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Abstract

:

This study aimed to assess the impact of allicin on the course of diabetic nephropathy. Study groups included control, diabetes, and diabetes-treated rats. Allicin treatment (16 mg/kg day/p.o.) started after 1 month of diabetes onset and was administered for 30 days. In the diabetes group, the systolic blood pressure (SBP) increased, also, the oxidative stress and hypoxia in the kidney cortex were evidenced by alterations in the total antioxidant capacity as well as the expression of nuclear factor (erythroid-derived 2)-like 2/Kelch ECH associating protein 1 (Nrf2/Keap1), hypoxia-inducible factor 1-alpha (HIF-1α), vascular endothelial growth factor (VEGF), erythropoietin (Epo) and its receptor (Epo-R). Moreover, diabetes increased nephrin, and kidney injury molecule-1 (KIM-1) expression that correlated with mesangial matrix, the fibrosis index and with the expression of connective tissue growth factor (CTGF), transforming growth factor-β1 (TGF-β1), and α-smooth muscle actin (α-SMA). The insulin levels and glucose transporter protein type-4 (GLUT4) expression were decreased; otherwise, insulin receptor substrates 1 and 2 (IRS-1 and IRS-2) expression was increased. Allicin increased Nrf2 expression and decreased SBP, Keap1, HIF-1α, and VEGF expression. Concurrently, nephrin, KIM-1, the mesangial matrix, fibrosis index, and the fibrotic proteins were decreased. Additionally, allicin decreased hyperglycemia, improved insulin levels, and prevented changes in (GLUT4) and IRSs expression induced by diabetes. In conclusion, our results demonstrate that allicin has the potential to help in the treatment of diabetic nephropathy. The cellular mechanisms underlying its effects mainly rely on the regulation of antioxidant, antifibrotic, and antidiabetic mechanisms, which can contribute towards delay in the progression of renal disease.
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1. Introduction


Diabetes is a metabolic, chronic, progressive, and irreversible disease, characterized mainly by hyperglycemia. In addition, diabetes is one of the most important causes of cardiovascular diseases (CVD) and kidney complications, such as chronic kidney disease (CKD) and end-stage renal disease (ESRD) [1]. The proportion of ESRD attributable to diabetes alone ranges from 12 to 55% and the incidence of ESRD is up to 10 times higher in adults with diabetes as compared to non-diabetic adults [2]. In diabetic patients, CKD may be caused by diabetic nephropathy (DN), non-diabetic renal disease (NDRD), or a combination of both [3].



On the other hand diabetes, hypertension, dyslipidemia and smoking are key risk factors for CVD [4,5,6]. In fact, people with both diabetes and hypertension have a four-fold increased risk for the development of CVD and substantially higher risk of CVD death and all-cause mortality [4,7,8].



In diabetic patients normalizing blood sugar, the control of dyslipidemia, and reduction of blood pressure are the primary targets to improve life quality, to delay the progression to CKD, and prevent cardiovascular complications [1,2,3,5]. However, these actions do not prevent the progression to ESRD. Thus, several etiologies and mechanisms of pathogenesis and progression of DN have been postulated. Evidence from experimental and clinical studies of diabetes have shown that oxidative stress (OS) is associated with the initiation and progression of vascular complications, including diabetic nephropathy and CVD [9,10,11,12,13,14].



Furthermore, glucose metabolism and increased tubular reabsorption due to hyperfiltration during diabetes can increase oxygen consumption in the proximal tubule resulting in renal hypoxia [15]. Other studies report that renal hypoxia is an early manifestation of CKD progression and a common pathway for nephropathy, particularly tubulointerstitial hypoxia, which is closely related to OS and the development of diabetic complications [16,17,18].



The kidney exhibits high sensitivity to changes in oxygen pressure, making it highly susceptible to hypoxia. Further, it has been hypothesized that OS modulates hypoxic factors. Hypoxia inducible factor-1α (HIF-1α) is the main regulator of cellular response to hypoxia modulating multiple cellular processes in the kidney [15,19]. Under hypoxic conditions, HIF-1α modulates apoptosis, autophagy, inflammation, and cell cycle arrest, among other cellular mechanisms that are involved in renal protection [20]. However, HIF-1α also contributes to interstitial fibrosis through the induction of profibrotic pathways, and therefore to the progression of kidney injury [20].



