shimadzu, 5 µm particle size ODS, 150 mm × 4.6 mm) set at a temperature of 30 ± 2 °C. The injection volume was 20 µL, and the mobile phase comprised methanol and 0.1% phosphoric acid (98:2, v/v) at a flow rate of 1 mL/min; the effluent was detected at 361 nm [25]. The encapsulation efficiency was calculated and expressed in percentage [26].




2.10. Effect of Storage Temperature on Droplet Size and PDI


The Que-NE was prepared and transferred into glass vials and stored in the dark at 5, 30, and 40 °C for 45 days. The droplet size and PDI were measured accordingly on days 0, 7, 15, 30, and 45.




2.11. Morphological Characterization by Transmission Electron Microscope (TEM)


Transmission electron microscopy (TEM) was employed for morphological analysis and globular-size confirmation (JEOL/JEM 2100, Tokyo, Japan). A sequence of bright field imaging at increasing magnification and diffraction modes was applied to reveal the form and size of the nanoemulsion. The sample was prepared by diluting the optimized Que-NE in distilled water (1:100), and a drop of the sample was positioned on a copper grid and stained with uranyl acetate for 30 s. The stained grid was dried, placed on a slide, covered with a coverslip, and examined under the microscope [27].




2.12. Animals


Albino Wistar rats of about 200–250 g in weight were procured from Biogen Laboratory Animal Facility (Bengaluru, India). The rats were acclimatized under a controlled housing environment of 12 h/12 h light/dark cycles at a temperature of 23 °C for 15 days with free access to feed and water.




2.13. In Vivo Pharmacokinetics Study


Healthy male Albino Wistar rats weighing 250–300 g were purchased and acclimatized at 23 ± 2 °C at 50 ± 5% humidity and in a 12 h/12 h light/dark cycle condition for seven days. The housed rats had free access to standardized mouse pellet feed and potable water.



After acclimation, 12 rats were arbitrarily allocated into two groups (n = 6). All the rats were fasted overnight with access only to water before the experiments. Group A animals were administered 50 mg/kg of Quercetin pure drug (Que-PD), and Group B animals were administered 50 mg/kg of optimized Que-NE as a single oral dose through oral gavage. The blood samples (300 µL) were collected from the tail vein into a centrifuge tube containing 100 µL of 3% sodium citrate solution at 0 h (before dosing), 1 h, 2 h, 4 h, 8 h, 16 h, 24 h, and 48 h after oral administration. The collected blood samples were centrifuged immediately at 8000 rpm for 10 min. The plasma was collected and stored at −80 °C until further analysis by HPLC. The pharmacokinetic parameters were computed by the noncompartmental model using Pumas software (Julia Computing, Newton, MA, USA) [28].




2.14. In Vivo Antidiabetic Study


2.14.1. Induction of Diabetes and Animal Grouping


The acclimatized healthy male Albino Wistar rats weighing 250–300 g were involved in this study. The streptozocin (STZ) was reported to effectively induce diabetes in rats in a single dose, making it a comparatively economical and faster method for induction of diabetes. However, STZ does not develop insulin resistance; the antidiabetic activity concerning the bodyweight management, blood glucose level, serum lipid levels, oxidative stress, and tissue injury markers, along with the pathological changes of β cell derangement due to diabetic glucotoxicity, could be well established [29]. Thus, STZ-induced diabetes in the rat model was employed in this study. The STZ injection was prepared by dissolving STZ in a citrate buffer at 4.5 pH. Overnight-fasted animals were injected with STZ (40 mg/kg body weight) intraperitoneally for type I diabetes induction. After 72 h of STZ injection, the blood glucose level from nonfasted rats was determined, and rats with >250 mg/dL were considered to have developed type I diabetes. Furthermore, 30 animals were allotted into five groups (n = 6): Group A-Normal (without any induction), Group B-Control (STZ-induced diabetes), Group C-Standard (diabetes-induced and metformin-treated), Group D-Que-NE (diabetes + Que-NE-treated), and Group E-Que-NE (P) (Que-NE pretreatment + diabetes). Groups A and B received 1.5 mL of distilled water daily, whereas Group C received metformin at 250 mg/kg BW daily, Group D received 12.5 mg/kg BW of Que-NE, and Group E received 12.5 mg/kg of Que-NE (from seven days before induction of type I diabetes until the end of the experiment). All doses were administered orally for 21 days, with close observation of the animals during the experimental period.



After 21 days of treatment, the blood sample was collected by the retro-orbital plexus method after the animals were euthanized. The blood collection, storage, and measurements were performed as described previously [30]. Serum was isolated by centrifugation at 8000 rpm for 15 min. A Varioskan LUX Multimode Microplate Reader (Thermo Fisher Scientific, Waltham, MA, USA) was used for the analysis. Serum alanine aminotransferase (ALT), aspartate aminotransferase (AST), total cholesterol (TC), total glycerides (TG), high-density lipoproteins (HDL), and low-density lipoproteins (LDL) were determined using the kit method (Spinreact, Girona, Spain). Creatinine (Cre) and blood urea nitrogen (BUN) levels were measured using kits from Elabscience, (US). VLDL was calculated as described earlier [31].



