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Abstract

:

Background: Berberine is a natural alkaloid with hypoglycemic properties. However, its therapeutic use is limited by a very low oral bioavailability. Here we developed a new oral formulation of berberine based on Sucrosomial® technology and tested its effect on insulin resistance. Methods: Sucrosomial® berberine was first tested in vitro in the hepatoma cell line Huh7 to assess its effect on proteins involved in glucose homeostasis and insulin resistance. The pharmacokinetics and efficacy on insulin resistance were then studied in C57BL/6 mice fed with standard (SD) and high-fat diet (HFD) for 16 weeks and treated daily during the last 8 weeks with oral gavage of Sucrosomial® berberine or berberine. Results: Sucrosomial® berberine did not affect Huh7 cell viability at concentrations up to 40 µM. Incubation of Huh7 with 20 µM of Sucrosomial® and control berberine induced glucokinase (GK) and the phosphorylation of 5′-adenosine monophosphate (AMP)-activated protein kinase (AMPK), both known targets for the control of insulin resistance. In vivo, we observed an 8-fold higher plasma concentration after 3 weeks of oral administration of 50 mg/kg/day of Sucrosomial® formulation compared to berberine. HFD, compared to SD, induced insulin resistance in mice as determined by oral glucose tolerance test (OGTT). The treatment with a 6.25 mg/kg/daily dose of Sucrosomial® berberine significantly reduced the area under the curve (AUC) of OGTT (73,103 ± 8645 vs. 58,830 ± 5597 mg/dL × min), while control berberine produced the same effects at 50 mg/Kg/day (51518 ± 1984 mg/dL × min). Under these conditions, the two formulations resulted in similar berberine plasma concentration in mice. Nevertheless, a different tissue distribution of metabolites was observed with a significant accumulation of reduced, demethylated and glucuronide berberine in the brain after the oral administration of the Sucrosomial® form. Glucuronide berberine plasma concentration was higher with Sucrosomial® berberine compared to normal berberine. Finally, we observed similar increases of AMPK phosphorylation in the liver in response to the treatment with Sucrosomial® berberine and berberine. Conclusions: The Sucrosomial® formulation is an innovative and effective technology to improve berberine gastrointestinal (GI) absorption with proven in vitro and in vivo activity on insulin resistance.
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1. Introduction


Berberine is a quaternary benzylisoquinoline alkaloid extracted from the root of the oriental Berberis plant (B. aristata and other species). It has a well-established hypocholesterolemic action by exerting, on average, a 10–20% lowering effect on low-density lipoprotein (LDL) cholesterol levels [1]. In addition, berberine administration reduces triglyceride (TG) and plasma glucose levels. For the first time, in 1988 the hypoglycemic effect of berberine was reported during the treatment of diarrhea in diabetic patients. Since then, berberine as an anti-diabetic agent has been used on large scale and is known as a folk medicine of China. A recent systematic review documented that berberine slightly lowers the glycated hemoglobin (HbA1c) level and the fasting plasma glucose (FPG) level, but remarkably reduces the 2 h post-load plasma glucose (2hPG) level when administered alone [2]. The mechanism of action of berberine that determines the hypocholesterolemic effect is related to the inhibition of the transcription of proprotein convertase subtilize/kexin type 9 (PCSK9) [3], and the stabilization of the LDL receptor mRNA [4]. Importantly, the inhibitory effect on PCSK9 expression by berberine seems to overcome the induction observed in response to monacolin K, thus supporting the combination with red yeast rice extracts [5]. Additional isoquinoline alkaloids, including californidine, show a berberine-like effect on PCSK9 expression [6,7].



Regarding the hypoglycemic effect of berberine, numerous studies have reported a metformin-like mechanism involving the activation of 5′-adenosine monophosphate (AMP)-activated protein kinase (AMPK) in response to an increase in the AMP/ATP ratio [8,9]. The inhibition of glucose oxidation in mitochondria may contribute to the AMP/ATP ratio increase and AMPK activation [10]. More recently, the anti-diabetic action of berberine has been ascribed to an increase in liver glucokinase (GK) and glycogen content in db/db mice [11]. This study confirmed a previous one conducted in alloxan-induced diabetic mice [12]. In more detail, berberine increased the dissociation of GK from GK regulatory protein (GKRP) and this was one of the potential mechanisms of hypoglycemic action of this alkaloid [11].



Berberine is well tolerated at doses up to 1.5 g daily although common gastrointestinal (GI) side effects can be observed. This safety profile is mainly due to its low solubility and low GI absorption, which also represents a limiting factor to its activity. The low bioavailability is due to the presence of positive charge on quaternary nitrogen and to the fact that berberine is a substrate of P-glycoprotein (P-gp), an efflux transporter that limits its absorption [13]. Thus, many efforts have been made to improve berberine’s oral bioavailability in order to reduce the administration of high dosages that result in GI adverse events [14,15].



To this aim, in the present study we provided new pharmacological evidence of efficacy and bioavailability of Sucrosomial® berberine. This technology was originally developed to enhance the absorption of iron and to mitigate GI side effects [16,17]. However, its use for improving the GI absorption of natural alkaloids has never been documented.