Current treatments aimed to prevent the progression of CKD might delay the diabetic nephropathy and other vascular complications; nevertheless, the disease burden remains high; thus, many patients with DN continue to progress to CKD, ESRD, or CVD [2,3]. Therefore, new approaches are needed to control OS overproduction, hypoxia, fibrosis, and pro-inflammatory cytokine production. In this regard, the use of plants or substances of natural origin with medicinal properties or therapeutic potential is under current study. Many natural compounds have antioxidant properties and display other biological activities in chronic diseases such as hypertension, diabetes, and metabolic syndrome [13].



Allicin is a natural compound produced from the stable precursor S-allyl cysteine-sulfoxide (alliin) by the action of the enzyme alliinase. This reaction occurs when garlic cloves are crushed or macerated [21]. This compound has shown various beneficial effects on chronic diseases. The biological activities from allicin include antimicrobial [22], antihypertensive [23,24], antioxidant [23,25], antidiabetic [25,26,27], cardioprotective [22,23,24,25], nephroprotective [23,24,26] as well as immunomodulator [22,27]. Several cellular mechanisms have been proposed to explain how allicin exerts its beneficial effects, but in renal fibrosis these are still unknown or poorly studied.



Thus, the present study aimed to assess if the natural antioxidant allicin may delay the progression of experimental diabetic nephropathy, as well as the possible mechanisms involved.




2. Materials and Methods


2.1. Reagents


2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS), dichloromethane, diallyl disulfide, hydrogen peroxide and streptozotocin (STZ), sodium dodecyl sulfate, sodium chloride, trolox, and cOmplete™ Protease Inhibitor Cocktail were purchased from Sigma-Aldrich (St. Louis, MO, USA). Antibodies to beta-Actin (GTX109639), connective tissue growth factor (CTGF) (GTX124232), glucose transporter 4 (GLUT4) (GTX79317), hypoxia-inducible factor 1-alpha (HIF-1α) (GTX127309), kidney injury molecule-1 (KIM-1) (GTX85067), kelch-like ECH associated-protein 1 (KEAP1) (GTX60660), erythropoietin (Epo) (GTX41256), erythropoietin receptor (Epo-R) (GTX37704), nuclear factor erythroid 2-related factor 2 (Nrf2) (GTX103322) and vascular endothelial growth factor (VEGF) (GTX21316) were acquired from GeneTex (Irvine, CA, USA) and those for nephrin (sc-377246), insulin receptor substrate-1(IRS-1) (sc-515017), insulin receptor substrate-2 (IRS-2) (sc-390761), and transforming growth factor-beta 1 (TGF-β1) (sc-130348) from Santa Cruz Biotechnology, Inc. (Dallas, TX, USA). Antibody to alpha-smooth muscle actin (α-SMA) (ab265588) was purchased from ABCAM (Cambridge, MA, USA.) Goat anti-rabbit and goat anti-mouse IgG-HRP were purchased from Cell Signaling Technology (Danvers, MA, USA). All other chemicals used were of the highest purity available. Commercial kits to measure blood urea nitrogen (BUN) and creatinine levels in plasma were obtained from SpinReact (Girona, Spain).




2.2. Experimental Design


Male Wistar rats weighing 280–310 g were used. Animals were randomly divided into three groups: control (Ctrl, n = 6), diabetes (DM, n = 7), and diabetes treated with allicin (DA n = 7). Diabetes was induced by a single administration of STZ (50 mg/kg i.p.) dissolved in citrate buffer (0.1 M, pH 4.5). We previously demonstrated histopathological alterations at glomerular and tubular levels in this experimental model [12]. The control group received the same volume of citrate buffer. After 72 h of STZ administration, blood glucose concentration was determined (Accu-Chek sensor comfort, Roche Diagnostics). Ninety percent of rats reached a fasting serum glucose level over 250 mg/dL and were considered diabetic for further studies (n = 14). All rats were maintained for 30 days under a regular laboratory diet with water ad libitum (Figure 1 experimental design). After 30 days of follow-up, the treatments were started. The first group of diabetic animals with blood glucose values at 320 ± 16 mg/dL was administered only with vehicle solution and considered as diabetic control or untreated (DM group). The blood glucose values in the second group of diabetes (DA) were 355 ± 10 mg/dL, this group was treated with allicin (16 mg/kg/day by gavage). The treatments were administered daily by a month. At the end of the experiment (two months) and after completion of the experimental protocols, blood samples were collected. The animals were euthanized and skeletal muscle (Soleous) and the kidneys were surgically excised. Kidneys were dissected in cortex and medulla. All tissue samples were quickly frozen in liquid nitrogen and stored at −70 °C until further analysis.