The liver was removed, washed thrice in ice-cold saline, and blotted separately, then tissue homogenates were prepared to estimate tissue malondialdehyde (MDA) and superoxide dismutase (SOD) levels using a previously established procedure [32].




2.14.2. Measurement of Blood Glucose Level (BGL), Food Intake, and Water Consumption


The BGLs of all the rats were measured at 0, 7, 14, and 21 days through the tail vein method using a blood glucose meter (ACCU-CHEK) that employed test strips to determine the BGL, according to the manufacturer’s instructions. The STZ-induced hyperglycemic condition resulted in extreme thirst (polydipsia) and hunger (polyphagia). Thus, the average food and water intake was calculated on a daily basis by calculating the difference in food and water provided and consumed per cage [33].




2.14.3. Measurement of Bodyweight (BW)


The animals’ bodyweights were measured using a calibrated weighing machine at 0, 7, 14, and 21 days.




2.14.4. Oral Glucose Tolerance Test (OGTT)


The animals were administered glucose (2 mg/kg) after overnight fasting for 12 h on the 10th and 20th days during the study. The blood glucose level was monitored at 0, 20, 60, 90, and 120 min after glucose administration [30,32].




2.14.5. Histopathological Analysis of Pancreas and Liver Tissues


The liver and pancreatic tissue samples were dissected, rinsed, and fixed using 10% formalin solution. Then, the samples were embedded in paraffin, and sections were made and stained using hematoxylin and eosin and subjected to microscopic examination.






3. Results and Discussion


3.1. Screening of Nanoemulsion Components


Quercetin’s solubility in different nanoemulsion components such as oils, surfactants, and cosurfactants was determined, as shown in Figure 1A. Quercetin showed a higher solubility in EO (18.12 ± 0.10 mg/mL) than in other oils. The solubility of the drug in the oily phase was an essential feature in developing a nanoemulsion formulation, because drug loading (the ability of the preparation to keep the drug in the solubilized form in GI) and volume of preparation for delivery of the therapeutic dose greatly depended on its solubility in the oil phase [21]. Therefore, selecting a suitable surfactant was crucial, as it could induce gastrointestinal toxicity when the formulation was administered orally [21]. Hence, nonionic surfactants were preferred in this study due to their reduced toxicity, ability to withstand pH, ionic conditions, lower CMC value, and, most importantly, biocompatibility [21]. In addition, nonionic surfactants in a nanoemulsion deliver superior in vivo stability [31]. Therefore, considerations were made to screen surfactants in a wide range of HLB values (10–16.7), as the value required to form an o/w nanoemulsion was higher than 10. In addition, hydrophilic surfactants required lower energy to form nanoemulsions and, consequently, improve the formulation’s stability [21]. Hence, in the present study, nonionic surfactants were assessed primarily for their ability to emulsify the nanoemulsion system, rather than the solubility of the drug quercetin alone. Among a series of anion surfactants (T20, T40, T60, T80, LGL, and LAB), T20-emulsified EO fared better, as depicted in Figure 1B; this could be attributed to the higher HLB value of T20. Hence, T20 was selected as the primary surfactant.



The cosurfactant was selected to reduce the interfacial tension and produce a larger NE region in the constructed phase diagrams. Cosurfactants such as IPA, PG, TP, and LAB were screened for producing a larger NE region with the T20 surfactant at a 1:1 ratio. It was observed that the TP could increase the NE region compared to that of IPA and PG. However, LAB could significantly increase the NE region compared with the other cosurfactants (TP, IPA, and PG), as represented in Figure 2. LAB as a medium-chain triglyceride (MCT) is also known to improve lipophilic drugs’ bioavailability and GI permeation [32,34]. Moreover, the NE system of Que with Tween 20 and Labrasol as a surfactant mixture and ethyl oleate as oil phase had not been discovered to date. Hence, these components were selected for further assessment.




3.2. Effect of Smix Mass Ratio


An NE’s formation is chiefly based on its composition and its order of addition [35]. Therefore, TPD was used to represent the NE region. In the present study, the phase diagram was constructed with EO, T20, and LAB as the oil, surfactant, and cosurfactant, respectively. The T20 and LAB were added to the EO and were titrated against the aqueous phase. The obtained phase diagrams were evaluated in comparison to previous studies, and it was considered that the transparent region obtained in the phase diagrams indicated the nanoemulsion region [36]. Furthermore, the other region exhibiting turbidity was considered conventional emulsion systems. No formulation showed specific conversion from an o/w to w/o NE.