2. Materials and Methods


2.1. Reagents


Eagle’s minimum essential medium (MEM) was purchased from Sigma (Milan, Italy); trypsin-EDTA, penicillin, streptomycin, sodium pyruvate, non-essential amino acid solution, fetal calf serum (FCS), plates and Petri dishes were purchased from EuroClone (Pero, Milan, Italy). 3,3’-Dioctadecyloxacarbocyanine perchlorate (DiO) was purchased from Sigma (Milan, Italy). Berberine and sucrosomial® berberine were provided by PharmaNutra S.p.A. and were prepared by dissolving 10 mg of extracts in 1 mL of water for the in vitro studies; otherwise, a 15 mg/mL suspension was prepared in saline solution (0.9% NaCl).




2.2. Cell Cultures


Human hepatoma Huh7 cells were cultured in MEM supplemented with 10% FCS, L-glutamine, sodium-pyruvate and non-essential amino acids, penicillin/streptomycin at 37 °C in a humidified atmosphere of 5% CO2 and 95% air.




2.3. Cell Viability Assay


Cell viabilities were determined by sulphorhodamine B (SRB) assay, as previously described [18]. Cells were seeded in a 96-well tray (8 × 103 cells/well) and after 48 h of incubation with increasing concentrations of nutraceutical compounds, the SRB assays were performed.




2.4. Retrotranscription and Quantitative PCR (RT-qPCR)


Total RNA was extracted with the iScriptTM RT-qPCR Sample Preparation Buffer cDNA synthesis preparation reagents (Bio-Rad S.r.l., Segrate, MI, Italy) according to the manufacturer’s instructions. Reverse transcription-polymerase first-strand cDNA synthesis were performed by using the Maxima First Strand cDNA Synthesis Kit (Thermo Scientific, Monza, MB, Italy) [19]. qPCR was then performed by using the PowerUpTM SYBRTM Green Master Mix (Thermo Scientific, Monza, MB, Italy) and specific primers for selected genes. The analyses were performed with the c1000 Touch qPCR System (Bio-Rad S.r.l., Segrate, MI, Italy), with the following cycling conditions: 95 °C, 2 min; 95 °C, 15 s and 60 °C, 1 min for 40 cycles. Data were expressed as Ct values and used for the relative quantification of targets with the ΔΔCt calculation. The ΔΔCt were made correct by multiplying the ratio value between the efficiency of the specific primer and housekeeping 18S.




2.5. Western Blot Analysis


Cells were washed twice with PBS and lysed with a solution of 50 mM Tris pH 7.5, 150 mM NaCl, 0.5% Nonidet-P40, containing protease and phosphatase inhibitor cocktails (Sigma S.r.l., Milan, Italy) for 30 min on ice. Then, 20 µg of proteins and a molecular mass marker (Thermo Scientific) were separated on 4–20% SDS-PAGE (Bio-Rad) under denaturing and reducing conditions. Proteins were then transferred to a nitrocellulose membrane by using the Trans-Blot® Turbo™ Transfer System (Bio-Rad). Membranes were washed with Tris-buffered saline-Tween 20 (TBS-T), and nonspecific binding sites were blocked in TBS-T containing 5% non-fat dried milk for 60 min at room temperature. Blots were incubated overnight at 4 °C with a diluted solution (5% non-fat dried milk) of the following human primary antibodies: anti-GK (Biovision, Milpitas, CA, USA; rabbit polyclonal; dilution 1:1000), anti LDLR (Millipore, Darmstat, Germany; mouse monoclonal antibody, clone 2H7.1; dilution 1:1000), anti AMPK (GeneTex, Irvine, CA, USA; mouse monoclonal antibody, clone 34.2, dilution 1:1000 and phospho-AMPK (GeneTex, rabbit polyclonal antibodies, dilution 1:1000) and anti-β-actin (GeneTex, Irvine, CA, USA; rabbit polyclonal, dilution 1:1000) anti-α-tubulin (Sigma S.r.l., Segrate, MI, Italy; mouse monoclonal antibody, clone DM1A; dilution 1:5000). Membranes were washed with TBS-T and then exposed for 90 min at room temperature to a diluted solution (5% non-fat dried milk) of the secondary antibodies (peroxidase-conjugate goat anti-rabbit and anti-mouse, Jackson ImmunoResearch, Ely, Cambridgeshire, UK; dilution 1:5000). Immunoreactive bands were detected by exposing the membranes to ClarityTM Western ECL chemiluminescent substrates (Bio-Rad, S.r.l., Segrate, MI, Italy) for 5 min, and images were acquired with a c100 Azure System (Aurogene, Rome, Italy). Densitometric readings were evaluated using the ImageLabTM software (Bio-Rad S.r.l., Segrate, MI, Italy).




2.6. Animals and In Vivo Experimental Protocol


This investigation conformed to the European Commission Directive 2010/63/EU and was granted approval by the Italian Ministry of Health (587/2020-PR). C57BL/6 mice (n = 48; Charles River laboratories, Wilmington, MA, USA) were fed with standard diet for 7 days. On day 1, they were randomly subdivided into four groups of 12 mice each. The first group was fed with normal chow diet (standard diet, SD), the second with high fat diet (HFD) containing 45% kcal from fat, the third with HFD plus the administration by oral gavage of 50 mg/kg per day of berberine (Berberine-HCl, Shangay Freeman, Rijswijk, The Netherlands) and the fourth with HFD plus the administration by oral gavage of 50 mg/kg per day of Sucrosomial® berberine (patent N° 102019000020290 owned by Alesco S.r.l., Pisa, Italy). Mice were fed with SD and HFD for a total of 16 weeks and the treatment with berberine and Sucrosomial® berberine was performed during the last 8 weeks from Monday to Friday. At the end of the experimentation the animals were euthanized, and blood and organs collected. Plasma was separated by centrifugation at 5000× g at 4 °C and stored at −80 °C until analysis.