2.3. Ethics Statement


This study was performed in accordance with the Guide for the Care and Use of Laboratory Animals, published by the U.S. National Institutes of Health, and approved by the Research Committee of the Instituto Nacional de Cardiología Ignacio Chávez (INC/CICUAL/001/2020) and by the Mexican Federal Regulation for animal experimentation and care (NOM-062-ZOO-1999) and for the disposal of biological residues (NOM-087-ECOL-1995).




2.4. Allicin Synthesis


Allicin was produced by oxidation of diallyl disulfide as previously reported [28]. For stabilization and storage, allicin was resuspended in water at 2.5% (w/v) and kept at −70 °C until it was used.




2.5. Blood Samples


Blood samples were obtained following an overnight fasting, and were collected on ice at 4 °C. At each time point (30 and 60 days), 1.0 milliliter of blood was taken from the caudal vein in conscious rats and collected in heparinized tubes. Blood samples were centrifuged at 1000× g for 15 min at 4 °C. The upper plasma phase was carefully pipetted and transferred into 1.5 mL microcentrifuge tubes and stored at −70 °C and used for the analysis of the total antioxidant status (TAS) and measurement of insulin levels.




2.6. Systolic Blood Pressure Record (SBP)


After 30 and 60 days of follow-up, the SBP was recorded in conscious, restrained rats by a validated tail-cuff plethysmography method (Narco Biosystems, Austin, TX, USA).




2.7. Plasma Biochemistry


The levels of blood urea nitrogen (BUN) and creatinine were measured in plasma samples using commercial kits according to the manufacturer’s instructions




2.8. Renal Function


To assess renal function, the rats were placed in metabolic cages (Nalgene, Rochester, NY, USA) to collect 24 h urine. Urine samples were centrifuged at 5000× g for 15 min to remove debris, and the supernatant was analyzed. The variables measured were diuresis, urea, creatinine, and the creatinine clearance.




2.9. Evaluation of α-SMA, CTGF, Epo, Epo-R, HIF-1α, Keap1, Nephrin, KIM-1, Nrf2, TGF-β1, and VEGF Expression in Renal Cortex


The kidney cortex was washed out thoroughly with ice-cold saline solution 10% w/v then homogenized in ice-cold 50 mM phosphate buffer pH 7.4 containing a cocktail of mammalian protease inhibitors using a Potter Elvehjem homogenizer. Protein concentration in homogenates was determined by the Bradford method using bovine serum albumin as a standard. Equal protein amounts (7.5 µg) were denatured in a gel loading buffer at 85 °C for 5 min, then loaded onto 10% SDS-polyacrylamide gels (SDS-PAGE), transferred to polyvinylidene difluoride (PVDF) membranes and incubated at 4 °C overnight with primary antibody diluted in Tris-buffered saline-Tween 0.1% solution. The protein bands were visualized with enhanced chemiluminescence reagents (Clarity Western ECL Substrate, Bio-Rad, Hercules, CA, USA) and their intensity was quantified using ImageJ (National Institutes of Health, Bethesda, MD, USA). Positive immunoreactive bands were quantified and expressed as the ratio of the protein of interest test sample to loading control in arbitrary units (a.u).



To assess urinary excretion of nephrin and KIM-1, sample volumes corresponding to 15 μg of total protein were precipitated on ice for 30 min with 10% (w/v) trichloroacetic acid in PBS. Samples were then centrifuged at 13,100× g for 10 min at 4 °C before washing pellets twice with ice-cold acetone. The samples were air-dried and dissolved in Laemmli buffer (62.5 mmol/L Tris–HCl (pH 6.8), 10% (v/v) glycerol, 2% (w/v) SDS, 5% (w/v) 2-mercaptoethanol and 0.05% (w/v) bromophenol blue) followed by heating at 95 °C for 5 min. Samples were loaded in SDS-PAGE gels as previously described.