The effect of the Smix mass ratio was assessed further to optimize the NE system (Figure 3). A lower NE region was noted (Figure 3A), in which the T20 surfactant alone (Smix 1:0) was employed, indicating that T20 alone could not reduce the interfacial tension between the oil and water phase, and addition of the cosurfactant was essential. An increase in the NE area was observed with an Smix ratio of 1:1; i.e., in the presence of the LAB cosurfactant (Figure 3B). Increasing the surfactant concentration further; i.e., at Smix 2:1, led to an increase in the NE region (Figure 3C). Smix ratios of 3:1 (Figure 3D) and 4:1 (Figure 3E) also led to a corresponding increase in the NE region, which gradually began decreasing at a Smix ratio of 5:1, signifying that an optimum emulsion was achieved at Smix 4:1. Correspondingly, when the concentration of cosurfactant was increased, while keeping the surfactant concentration constant at 1:2 (Figure 3G), an increase in the NE region was observed compared to Smix at a 1:1 ratio. When the Smix ratio was further increased to 1:3, a slight decrease in the NE region was observed. Correspondingly, an increase in the NE region was seen at Smix 1:4. However, a further increase in the Smix ratio up to 1:5 did not improve the NE region. Primarily, this could be correlated with the HLB value of the Smix combinations. The T20 had an HLB of 16, and the LAB of 12. Overall, the HLB value of the Smix ranged from 14.00 to 16.00 upon an increment in the surfactant concentration, and ranged from 12.80 to 14.00 upon an increment in the cosurfactant concentration. The highest NE region was formed at Smix 1:4 (Figure 3I), indicating that an HLB value of 12.80 would be required to achieve optimum emulsification of EO and produce NE. Secondly, the higher viscosity of T20 could have decreased in the NE region, as high viscosity would negatively affect droplet disruption and result in the breaking of the emulsion. In addition, the NE developed using a phase diagram showing the nanoemulsion region toward the water-rich apex could be diluted to a greater degree [21]. An Smix concentration between 3 and 10% allowed nanoemulsion formation [37]. Hence, in the present study, the concentration of the entire organic phase (including oil, surfactant, and cosurfactant) was maintained at 10% of the total formulation, wherein the oil phase ratio was constant at 1, and the Smix ratio was varied from 5 to 9.




3.3. Optimization of Nanoemulsion by BBD


The experimental array for droplet size (nm), PDI, and entrapment efficiency (%) was 120.9 ± 10.0 to 199.5 ± 27.68 nm, 0.056 ± 0.04 to 0.59 ± 0.03, and 60.16 ± 5.19 to 91.08 ± 2.95%, respectively (Table 1). When the achieved response values were studied using design experiment software, the quadratic polynomial model was suggested for droplet size (p < 0.05) and PDI (p > 0.05), and the linear model was suggested for entrapment efficiency (p < 0.001). The ANOVA analysis, fit statistics, and regression coefficient values are shown in Table 2, and the regression equations obtained are summarized in Table 3. It was found that the lack of fit was insignificant (p > 0.05) for all the responses. The larger F-value and smaller p-value confirmed the significant effect of each variable. (Table 2).



The obtained data were used for the calculation of coefficients of the quadratic polynomial equation. Regression equations for different responses obtained from design expert software are represented in Table 2. The ANOVA results exhibited that the quadratic polynomial model could signify experimental data, with the values of the coefficient of determination (R2) of particle size, PDI, and EE of Que-NE being 0.9599, 0.8191, and 0.9397, respectively, as described in Table 2.



The droplet size of Que-NE was primarily dependent on the linear effect of the Smix ratio (p < 0.001), the interaction effect among Smix and % amplitude (p < 0.05), and the quadratic effect of % amplitude (p < 0.05). Thus, an increased Smix ratio reduced droplet size with a correspondingly higher amplitude due to increased shear and cavitation forces [36]. The other variables that had a significant effect on droplet size were the linear effect of % amplitude (p < 0.05) and the interaction effect between the Smix and sonication time (p < 0.05). The interactive effect of the Smix and % amplitude are depicted in Figure 4A. These variables exhibited a linear effect on the droplet size; i.e., the droplet size reduced at a higher % amplitude due to the generation of shear forces, which broke the larger droplets into smaller ones [38]. In addition, a higher Smix ratio reduced the system’s interfacial tension, resulting in a smaller droplet size [39].



The interaction effect of Smix and sonication time are represented in Figure 4B. Both the variables were found to exhibit a linear effect on the droplet size. As the Smix and sonication time were increased, the Que-NE droplet size was found to decrease. It was reported that when NE was subjected to high shear for a prolonged duration, it reduced the larger droplet into a smaller one [38]. The interactive effect of % amplitude and sonication time is depicted in Figure 4C, and was not found to affect the droplet size (p > 0.05).



The PDI of Que-NE was primarily dependent on the linear effect of Smix, the interaction effect of % amplitude, sonication time, and the quadratic effect of % amplitude. The interaction effect of Smix, % amplitude, and sonication time on PDI are depicted in Figure 4 D–F. It could be seen that at lower Smix and % amplitude, the PDI was high; however, with an increase in Smix and % amplitude, it was reduced. Sonication time and % amplitude had a prominent effect on PDI due to high shear, resulting in homogenous droplet size in the nanoemulsion [40].