2.7. Quantification of Berberine and Its Metabolites in Plasma and Tissues by LC-MS/MS


The LC-MS/MS analysis of berberine and its metabolites in plasma and tissues was performed, improving upon the method that was used to assess pharmacokinetics of berberine after NADES administration [15].



Stock solutions were prepared by dissolving berberine and the benzanilide, used as the internal standard (ISTD), in methanol. The calibration curve was obtained by mixing 500 µL of 0.4 µg/mL ISTD with different volumes (500, 300, 100, 50, and 25 µL) of 100 ng/mL berberine standard solution in order to obtain different berberine/benzanilide ratios. A mixture of ISTD and berberine was added to blank plasma samples and to blank tissue and used for calibration curve preparation.



For plasma, 500 µL of IS solution in acidified methanol (5% formic acid) was added to 400 µL of whole blood to precipitate proteins. Solution was vortexed and centrifuged at 13,000 rpm for 15 min. The clear supernatant was concentrated under nitrogen flow at 25 °C. Then, 200 µL of methanol was used to dissolve the residue and the solution was used for LC-MS/MS. For analytical measurements, an Agilent series 1260 LC chromatograph coupled with a Varian 320 TQD MS spectrometer was used. The ion source was electrospray ionization (ESI) and analysis was conducted in positive ion mode. Analyses were performed on a Polaris 3 C18-A 150 × 3.0 mm (Agilent Technologies, Cernusco sul Naviglio, MI, Italy). The mobile phase was (A) water–formic acid (100:1.0 v/v) and (B) acetonitrile. A gradient program was used as follows: 0 → 1st min: A:B (70:30) isocratic, 1 → 7th min: A:B (70:30) → A:B (15:85) 7 → 15th min: A:B (15:85) → A:B (15:85), and re-equilibrating time A:B (70:30) for 5 min. The mobile phase flow rate was 0.3 µL/min. The injection volume was 5 µL. The ESI source was set in positive ionization mode. To quantify the metabolites, we used the reference work of Ma et al., 2013 using berberine as reference for quantitative purposes due to no commercially availability of other metabolite compounds.



Quantification was performed using multiple reaction monitoring (MRM) with m/z 336 > 291 transition for berberine, 338 > 321 for jatrorrhizine (reduced berberine), 322 > 307 jathorrizine (demethyl berberine), 324 > 308 demethylene-berberine, 514 > 338 jathorrizine-3-O-glucuronide, and m/z 198 > 105 transition for the ISTD. The MS parameters were capillary voltage 60 V, needle voltage 4200 V, shield voltage 600 V, collision energy 22 V, Q1 voltage 0.7 V and Q3 voltage 2.8 V, nebulizing gas pressure 50 psi and drying gas pressure 25 psi. Calibration curve using the ratio peak area berberine/peak area ISTD versus quantity berberine/quantity ISTD was y = 1.4415x + 0.0152, R2 = 0.9968. The limit of detection (LOD) was 0.2 ng/mL and the limit of quantification was 0.7 ng/mL. As described in Ma et al., a correction to the calibration curve of berberine was applied considering the molecular weight of the metabolites to obtain a semi-quantitative analysis of all the metabolites.




2.8. Statistical Analysis


Statistical analysis was performed using the Prism statistical analysis package Version 8.2.1 (GraphPad Software, San Diego, CA, USA). When possible, p values were determined by Student’s t test. Otherwise, differences between treatment groups were evaluated by one-way ANOVA. A probability value of p < 0.05 was considered statistically significant. The experiments were performed in triplicate.





3. Results


3.1. Determination of Sucrosomial® Berberine Cytotoxicity in Huh7 Cells


The potential cytotoxic effect of Sucrosomial® berberine was compared to berberine in Huh7 cells after 24 h incubation. The range of tested concentrations was between 2.5 and 40 µM. No significant cytotoxic effects were observed from both preparations (Figure 1).




3.2. Effect of Sucrosomial® Berberine on AMPK and GK


Berberine is known to exert a significant glucose-lowering action and to improve insulin resistance both in clinical and experimental studies [19,20]. The main intracellular targets of berberine mediating this action are AMPK [8] and GK [11]. We, therefore, investigated the effect of Sucrosomial® formulation on these two pathways by using Huh7 cells exposed to high glucose levels (25 mM). As shown in Figure 2, both berberine and Sucrosomial® berberine induced the expression of GK and the phosphorylation state of AMPK. This effect was comparable between the two formulations, suggesting that berberine is also active in vitro in the Sucrosomial® form. The activation of the AMPK pathway as well as the induction of GK preludes an antidiabetic action of Sucrosomial® berberine at a similar potency than berberine.