2.10. Histological Assessment of Renal Injury


The kidneys from experimental groups were fixed in 10% formalin in PBS and embedded in paraffin. Sections (3 µm thick) were obtained and stained with periodic acid-Schiff (PAS) and Sirius Red. To evaluate the glomerular and mesangial areas, photomicrographs of PAS-stained sections were taken at a 200× magnification from non-overlapping fields. Thirty glomeruli were assessed in each rat kidney. Glomerular size and mesangial areas were determined by manually trace of the tuft perimeter and automatically measuring the PAS-positive material in each glomerulus with computerized image analysis software Axiovision Rel v. 4.8.2 (Carl Zeiss Microscopy, LLC., White Plains, NY, USA). The mesangial matrix index represented the ratio of mesangial matrix area divided by the tuft area. For interstitial fibrosis assessment, images of 10 cortex fields (200× magnification) were randomly recorded from Sirius Red-stained sections of each kidney. Interstitial fibrosis consisted in red stained areas (collagen I and III) [29] located between tubules and its quantification was performed using the same software mentioned above. Proportion of fibrosis was calculated by dividing the area of interstitial fibrosis by the total area per field, excluding the glomerular and luminal tubular areas. Microscopic images were obtained using a digital camera mounted on a light microscope (Axiophot2 Zeiss, Oberkochen, Germany). All slides were analyzed in a blinded fashion.




2.11. Evaluation of Oxidative Stress


To assess this parameter, we quantified the total antioxidant status (TAS) in plasma samples using a spectrophotometric method; also, we evaluated the expression of nuclear factor erythroid 2–related factor 2 (Nrf2) and kelch-like ECH associated-protein 1 (Keap1) in renal cortex by immunoblot assays. Further, we analyzed the expression of the hypoxia inducible factor 1α (HIF-1α), vascular endothelial growth factor (VEGF), erythropoietin (Epo), and erythropoietin receptor (Epo-R) as response proteins to hypoxic stimuli induced by oxidative stress.



Measurement of the Total Antioxidant Status (TAS)


TAS was determined using the 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS) method. In brief, diluted plasma samples (5 μL) were mixed with a cationic ABTS solution (250 μL) prepared in phosphate buffer (50 mM pH 7.4) and the absorbance was recorded at 734 nm after 5 min using a Synergy HT multi-mode microplate reader (BioTek Instruments, Inc., Winooski, VT, USA). The results of TAS were expressed as Trolox equivalents (mmol/L).





2.12. Plasma Insulin Levels


To achieve this measurement, we used a commercially available Enzyme-linked Immunosorbent Assay kit, CEA448Ra, following the instructions of the supplier (USCN Life sciences Inc., Wuhan, Hubei, China).




2.13. Expression of GLUT4, IRS-1 and IRS-2 in Skeletal Muscle


Approximately 50 mg of wet muscle tissue was used to measure total crude membrane GLUT4 protein by immunoblotting. Muscle samples were homogenized in ice-cold RIPA lysis buffer (50 mM Tris-HCl, pH 8.0, 0.1% sodium dodecyl sulfate, 150 mM sodium chloride, 0.5% sodium deoxycholate and 1% NP-40). The supernatant was separated from debris by centrifugation at 16,000× g for 15 min at 4 °C. Fifteen micrograms of protein from each sample were separated using SDS-PAGE on a 12% acrylamide gel and transferred to a nitrocellulose membrane and later processed as described previously using monoclonal anti-GLUT4, IRS-1 and IRS-2 antibodies. Positive immunoreactive bands were quantified and expressed as the ratio of the protein of interest sample to loading control in arbitrary units.




2.14. Statistical Analysis


All data are expressed as means ± standard error of the mean (SEM). Comparisons amongst groups were made using one-way analysis of variance followed by Tukey’s test by using GraphPad version 5.00 (GraphPad Software, La Jolla, CA, USA). Differences were considered significant when p < 0.05.





3. Results


After 30 days of follow-up the diabetic rats showed hyperglycemia and lower body weight compared with Ctrl group (data not shown). To study the antioxidant effect of allicin on DN progression, the treatment with allicin was administered from day 30 to day 60.



3.1. Allicin Delays the Progression of Diabetic Nephropathy


Apart from albuminuria and GFR, established or potential risk markers for diabetic nephropathy include hyperglycemia, hypertension, tubular injury markers, presence of specific urinary peptides, and serum cystatin C levels. Thus, we assessed biochemical markers creatinine and blood urea nitrogen (BUN) in serum and creatinine and urea in urine. Further, the blood pressure and the expression of proteins involved in glomerular filtration barrier (nephrin), tubular injury (KIM-1), and fibrosis, (connective tissue growth factor (CTGF), transforming growth factor-β1 (TGF-β1), and alpha-smooth muscle actin (α-SMA)) were assessed as markers of progression of diabetic nephropathy.