The % EE was primarily affected by linear terms of Smix (p < 0.001) and % amplitude (p < 0.05). Furthermore, no interactive or quadratic model was found to have significant effects. The linear effect of Smix and % amplitude is depicted in Figure 4G. The quadratic equations obtained (Table 3) suggested that a higher Smix with an optimum % amplitude for a shorter sonication time would yield a smaller droplet with an optimum PDI and a higher entrapment efficiency.



The model was further verified by formulating the Que-Ne under obtained optimum conditions. The experimental data were found to be in good agreement with the predicted values (Table 4). Thus, we concluded that BBD could be successfully employed to study the linear, interactive, and quadratic effects of Smix, % amplitude, and sonication time on NE droplet size, PDI, and %EE. Therefore, BBD could be successfully applied to optimize the Que-NE with the desired responses. The zeta potential of the optimized formulation was −17.10 ± 5.61 mV. The negative zeta potential could be attributed to the dissociation of fatty acid adsorbed or the presence of negatively charged ions at the interface. In the present study, the negative zeta potential could be due to the hydroxyl group in the quercetin and ethyl oleate that were employed [41,42].




3.4. Effect of Storage Conditions on Droplet Size and %EE


An NE’s stability is an essential parameter for its application. The droplet size and the PDI are prominent indicators of NE stability. In the present study, stability testing of optimized Que-NE was examined at 5, 30, and 40 °C on days 0, 15, 30, and 45. As depicted in Figure 5A, the droplet sizes tended to increase during days 0–15 in all storage conditions except at 5 °C, at which it decreased. However, it was found to increase beyond the 15th day. The droplet size of the emulsion stored at 40 °C demonstrated an increasing trend at the 45th day due to the coalescence of NE droplets. There was no visible appearance of creaming or phase separation until the 45th day of the study. The droplet size and PDI of Que-NE stored at 30 °C was the least affected after 45 days of storage. All the NEs exhibited a PDI ≤ 0.3, and were considered to have good stability under the tested conditions.




3.5. Morphological Characterization by Transmission Electron Microscopy (TEM)


The TEM micrographs of Que-NE indicated that the droplets were spherical and in good agreement with the droplet size results, confirming the feasibility of the optimized Que-NE formulation. The microdroplets appeared dark, and the surroundings were bright (Figure 5B).




3.6. In Vivo Pharmacokinetic Studies


The HPLC technique was employed to study the pharmacokinetics of Que-PD and Que-NE in rat plasma after administration of a single oral dose. The mean plasma concentration–time profile is shown in Figure 6. The maximum plasma concentration (Cmax) and the time taken to reach Cmax (tmax) were obtained directly from this profile. The other critical pharmacokinetic parameters were calculated by the noncompartmental model, and are represented in Table 5. The Que-NE and Que-PD after a single oral administration reached the maximum drug concentration (Cmax) of 5962.74 ± 238.54 ng/mL and 1634.28 ± 70.18 ng/mL after 4 ± 0.0 and 2 ± 0.0, respectively. It was observed that in contrast to Que-PD, the Cmax of Que-NE was 3.64-fold greater, indicating that the NE system was effective in increasing the Que absorption. The Que-NE had a delayed tmax compared with that of Que-PD, indicating that the NE system could have resulted in the sustained release of Que from the system. Additionally, the mean resident times (MRTs) of Que-NE and Que-PD were 46.13 ± 9.91 h and 28.78 ± 8.44 h, respectively. This higher MRT could be attributed to the sustained release of Que into the systemic circulation. The NE system had decreased the distribution of Que by 3.04 times compared with that of Que-PD. In contrast to Que-PD, the AUC0-t and AUC0−∞ were 4.46 and 5.32 times higher, respectively. These indicated that Que-NE had enhanced oral bioavailability due to the drug’s absorption and residence time delivered from the NE system [43].



The improved oral bioavailability by the NE system could be attributed to the improved permeability by the Smix employed, reduced gastric degradation of Que, and reduced clearance. Initially, the absorption of Que in the NE form may have been well taken up through the GI tract, where the droplet size played a primary role in the absorption rate [44,45]. The smaller droplet size (<200 nm) of Que-NE allowed an effective uptake in the intestine, mainly in the lymphoid tissue, thus bypassing the first-pass metabolism [45]. Furthermore, the surfactants, such as T20 and LAB, had increased permeability or enhanced the affinity among lipid molecules and the intestinal membrane, thus showing bioadhesion to the GI tract wall [46]. Thirdly, by encapsulating into nanodroplets, Que could be embedded into a lipid matrix, thus not only reducing its exposure to the bacterium, as well as enzymatic degradation throughout absorption, but also contributing to prolonged contact with the wall of the intestine in vivo due to the potential adhesion of NE to the mucosal surface of intestinal tissue [47]. Moreover, this system could influence Que with a prolonged circulation in vivo in a sustained manner, extended the Que’s systematic residence time, and improved bioavailability [44].