3.3. In Vivo Pharmacokinetic Profile of Sucrosomial® Berberine


The main aim of the present study was the development of a new formulation of berberine with higher GI absorption. Thus, we undertook a pharmacokinetic study before proceeding with the evaluation of the effect on insulin resistance in mice fed with HFD. We thus compared Sucrosomial® berberine and berberine by the administration by oral gavage at the dose of 50 mg/Kg. After three weeks of treatment, we determined the plasma concentration of berberine in blood three hours after the last oral administration. Sucrosomial® formulation determined a plasma concentration of berberine approximately 8-times higher than berberine (24 ± 17 ng/mL vs. 212 ± 87 ng/mL for berberine and Sucrosomial® berberine, respectively). Based on these results, we reduced the dose of Sucrosomial® berberine by 8 times and determined its effect on insulin resistance at the dose of 6.25 mg/kg compared to 50 mg/kg of control berberine.



Berberine was found to be metabolized by phase 1 reactions (reduction and de-methylation) followed by glucuronidation of demethyl derivatives (phase 2 reactions) (Figure 3), showing a pattern of metabolites in agreement with the literature [21]. The main metabolites observed were the dimethyl derivative jatrorrhizine, the demethylene berberine and the jathorrizine-3-O-glucuronide. Compounds were identified on the basis of their MS/MS spectra and in comparison with the literature [21].



The concentrations of berberine and its metabolites were measured in plasma and peripheral tissues. Berberine plasma concentrations were very similar after the oral administration of Sucrosomial® berberine (6.25 mg/kg) and berberine (50 mg/kg) (Figure 4A). Importantly, we found considerable amounts of berberine in many tissues, including liver, kidney, visceral adipose tissue (VAT), heart and brain. These concentrations were normalized with total protein content of tissue extracts and cannot be compared to those observed in plasma. As expected, the highest amount of berberine was found in stools, thus supporting that the compound, due to its poor solubility, largely remains in cecal content, confirming its relatively poor bioavailability (Figure 4A).



On the contrary, significant differences of berberine metabolites were found comparing the two formulations (Figure 4B–D). The reduced berberine accumulated more significantly in the brain and VAT after oral administration of Sucrosomial® form (Figure 4B). In the brain there was a tendency of accumulation of additional metabolites, such as demethylated and glucuronide berberine, with the latter reaching a much higher concentration in the plasma (Figure 4C,D).




3.4. In Vivo Efficacy of Sucrosomial® Berberine on Insulin Resistance


As documented by the present study, Sucrosomial® berberine is approximately 8 times more bioavailable than berberine, since the plasma concentrations were similar when administered at 6.25 mg/kg/day and 500 mg/kg/day, respectively. Thus, we next decided to investigate the effect on this new formulation on insulin resistance in vivo. C57BL/6 mice were fed HFD for 16 weeks and were treated by oral gavage with Sucrosomial® and normal berberine during the last 8 weeks. As expected in response to HFD we observed a significant increase in body weight compared to SD (Figure 5). The administration of Sucrosomial® and berberine did not affect the increase of body weight in these mice (Figure 5).



At the end of 16 weeks of HFD administration, mice developed insulin resistance, as documented by higher fasting glucose levels and during the OGTT test. The area under the curve (AUC) of glucose levels (mg/dL) vs. time (min) was equal to 48,548 ± 4756 mg/dL∙min and 73,103 ± 8645 mg/dL∙min for SD-treated and HFD-treated mice, respectively (Figure 6). Both Sucrosomial® and non-formulated berberine significantly improved the insulin resistance as indicated by a reduction of AUC during the OGTT (58,830 ± 5597 and 51,518 ± 1984 mg/dL∙min for Sucrosomial® and non-formulated berberine, respectively) (Figure 6). Thus, Sucrosomial® berberine showed a similar activity than berberine but at 8-fold lower dose.



We than investigated the effect of Sucrosomial® berberine on AMPK phosphorylation in the liver. Importantly, Sucrosomial® and non-formulated berberine showed a similar increase of hepatic AMPK phosphorylation in C57BL/6 mice (Figure 7).





4. Discussion


In the present study we described a new formulation of berberine, named Sucrosomial® berberine, that covers the alkaloid with a layer of phospholipids plus sucrose esters of fatty acids matrix [17]. This formulation has been extensively investigated for improving the absorption of Fe3+ and other minerals across the intestinal epithelium and has been shown to bypass the DMT-1 carrier, as it is physiologically involved in its GI absorption [22,23]. In addition, there is some evidence of the enhancer properties of sucrose esters for the accumulation of drugs in Caco-2 cells [24] and for intestinal permeability in animals [25]. However, its use in the administration of oral active ingredients has not been extensively studied. Here, we observed an 8-fold higher plasma concentration of Sucrosomial® berberine compared to berberine hydrochloride when dissolved in physiological solution and administered by oral gavage at 50 mg/kg/day. This improved GI absorption was also associated with a significant in vivo efficacy in controlling glucose levels as well as the activation of hepatic AMPK phosphorylation.