At the end of the study, the groups with diabetes showed an increase in BUN. In addition, the urinary excretion of creatinine, urea, urinary volume and creatinine clearance, were higher in both diabetic groups than the control group. The allicin treatment partially but significantly decreased BUN, diuresis, and creatinine clearance (Table 1).



Before the treatment with allicin (day 30), SBP was increased in rats with diabetes compared with the control group (Figure 2). We did not find statistical differences between diabetic groups at day 30. At the end of the study (day 60), the SBP was significantly decreased in the DA group, whereas it was further increased in rats with DM without allicin treatment (Figure 2).



In the renal cortex the protein expression of nephrin, and KIM-1 were used as biomarkers of progression of DN. The data highlighted a higher expression of nephrin and KIM-1 in kidneys from groups with diabetes when compared with control group (Figure 3a,b), which suggested renal injury at glomerular and tubular levels in animals with diabetes. Although the allicin treatment decreased significantly the expression of nephrin and KIM-1, the renoprotective effect was partial (Figure 3a,b).



In addition, we assessed the urinary excretion of glomerular (nephrin) and tubular (KIM-1) injury markers. We observed an important increase in the urinary excretion of nephrin and KIM-1 in the diabetic group (Figure S1) when compared with the control group. The allicin treatment attenuated the effect induced by diabetes (Figure S1).




3.2. Histopathological Analysis


We previously studied the histopathological alterations in the kidney of the experimental model of diabetes used in the present study [12]. The previous report showed that two of the main structural alterations of DN, such as mesangial expansion and interstitial fibrosis, are presented in the animal model with one month of diabetes [12]. Considering this background, in the present report we analyzed the possible effect of allicin as a potential therapeutic option to reverse, delay or prevent the progression of DN.



Our morphometric study demonstrated that the glomerular area was not significantly different in the three experimental groups (data not shown), but the mesangial matrix index was significantly elevated in the groups with diabetes (DM and DA groups) in comparison to that of the control group (* p < 0.001) (Figure 4). The increase in the mesangial matrix index was suppressed in the DA group compared with the DM group (+ p < 0.001) (Figure 4). On the other hand, the tubular interstitial fibrosis assessment showed that diabetes induced an increase in this parameter. The interstitial fibrosis index was significantly increased in the renal cortex of D group (Figure 5). We also observed less interstitial fibrosis in the group with diabetes treated with allicin (+ p < 0.001) (Figure 5).



To support the histological analyses, in the renal cortex homogenates from the experimental groups were evaluated the expression of the pro-fibrotic markers, connective tissue growth factor (CTGF), transforming growth factor-β1 (TGF-β1), and alpha-smooth muscle actin (α-SMA). In the kidney from rats with diabetes, the results showed an increase in the expression of the three fibrotic markers (Figure 6a–c)—Allicin treatment prevented such alterations (Figure 6a–c).




3.3. Mechanisms Associated With the Beneficial Effect Exerted by Allicin in Diabetic Nephropathy


3.3.1. Effects of Allicin on Oxidative Stress


The antioxidant effects of allicin were assessed by measurements of TAS in plasma and expression of Nrf2/Keap1 in the renal cortex. In addition, we analyzed the expression of response proteins sensitive to hypoxia, induced by the oxidative stress in this outer portion of kidney.



Before starting allicin treatment, plasma TAS of diabetic rats (DM and DA groups) was numerically decreased at 30 days when compared with control rats; however, we did not find statistical differences between groups at this time. After 60 days of follow up, the TAS further decreased in the plasma of the group with untreated diabetes when compared with the control group (Figure 7a). Allicin treatment showed a trend to prevent the effect of diabetes although without reaching statistical significance (Figure 7a).



The data obtained at 60 days of follow-up were associated to an impaired ratio of Nrf2/Keap1; thus, Nrf2 expression was decreased in kidney cortex obtained from diabetic group when compared to control group (Figure 7b). In contrast, the expression of Keap1 was increased in the kidney cortex of the diabetic group (Figure 7c).