The effect of Que-NE on the BW of rats is depicted in Figure 7. It was observed that the Control group showed a significant loss in body weight on the 7th day when compared with that of the Normal group (p > 0.001). In contrast, the standard (p > 0.05) and Que-NE (P) (p > 0.05) treatment groups showed significantly inhibited weight loss. A similar trend was followed on the 14th day, with the Control group showing further weight reduction when compared with that of the Normal group. However, on the 21st day, the Que-NE and Que-NE (P) groups showed significant inhibition in bodyweight reduction in comparison with the Control group (p > 0.05). In addition, it was prominent that Que-NE (P) had improved bodyweight compared with that of Que-NE, signifying the protective effect of Que.




3.7. Effect of Que-NE and Que-NE (P) on Blood Glucose Level (BGL), Food Intake, and Water Consumption


The influence of Que-NE on BGL is depicted in Figure 8C. The BGL gradually increased in the Control group compared with that of the Normal group (p > 0.05), while the standard, Que-NE, and Que-NE (P) groups showed significantly (p > 0.001) decreased blood glucose levels. In particular, the Que-NE (P) group showed a significantly decreased level from the 1st day onwards (p > 0.001). On the 7th day, the BGL of the Control group increased significantly (p > 0.001) over the Normal group, while the standard, Que-NE-, and Que-NE (P)-treated groups demonstrated a significantly decreased BGL compared with the controlled group until 14th day. On the 21st day, the BGLs of all the treated groups were closer to each other. It was notable that Que-NE (P) showed the lowest BGL among all the treated groups. Que has been reported to effectively lower the BGL by increasing insulin sensitivity, glycogen synthesis, and improving liver gluconeogenesis [27,48]. The average food and water intake are represented graphically in Figure 8D,E. The maximum feed and water intake of the Normal group was 18.90 gm/day/rat and 25.0 mL/day/rat, respectively. The Control group showed relatively higher consumption of food and water, reaching up to 59.80 gm/day/rat and 63.0 mL/day/rat, respectively. However, all the treatment groups, including standard, Que-NE, and Que-NE (P), showed an inhibition of the increase in food and water consumption remarkably. It was observed that the Que-NE had a similar therapeutic effect on food and water intake compared with that of standard. The Que-NE (P) had a prominent effect on food and water intake compared with all other treated groups due to the prior treatment, as it notably reduced the intake of food to 21.7 gm/day/rat and water intake to 25.0 mL/day/rat on the 21st day of the treatment. Hence, we concluded that Que had a potential effect on polydipsia and polyphagia, and the nanoemulsion had conceivably enhanced the therapeutic effect of Que due to increased bioavailability.



The OGTTs conducted on the 10th (Figure 8A) and 20th days (Figure 8B) also showed that the glucose tolerance was compromised in the Control group. However, all the other treated groups improved their tolerance. It was notable that Que-NE (P) showed better tolerance than Que-NE and standard, indicating the potential protective effect of Que. Furthermore, correlating the dose administered and BGL achieved, one could say that the enhanced bioavailability of Que through the nanoemulsion system would have enhanced the effectiveness of Que.




3.8. Effect of Que-NE and Que-NE (P) Treatment on Serum Lipid Level


The serum lipid levels were measured to investigate the effect of the Que-NE system on lipid levels, and are represented in Figure 9. Total cholesterol (TC), total glycerides (TG), low-density lipoprotein (LDL), high-density lipoprotein (HDL), and very-low-density lipoprotein (VLDL) levels were significantly elevated in the Control group compared with the Normal group. In contrast, the treatment groups showed their levels to be near normal. The HDL level was found to be decreased in the Control group, whereas the standard, Que-NE-, and Que-NE (P)-treated groups showed a significant improvement in their levels. It has been established that dyslipidemia is the leading risk factor for various diabetes and other complications [49]. In the present study, Que-NE, especially in the Que-NE (P) group, had a prominent effect on lipid levels compared to Que-NE, indicating that pretreatment with Que could reduce or prevent various diabetic complications by inhibiting dyslipidemia. The obtained results can be correlated with the previous studies wherein a nanoemulsion-based delivery system effectively enhanced therapeutic efficacy by improving the stability and bioavailability of the bioactive compared with the conventional delivery system [50].




3.9. Effect of Que-NE and Que-NE (P) on Tissue Injury and Oxidative Stress Markers


The AST and ALT are liver injury markers, while BUN and creatinine are the vital factors to identify the tissue injury. Higher levels imply the initiation of tissue damage due to diabetes-induced oxidative stress [51]. The hepatoprotective property of Que was attributed to its improved lipophagy [48]. Moreover, the nephroprotective property of Que was associated with inhibition of protein kinase C activity and downregulation of transforming growth factor β1 (TGF-β1) [52]. In this study, elevated levels of AST and ALT were seen in the Control group, whereas the treated groups demonstrated a significant reduction in the levels of these markers. Overall, Que-NE (P) showed slightly superior protection than the Que-NE, and proved that Que as nanoemulsion could enhance the potential to inhibit or prevent injury or diabetic complications (Figure 10).