Thus, 6.25 mg/kg/day of Sucrosomial® berberine was as effective as 50 mg/kg/day of the hydrochloride one. However, important differences were found in the berberine metabolism. The results of the metabolite contents in plasma and tissues suggest that Sucrosomial® formulation induced a higher phase 2 metabolization than control berberine. In fact, considerably higher plasma concentration of berberine glucuronide was observed in animals treated with Sucrosomial® berberine. On the other hand, differences in the concentration and distribution of reduced berberine were evident with higher contents in the brain and VAT of Sucrosomial® berberine-treated animals. Previous work demonstrated that iron-loaded (Sucrosome) vesicles could pass intact through the intestinal tissue. Thus, it is tempting to speculate that this “protective” action of Sucrosomial® matrix may change the intestinal biotransformation of berberine including the enterohepatic circulation [26], thus determining a higher plasma concentration of the glucuronide form that can be transported across the blood–brain barrier, although this process is considerably slower than berberine [27]. It is also important to consider that different UDP-glucuronosyltransferases (UGT) isoforms are expressed in brain tissues to various levels and are known to participate to xenobiotic metabolism in the CNS [28].



Whether this altered metabolism could have an impact on the activity/toxicity of berberine still needs to be fully addressed. However, we observed a similar activity on improving insulin resistance induced by HFD compared to berberine hydrochloride. In addition, the dose of 6.25 mg/kg/day of Sucrosomial® berberine was equally well tolerated compared to 50 mg/kg/day of berberine hydrochloride. Lack of toxicity is also proven by the fact that treated mice showed a similar body weight gain than the controls.



Our in vitro experiments, conducted on Huh7 hepatoma cells, also indicate that berberine incapsulated inside the Sucrosomial® matrix is released and is bioavailable to act on its intracellular targets, i.e., AMPK. It is still not completely clear how the Sucrosomial® is enzymatically digested inside the cells, although it has been demonstrated to be gastro-resistant and that Microfold cells of the Peyer’s patches (M cells) are involved in its intestinal absorption [23]. Thus, Sucrosomial® formulation has been shown to ameliorate iron and magnesium GI absorption [23,29]. However, this approach seems to have a considerably higher impact on berberine GI absorption. Indeed, we observed 8-fold higher plasma concentration with Sucrosomial® compared to berberine hydrochloride, while for iron and magnesium the GI absorption improved by approximately 2-fold [23,29]. These results highlight the negative role of the positively charged quaternary nitrogen atom in the berberine chemical structure on its bioavailability. The phospholipid bilayer membrane of Sucrosomial® is capable of masking the positive charge and likely facilitating the GI absorption of berberine by a para-cellular and trans-cellular route [30,31].



Many other approaches have been pursued in order to improve the berberine bioavailability, including Huang-Gui Solid Dispersion [32], natural deep eutectic solvents [15], polysaccharide-based nanoparticles [33], and Phytosome® technology [34]. The latter showed a 4–6-fold increase of berberine plasma concentration in healthy volunteers, which is very similar to our approach, and no major side effects were observed, thus anticipating a good safety profile of berberine. However, in our study, in order to avoid any unexpected side effects of berberine we decided to compare the daily dose of Sucrosomial® berberine and berberine hydrochloride that determine the same plasma concentrations. This approach has permitted us to develop a new formulation of berberine that shows an effective and superimposable hypoglycemic action compared to berberine hydrochloride but at 8-fold lower concentration.



A second approach that has been recently developed to improve berberine activity consists of the use of liver-targeting nanotechnology that selectively delivers the alkaloid into the hepatocytes. This approach improved the efficacy of berberine on AMPK phosphorylation and ameliorated insulin-resistant status in HFD mice [35]. In our study, the determination of the concentration of berberine and its metabolites in the liver demonstrated that the Sucrosomial® formulation did not significantly improve the uptake of the alkaloid in the hepatocyte. Berberine demethylated was the only metabolite that showed a significantly higher hepatic concentration after administration of the Sucrosomial® formulation. However, this change did not improve the efficacy of this formulation on controlling insulin resistance.




5. Conclusions


For the first time, here we described a new formulation of berberine based on Sucrosomial® technology with higher GI absorption that shows similar efficacy on controlling insulin resistance on mice fed with HFD as berberine hydrochloride, but at an 8-times lower dosage. Future studies in healthy volunteers will permit us to determine the effect of Sucrosomial® berberine on glucose levels.







Author Contributions


Conceptualization, E.B., G.T. and V.D.V.; methodology, M.G.L.; formal analysis, M.G.L. and S.S.; investigation, M.G.L., S.S., D.G., I.F. and G.P.; writing—original draft preparation, N.F.; writing—review and editing, S.D. and S.D.M.; supervision, S.D.M.; funding acquisition, N.F. All authors have read and agreed to the published version of the manuscript.




Funding


This research was funded by Alesco S.r.l.




Institutional Review Board Statement


The animal study protocol was approved by the Institutional Review Board of University of Padua (protocol code 587/2020-PR date of approval 10 June 2020).




Conflicts of Interest


M.G.L., S.S., D.G., S.D.M., S.D.A. and N.F. declare no conflict of interest. E.B., G.T. are employed of Pharmanutra S.p.A.; V.D.V. is employed of Alesco S.r.l.