3.10. Histopathological Analysis of Liver and Pancreatic Tissue


In the histopathological observations, the Control group exhibited disorganized islets of Langerhans and clusters of inflammatory cells. The β-cells showed dark-stained degenerated nuclei, and the liver portal vein was dilated with increased dark-stained hepatocytes due to apoptosis in the liver. A typical pancreatic structure with islets of Langerhans surrounded by exocrine acini and a natural population of β-cells was observed in the Normal group rats. The standard treated group exhibited an organized pancreas with decreased β-cells and darkly stained inflammatory cells. Sections of the liver cells showed a normalized liver with prominent hepatocytes. In the Que-NE treatment, the liver showed a typical structure, with well-organized portal veins with slight sinusoidal dilation, and the β-cells were observed to be elongated. However, the population of β-cells was normal with no degenerative changes. The Que-NE (P)-treated group showed reorganized pancreas cells with slight vacuolation in the Langerhans, and a normalized hepatic structure with radially arranged hepatocytes around the central vein was observed (Figure 11).





4. Conclusions


The present study fabricated a quercetin nanoemulsion using EO, T20, and Labrasol as oil, surfactant, and cosurfactant, respectively. The BBD was employed to study the influence of Smix, % amplitude, and sonication time on droplet size, PDI, and %EE of the nanoemulsion, and established the optimum conditions (9% Smix, 25% amplitude and 2.5 min of ultrasonication time). The optimized quercetin nanoemulsion exhibited good stability for 45 days. The Que-NE had superior oral bioavailability compared to Que-PD. Que at 12.5 mg/kg BW showed significant protective and therapeutic activity against STZ-induced diabetes for 21 days, controlled bodyweight and blood glucose level, and inhibited elevated serum lipid levels. In addition, it significantly inhibited tissue injury and oxidative stress markers. Therefore, we concluded that ultrasonically assisted Que-NE had improved oral bioavailability, and enhanced Que’s therapeutic and protective antidiabetic effect.
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Figure 1. (A) Quercetin solubility in various nanoemulsion components; (B) ethyl oleate emulsification by selected surfactants. 
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Figure 2. Ternary phase diagrams of nanoemulsions consisting of ethyl oleate and Tween 20 with different cosurfactants: (A) isopropyl alcohol; (B) propylene glycol; (C) Transcutol P; (D) Labrasol at a 1:1 ratio. 
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Figure 3. TPDs of nanoemulsions consisting of ethyl oleate and Smix (Tween 20:Labrasol) at Smix ratios of: (A) 1:0; (B) 1:1; (C) 2:1; (D) 3:1; (E) 4:1; (F) 5:1; (G) 1:2; (H) 1:3; (I) 1:4; (J) 1:5. 






Figure 3. TPDs of nanoemulsions consisting of ethyl oleate and Smix (Tween 20:Labrasol) at Smix ratios of: (A) 1:0; (B) 1:1; (C) 2:1; (D) 3:1; (E) 4:1; (F) 5:1; (G) 1:2; (H) 1:3; (I) 1:4; (J) 1:5.



[image: Pharmaceuticals 15 00070 g003]







[image: Pharmaceuticals 15 00070 g004 550] 





Figure 4. 3D Response surface plots representing the interaction effect for the droplet size of Que-NE (A) Smix and % amplitude, (B) Smix and sonication time, and (C) % amplitude and sonication time; the interaction effect for PDI of Que-NE (D) Smix and % amplitude, (E) Smix and sonication time, and (F) % amplitude and sonication time; and the interaction effect for %EE of Que-NE (G) Smix and % amplitude. 
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Figure 5. (A) Effect of storage temperature on droplet size (Z-average (nm)) and PDI of Que-NE at 5, 30, and 40 °C for 45 days; (B) TEM image of optimized Que-NE. 
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Figure 6. Plasma concentration–time profile of optimized Que-NE and Que-PD. 
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Figure 7. Effect of Que-NE and Que-NE (P) on body weight (BW) measured on days 1, 7, 14, and 21 of treatment. Data presented are the mean ± standard deviation. Significance was measured using one-way ANOVA. *** p < 0.001 vs. Normal group. # p < 0.05 and ## p < 0.01 vs. Control group (n = 6). 






Figure 7. Effect of Que-NE and Que-NE (P) on body weight (BW) measured on days 1, 7, 14, and 21 of treatment. Data presented are the mean ± standard deviation. Significance was measured using one-way ANOVA. *** p < 0.001 vs. Normal group. # p < 0.05 and ## p < 0.01 vs. Control group (n = 6).



[image: Pharmaceuticals 15 00070 g007]







[image: Pharmaceuticals 15 00070 g008 550] 





Figure 8. Effects of Que-NE and Que-NE (P) on: (A) oral glucose tolerance test on the 10th day; (B) oral glucose tolerance test on the 20th day; (C) blood glucose level (BGL); (D) food intake; (E) water intake. Data presented are the mean ± standard deviation. Significance was measured using one-way ANOVA: *** p < 0.001 vs. Normal group. # p < 0.05, ## p < 0.01, and ### p < 0.001 vs. Control group. ¥ p < 0.05 vs. Standard group, and φ p < 0.05 vs. Que-NE treatment (n = 6). 
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Figure 9. Effect of Que-NE and Que-NE (P) on various lipid profiles: (A) total cholesterol—TC; (B) total glycerides—TG; (C) high-density lipoproteins—HDL; (D) low-density lipoproteins—LDL; (E) cholesterol-to-HDL ratio—CHOL/HDL ratio; (F) HDL/LDL ratio; (G) very-low-density lipoproteins—VLDL. Data presented are the mean ± standard deviation (n = 6). Significance was measured using one-way ANOVA. *** p < 0.001 vs. Normal group. ### p < 0.001 vs. Control group. ¥ p < 0.05, ¥¥ p < 0.01, and ¥¥¥ p < 0.001 vs. Standard group (n = 6). 
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Figure 10. Effect of Que-NE and Que-NE (P) on: (A) alanine aminotransferase—ALT; (B) aspartate aminotransferase—AST; (C) creatinine; (D) blood–urea–nitrogen—BUN; (E) lipid peroxidation; (F) superoxide dismutase—SOD. Data presented are the mean ± standard deviation. Significance was measured using one-way ANOVA. *** p < 0.001 vs. Normal group. # p < 0.05, and ### p < 0.001 vs. Control group. ¥¥ p < 0.01, and ¥¥¥ p < 0.001 vs. Standard group (n = 6). 
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Figure 11. Histopathological observation of the effect of Que-NE and Que-NE (P) treatment on pancreatic and liver tissue after 21-day treatment (scale bar = 50 µm). 
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Table 1. Box–Behnken design for Que-NE with independent variables and their response values (Supplementary Figure S2).
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Run

	
Independent Variables

	
Response Values




	
Smix * (%)

	
% Amplitude

	
Sonication Time (min)

	
Droplet Size (nm)

	
PDI

	
EE (%)






	
1

	
7

	
30

	
7.5

	
155.0±12.83

	
0.44 ± 0.07

	
78.32 ± 5.59




	
2

	
7

	
25

	
5.0

	
157.0 ± 15.30

	
0.43 ± 0.04

	
73.28 ± 7.56




	
3

	
7

	
30

	
2.5

	
143.5 ± 16.43

	
0.08 ± 0.02

	
77.40 ± 4.88




	
4

	
9

	
20

	
5.0

	
120.9 ± 10.00

	
0.17 ± 0.05

	
87.84 ± 2.91




	
5

	
7

	
20

	
7.5

	
147.8 ± 15.77

	
0.10 ± 0.04

	
71.84 ± 2.74




	
6

	
7

	
20

	
2.5

	
161.6 ± 27.03

	
0.28 ± 0.05

	
7.000 ± 3.61




	
7

	
7

	
25

	
5.0

	
154.5 ± 15.93

	
0.50 ± 0.08

	
77.52 ± 5.61




	
8

	
9

	
30

	
5.0

	
129.3 ± 14.03

	
0.06 ± 0.04

	
87.52 ± 2.72




	
9

	
7

	
25

	
5.0

	
153.2 ± 20.05

	
0.43 ± 0.07

	
75.92 ± 5.59




	
10

	
9

	
25

	
7.5

	
139.8 ± 21.02

	
0.05 ± 0.02

	
87.52 ± 3.97




	
11

	
5

	
25

	
7.5

	
175.5 ± 19.33

	
0.59 ± 0.03

	
66.16 ± 5.91




	
12

	
5

	
25

	
2.5

	
199.5 ± 27.68

	
0.31 ± 0.06

	
60.16 ± 4.49




	
13

	
7

	
25

	
5.0

	
163.4 ± 2012

	
0.33 ± 0.05

	
76.64 ± 3.78




	
14

	
5

	
30

	
5.0

	
156.1 ± 15.53

	
0.05 ± 0.01

	
68.40 ± 5.59




	
15

	
7

	
25

	
5.0

	
156.9 ± 19.40

	
0.40 ± 0.04

	
74.72 ± 1.67




	
16

	
9

	
25

	
2.5

	
124.4 ± 12.64

	
0.15 ± 0.04

	
91.08 ± 2.95




	
17

	
5

	
20

	
5.0

	
189.7 ± 19.39

	
0.36 ± 0.04

	
63.84 ± 4.61








* Smix—surfactant and cosurfactant mixture; PDI—polydispersibility index; % EE—percentage entrapment efficiency. The data represented are mean ± SD (n = 3).
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Table 2. Optimization of Que-NE by Box–Behnken design.
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Source

	
Response 1

Droplet Size (nm)

	
Response 2

PDI *

	
Response 3

% EE




	
ANOVA ANALYSIS




	