References


	



Dong, H.; Zhao, Y.; Zhao, L.; Lu, F. The effects of berberine on blood lipids: A systemic review and meta-analysis of randomized controlled trials. Planta Med. 2013, 79, 437–446. [Google Scholar] [CrossRef] [PubMed]

	



Guo, J.; Chen, H.; Zhang, X.; Lou, W.; Zhang, P.; Qiu, Y.; Zhang, C.; Wang, Y.; Liu, W.J. The Effect of Berberine on Metabolic Profiles in Type 2 Diabetic Patients: A Systematic Review and Meta-Analysis of Randomized Controlled Trials. Oxid Med. Cell Longev. 2021, 2021, 2074610. [Google Scholar] [CrossRef] [PubMed]

	



Dong, B.; Li, H.; Singh, A.B.; Cao, A.; Liu, J. Inhibition of PCSK9 transcription by berberine involves down-regulation of hepatic HNF1alpha protein expression through the ubiquitin-proteasome degradation pathway. J. Biol. Chem. 2015, 290, 4047–4058. [Google Scholar] [CrossRef]

	



Kong, W.; Wei, J.; Abidi, P.; Lin, M.; Inaba, S.; Li, C.; Wang, Y.; Wang, Z.; Si, S.; Pan, H.; et al. Berberine is a novel cholesterol-lowering drug working through a unique mechanism distinct from statins. Nat. Med. 2004, 10, 1344–1351. [Google Scholar] [CrossRef]

	



Lupo, M.G.; Macchi, C.; Marchiano, S.; Cristofani, R.; Greco, M.F.; Dall’Acqua, S.; Chen, H.; Sirtori, C.R.; Corsini, A.; Ruscica, M.; et al. Differential effects of red yeast rice, Berberis aristata and Morus alba extracts on PCSK9 and LDL uptake. Nutr. Metab. Cardiovasc. Dis. NMCD 2019, 29, 1245–1253. [Google Scholar] [CrossRef]

	



Maharjan, B.; Payne, D.T.; Ferrarese, I.; Lupo, M.G.; Shrestha, L.K.; Hill, J.P.; Ariga, K.; Rossi, I.; Shrestha, S.S.; Panighel, G.; et al. Evaluation of the effects of natural isoquinoline alkaloids on low density lipoprotein receptor (LDLR) and proprotein convertase subtilisin/kexin type 9 (PCSK9) in hepatocytes, as new potential hypocholesterolemic agents. Bioorganic Chem. 2022, 121, 105686. [Google Scholar] [CrossRef] [PubMed]

	



Adorni, M.P.; Zimetti, F.; Lupo, M.G.; Ruscica, M.; Ferri, N. Naturally Occurring PCSK9 Inhibitors. Nutrients 2020, 12, 1440. [Google Scholar] [CrossRef] [PubMed]

	



Brusq, J.M.; Ancellin, N.; Grondin, P.; Guillard, R.; Martin, S.; Saintillan, Y.; Issandou, M. Inhibition of lipid synthesis through activation of AMP kinase: An additional mechanism for the hypolipidemic effects of berberine. J. Lipid Res. 2006, 47, 1281–1288. [Google Scholar] [CrossRef]

	



Lee, Y.S.; Kim, W.S.; Kim, K.H.; Yoon, M.J.; Cho, H.J.; Shen, Y.; Ye, J.M.; Lee, C.H.; Oh, W.K.; Kim, C.T.; et al. Berberine, a natural plant product, activates AMP-activated protein kinase with beneficial metabolic effects in diabetic and insulin-resistant states. Diabetes 2006, 55, 2256–2264. [Google Scholar] [CrossRef]

	



Yin, J.; Gao, Z.; Liu, D.; Liu, Z.; Ye, J. Berberine improves glucose metabolism through induction of glycolysis. Am. J. Physiol. Endocrinol. Metab. 2008, 294, E148–E156. [Google Scholar] [CrossRef]

	



Li, M.; Dang, Y.; Li, Q.; Zhou, W.; Zuo, J.; Yao, Z.; Zhang, L.; Ji, G. Berberine alleviates hyperglycemia by targeting hepatic glucokinase in diabetic db/db mice. Sci. Rep. 2019, 9, 8003. [Google Scholar] [CrossRef] [PubMed]

	



Xie, X.; Li, W.; Lan, T.; Liu, W.; Peng, J.; Huang, K.; Huang, J.; Shen, X.; Liu, P.; Huang, H. Berberine ameliorates hyperglycemia in alloxan-induced diabetic C57BL/6 mice through activation of Akt signaling pathway. Endocr. J. 2011, 58, 761–768. [Google Scholar] [CrossRef] [PubMed]

	



Liu, C.S.; Zheng, Y.R.; Zhang, Y.F.; Long, X.Y. Research progress on berberine with a special focus on its oral bioavailability. Fitoterapia 2016, 109, 274–282. [Google Scholar] [CrossRef] [PubMed]

	



Battu, S.K.; Repka, M.A.; Maddineni, S.; Chittiboyina, A.G.; Avery, M.A.; Majumdar, S. Physicochemical characterization of berberine chloride: A perspective in the development of a solution dosage form for oral delivery. AAPS PharmSciTech 2010, 11, 1466–1475. [Google Scholar] [CrossRef] [PubMed]

	



Sut, S.; Faggian, M.; Baldan, V.; Poloniato, G.; Castagliuolo, I.; Grabnar, I.; Perissutti, B.; Brun, P.; Maggi, F.; Voinovich, D.; et al. Natural Deep Eutectic Solvents (NADES) to Enhance Berberine Absorption: An In Vivo Pharmacokinetic Study. Molecules 2017, 22, 11921. [Google Scholar] [CrossRef]

	



Gomez-Ramirez, S.; Brilli, E.; Tarantino, G.; Munoz, M. Sucrosomial((R)) Iron: A New Generation Iron for Improving Oral Supplementation. Pharmaceuticals 2018, 11, 97. [Google Scholar] [CrossRef]

	



Fabiano, A.; Brilli, E.; Fogli, S.; Beconcini, D.; Carpi, S.; Tarantino, G.; Zambito, Y. Sucrosomial(R) iron absorption studied by in vitro and ex-vivo models. Eur. J. Pharm. Sci. Off. J. Eur. Fed. Pharm. Sci. 2018, 111, 425–431. [Google Scholar] [CrossRef]

	



Keepers, Y.P.; Pizao, P.E.; Peters, G.J.; van Ark-Otte, J.; Winograd, B.; Pinedo, H.M. Comparison of the sulforhodamine B protein and tetrazolium (MTT) assays for in vitro chemosensitivity testing. Eur. J. Cancer 1991, 27, 897–900. [Google Scholar] [CrossRef]

	



Xia, X.; Yan, J.; Shen, Y.; Tang, K.; Yin, J.; Zhang, Y.; Yang, D.; Liang, H.; Ye, J.; Weng, J. Berberine improves glucose metabolism in diabetic rats by inhibition of hepatic gluconeogenesis. PLoS ONE 2011, 6, e16556. [Google Scholar] [CrossRef]

	



Zhang, H.; Wei, J.; Xue, R.; Wu, J.D.; Zhao, W.; Wang, Z.Z.; Wang, S.K.; Zhou, Z.X.; Song, D.Q.; Wang, Y.M.; et al. Berberine lowers blood glucose in type 2 diabetes mellitus patients through increasing insulin receptor expression. Metab. Clin. Exp. 2010, 59, 285–292. [Google Scholar] [CrossRef]

	



Ma, J.Y.; Feng, R.; Tan, X.S.; Ma, C.; Shou, J.W.; Fu, J.; Huang, M.; He, C.Y.; Chen, S.N.; Zhao, Z.X.; et al. Excretion of berberine and its metabolites in oral administration in rats. J. Pharm. Sci. 2013, 102, 4181–4192. [Google Scholar] [CrossRef] [PubMed]

	



Srai, S.K.S.; Bomford, A.; McArdle, H.J. Iron transport across cell membranes: Molecular understanding of duodenal and placental iron uptake. Best Pr. Res. Cl Ha 2002, 15, 243–259. [Google Scholar] [CrossRef]

	



Fabiano, A.; Brilli, E.; Mattii, L.; Testai, L.; Moscato, S.; Citi, V.; Tarantino, G.; Zambito, Y. Ex Vivo and in Vivo Study of Sucrosomial((R)) Iron Intestinal Absorption and Bioavailability. Int. J. Mol. Sci. 2018, 19, 2722. [Google Scholar] [CrossRef] [PubMed]

	



Takaishi, N.; Satsu, H.; Shimizu, M. Enhanced daunomycin accumulation in human intestinal Caco-2 cells from non-ionic food emulsifiers unrelated to the p-glycoprotein inhibitory mechanism. Biosci. Biotechnol. Biochem. 2006, 70, 2703–2711. [Google Scholar] [CrossRef]

	



Quintanar-Guerrero, D.; Ganem-Quintanar, A.; Allemann, E.; Fessi, H.; Doelker, E. Influence of the stabilizer coating layer on the purification and freeze-drying of poly(D,L-lactic acid) nanoparticles prepared by an emulsion-diffusion technique. J. Microencapsul 1998, 15, 107–119. [Google Scholar] [CrossRef]

	



Zuo, F.; Nakamura, N.; Akao, T.; Hattori, M. Pharmacokinetics of berberine and its main metabolites in conventional and pseudo germ-free rats determined by liquid chromatography/ion trap mass spectrometry. Drug Metab. Dispos. Biol. Fate Chem. 2006, 34, 2064–2072. [Google Scholar] [CrossRef]

	



Bouw, M.R.; Xie, R.; Tunblad, K.; Hammarlund-Udenaes, M. Blood-brain barrier transport and brain distribution of morphine-6-glucuronide in relation to the antinociceptive effect in rats--pharmacokinetic/pharmacodynamic modelling. Br. J. Pharmacol. 2001, 134, 1796–1804. [Google Scholar] [CrossRef]

	



Ouzzine, M.; Gulberti, S.; Ramalanjaona, N.; Magdalou, J.; Fournel-Gigleux, S. The UDP-glucuronosyltransferases of the blood-brain barrier: Their role in drug metabolism and detoxication. Front. Cell Neurosci. 2014, 8, 349. [Google Scholar] [CrossRef]

	



Brilli, E.; Khadge, S.; Fabiano, A.; Zambito, Y.; Williams, T.; Tarantino, G. Magnesium bioavailability after administration of sucrosomial(R) magnesium: Results of an ex-vivo study and a comparative, double-blinded, cross-over study in healthy subjects. Eur. Rev. Med. Pharmacol. Sci. 2018, 22, 1843–1851. [Google Scholar] [CrossRef]