	
F-Value

	
p-Value

	
F-Value

	
p-Value

	
F-Value

	
p-Value






	
Model

	
43.55

	
<0.0001

	
3.52

	
0.0555

	
67.53

	
<0.0001




	
A-Smix

	
307.91

	
<0.0001

	
7.58

	
0.0284

	
194.99

	
<0.0001




	
B-% Amplitude

	
9.42

	
<0.0181

	
0.8011

	
0.4005

	
7.03

	
0.0199




	
C-Sonication time

	
0.8587

	
<0.3849

	
1.23

	
0.3036

	
0.5793

	
0.4602




	
AB

	
25.50

	
0.0015

	
0.7472

	
0.4160

	
-

	
-




	
AC

	
22.44

	
0.0021

	
2.91

	
0.1316

	
-

	
-




	
BC

	
9.25

	
0.0188

	
5.65

	
0.0491

	
-

	
-




	
A2

	
0.0019

	
0.9668

	
3.69

	
0.0963

	
-

	
-




	
B2

	
15.24

	
0.0059

	
7.58

	
0.0284

	
-

	
-




	
C2

	
2.03

	
0.1973

	
0.4818

	
0.5100

	
-

	
-




	
Lack of fit

	
1.28

	
0.3937

	
6.01

	
0.0580

	
2.61

	
0.1842




	
Fit Statistics




	
R2

	
0.9825

	
0.8191

	
0.9397




	
Adjusted R2

	
0.9599

	
0.5865

	
0.9258




	
Adequate Precision

	
24.9500

	
5.8970

	
24.2220




	
Regression Coefficient Values




	
Intercept

	
157.00

	
0.4182

	
75.77




	
A-Smix

	
−25.80

	
−0.1104

	
11.92




	
B-% Amplitude

	
−4.51

	
−0.0359

	
2.27




	
C-Sonication time

	
−1.36

	
0.0445

	
0.6500




	
AB

	
10.50

	
0.0490

	
-




	
AC

	
9.85

	
−0.0968

	
-




	
BC

	
6.32

	
0.1348

	
-




	
A2

	
−0.0875

	
−0.1061

	
-




	
B2

	
−7.91

	
−0.1521

	
-




	
C2

	
2.89

	
0.0384

	
-








* PDI—polydispersibility index; % EE—percentage entrapment efficiency.
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Table 3. Regression equations in coded terms for all the responses of Que-NE.
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	Response 1: Droplet size = +157.00 − 25.80 · A − 4.51 · B − 1.36 · C + 10.50 · A · B + 9.85 · A · C + 6.32 · B · C − 0.0875 · A2 − 7.91 · B2 + 2.89 · C2



	Response 2: PDI = +0.4182 − 0.1104 · A − 0.0359 · B + 0.0445 · C + 0.0490 · A · B − 0.0968 · A · C + 0.1348 · B · C − 0.1061 · A2 − 0.1521 · B2 − 0.0384 · C2



	Response 3: %EE = +75.77 + 11.92 · A + 2.27 · B + 0.6500 · C
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Table 4. Predicted and experimental values for an optimized condition for Que-NE.
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BBD-Optimized Condition






	
Factors

	
Independent Variables

	
Actual Levels




	
A

	
Smix ratio

	
9




	
B

	
% Amplitude

	
25




	
C

	
Sonication time (mins)

	
2.5




	
Responses

	
Predicted values

	
Experimental values




	
Droplet size (nm)

	
125.51

	
127.51 ± 7.71




	
PDI *

	
0.210

	
0.178 ± 0.02




	
EE (%) *

	
87.04

	
85.26 ± 4.69








* PDI—polydispersibility index; %EE—percentage entrapment efficiency.
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Table 5. Pharmacokinetic parameters of Que-NE and Que-PD after oral administration (50 mg/kg BW).
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	Pharmacokinetic Parameter
	Que-PD
	Que-NE





	T max (h)
	2 ± 0.0
	4 ± 0.0



	Cmax (ng/mL)
	1634.28 ± 70.18
	5962.74 ± 238.54 **



	C48 (ng/mL)
	160.01 ± 38.93
	798.62 ± 71.52 **



	T1/2 (h)
	21.79 ± 6.78
	37.96 ± 7.74 *



	AUC0–48 (ng/h/mL)
	18,748.47 ± 930.16
	83,667.94 ± 1610.30 **



	AUC0–∞ (ng/h/mL)
	24,079.09 ± 3556.69
	128,205.28 ± 14677.35 **



	Ke (h−1)
	0.03 ± 0.00
	0.01 ± 0.00 *



	Vd (mL)
	16,096 ± 2988.32
	5279.78 ± 606.20 *



	Cl (mL/h)
	535.75 ± 97.77
	98.02 ± 8.43 *



	MRT (h)
	28.78 ± 8.44
	46.13 ± 9.91 *







Data presented are the mean ± standard deviation (n = 6). Significance was measured using one-way ANOVA. * p < 0.05, ** p < 0.01 effect of Que-NE on body weight (BW).
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