	



Szuts, A.; Budai-Szucs, M.; Eros, I.; Otomo, N.; Szabo-Revesz, P. Study of gel-forming properties of sucrose esters for thermosensitive drug delivery systems. Int. J. Pharm. 2010, 383, 132–137. [Google Scholar] [CrossRef]

	



Kiss, L.; Hellinger, E.; Pilbat, A.M.; Kittel, A.; Torok, Z.; Furedi, A.; Szakacs, G.; Veszelka, S.; Sipos, P.; Ozsvari, B.; et al. Sucrose esters increase drug penetration, but do not inhibit p-glycoprotein in caco-2 intestinal epithelial cells. J. Pharm. Sci. 2014, 103, 3107–3119. [Google Scholar] [CrossRef] [PubMed]

	



Zhaojie, M.; Ming, Z.; Shengnan, W.; Xiaojia, B.; Hatch, G.M.; Jingkai, G.; Li, C. Amorphous solid dispersion of berberine with absorption enhancer demonstrates a remarkable hypoglycemic effect via improving its bioavailability. Int. J. Pharm. 2014, 467, 50–59. [Google Scholar] [CrossRef] [PubMed]

	



Kohli, K.; Mujtaba, A.; Malik, R.; Amin, S.; Alam, M.S.; Ali, A.; Barkat, M.A.; Ansari, M.J. Development of Natural Polysaccharide-Based Nanoparticles of Berberine to Enhance Oral Bioavailability: Formulation, Optimization, Ex Vivo, and In Vivo Assessment. Polymers 2021, 13, 3833. [Google Scholar] [CrossRef]

	



Petrangolini, G.; Corti, F.; Ronchi, M.; Arnoldi, L.; Allegrini, P.; Riva, A. Development of an Innovative Berberine Food-Grade Formulation with an Ameliorated Absorption: In Vitro Evidence Confirmed by Healthy Human Volunteers Pharmacokinetic Study. Evid. Based Complementary Altern. Med. Ecam 2021, 2021, 7563889. [Google Scholar] [CrossRef] [PubMed]

	



Guo, H.H.; Feng, C.L.; Zhang, W.X.; Luo, Z.G.; Zhang, H.J.; Zhang, T.T.; Ma, C.; Zhan, Y.; Li, R.; Wu, S.; et al. Liver-target nanotechnology facilitates berberine to ameliorate cardio-metabolic diseases. Nat. Commun. 2019, 10, 1981. [Google Scholar] [CrossRef]








[image: Nutrients 14 03595 g001 550] 





Figure 1. Cytotoxic effect of berberine and Sucrosomial® berberine on Huh7 cell line. Huh7 cells were incubated for 24 h with indicated concentrations of berberine and Sucrosomial® berberine. Cell viability was then determined by SRB assay. 
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Figure 2. Effect of Sucrosomial® berberine on GK expression and AMPK phosphorylation (B) in Huh7 cell line. Cells were incubated in DMEM containing 25 mM glucose with indicated concentrations of berberine for 24 h. After this period, total cellular proteins were extracted for the analysis. β-actin was used as loading control. (A) Western Blot of GK intracellular expression upon treatments; (B) Densitometric analysis of GK intracellular expression relative to β-actin; (C) Western Blot of pAMPK intracellular expression upon treatments; (D) Densitometric analysis of pAMPK intracellular expression relative to AMPK. DMEM: Dulbecco’s modified Eagle Medium; GK: glucokinase; AMPK: 5′ adenosine monophosphate-activated protein kinase; pAMPK: phospo-AMPK. DMEM, GK, AMPK. 
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Figure 3. Metabolites detected after oral administration of Sucrosomial® berberine. 






Figure 3. Metabolites detected after oral administration of Sucrosomial® berberine.



[image: Nutrients 14 03595 g003]







[image: Nutrients 14 03595 g004 550] 





Figure 4. Distribution of berberine and its metabolites after oral administration of Sucrosomial® berberine (6.25 mg/Kg) and berberine (50 mg/Kg). The Sucrosomial® formulation triggers a differential berberine biodistribution among the analyzed tissues (A), as well as a differential biodistribution of the berberine metabolites such as the berberine reduced form (B), the berberine glucuronide (C), and the demethylated berberine product (D). VAT: visceral adipose tissue. * p < 0.05, ** p < 0.01, *** p < 0.001. 
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Figure 5. Effect of HFD and Sucrosomial® berberine treatment on body weight of C57BL/6 mice during the 16 weeks of treatment. *** p < 0.001; **** p < 0.0001 vs. time 0. ° p < 0.05; °°°° p < 0.0001 vs. SD at 16 weeks. 
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Figure 6. Effect of HFD and Sucrosomial® berberine treatment on glucose levels during OGTT test in C57BL/6 mice after 16 weeks of diet and 8 weeks of treatment. HFD: high-fat diet; OGTT: oral glucose tolerance test. 
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Figure 7. Effect of HFD and Sucrosomial® berberine treatment on AMPK phosphorylation in the liver of C57BL/6 mice after 16 weeks of diet and 8 weeks of treatment. * p < 0.05 vs. HFD. The Western blot image is representative of the total samples analyzed (n = 12 per group), while the histograms show the results expressed as mean ± SE from all samples. 
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