Allicin treatment prevented the effects induced by diabetes. Thus, Nrf2 protein expression was increased, while Keap1 was decreased in the renal cortex of DA rats when compared with of the diabetic rats. In summary, allicin improved plasma TAS and reversed the changes in Nrf2 and Keap1 expression, showing its renal antioxidant effects on diabetes.




3.3.2. Effect of Allicin on Markers of Hypoxia in Renal Cortex


OS through modulation of other pathophysiological pathways is one of multiple molecular mechanisms involved in the progression of DN. It has been hypothesized that OS modulates hypoxic factors that start mechanisms associated to the progression of renal diseases. Therefore, to unravel further effects of allicin on OS and its associated pathophysiological pathways, we assessed the expression of HIF-1α, VEGF, Epo and Epo-R, a group of proteins closely related with the hypoxic response induced by oxidative stress.



The expression of HIF-1α, a key factor involved in the hypoxia response, was increased in renal cortex from in the diabetic group (Figure 8a). In addition, diabetes also significantly increased the VEGF, Epo and Epo-R compared to control group (Figure 8b,c). Although the allicin treatment prevented the increase in HIF-1α and VEGF in comparison with the diabetic group (Figure 8a,b), this treatment further increased Epo and Epo-R without statistical difference between both groups of diabetes (Figure 8c,d).





3.4. Effects of Allicin on Glucose Homeostasis


Diabetes is characterized by increased appetite (polyphagia) concomitant to decreased uptake and utilization of glucose by peripheral tissues; such effects are due to the lack of insulin or because the insulin pathway signaling is impaired. All these metabolic abnormalities are responsible for the maintenance of hyperglycemia as well as the loss of body weight and the development of long lasting microvascular and macrovascular complications. The reported beneficial effects in progression of DN observed in the present studies were likely induced by the antioxidant properties of allicin. However, we do not rule out the participation of other beneficial mechanisms exerted by allicin during diabetes. Thus, to address other probable beneficial effects of allicin, and to better understand this issue, we quantified glucose and insulin concentrations in plasma and as well as the expression of GLUT4, IRS-1 and IRS-2 in skeletal muscle from our experimental groups.



Before the treatment with allicin (day 30), blood glucose concentrations in rats with diabetes were significantly higher than the control group (Figure 9a). We did not find statistical differences between diabetic groups. These data were associated with the lower concentration of insulin in the two experimental groups with diabetes compared with control group (Figure 9b). At the end of the study (day 60), the blood glucose concentration in the group with diabetes was further increased (Figure 9a). In contrast, the blood glucose concentration in DA group was decreased in comparison to diabetic group and with the glucose values before starting the treatment (Figure 9a). Likewise, in diabetic group plasma insulin was lower compared with control group and with the insulin levels before starting the treatment with allicin (Figure 9b). DA group showed increase in insulin levels compared with the group of diabetes.



These data from hyperglycemia and decreased insulin levels in diabetes were concordant with the low expression of GLUT4 observed in muscle of diabetic animals (Figure 9c). The expression of IRS-1 and IRS-2 were also increased in muscle from diabetes group when compared with control group (Figure 9d). Interestingly, the expression of GLUT4 was significantly increased upon the treatment with allicin and the increases in IRS-1, and IRS-2 expression were prevented when diabetic rats were treated with allicin (Figure 9d).





4. Discussion


In patients with diabetes, the diagnosis and treatment of kidney disease are made when several years of diabetes have elapsed and usually when the disease is advanced. In order to translate a clinical situation to basic research, we used a 30-day diabetic experimental model that induces structural renal damage as we have previously demonstrated [12]. Thus, the data obtained from our research is from the therapeutic role perspective instead of a preventive standpoint, as it has been shown in other works [24,26]. The present study aimed to assess if the antioxidant garlic-derived compound allicin can reverse or delay the progression of established DN. We found that allicin effectively arrested the progression of nephropathy throughout several mechanisms including antihypertensive, antioxidant, antifibrotic, and antidiabetic pathways. Besides, allicin shows to modulate hypoxia response proteins that are likely associated with OS and play a key role on fibrosis during diabetes.



Current treatments to manage diabetes, hypertension, and oxidative stress as key risk factors for CVD and chronic complications are partially successful and there is still a large residual risk to develop vascular complications and diabetic kidney disease. Therefore, the novel agents targeting pathophysiological mechanisms such as hyperglycemia, hypertension, OS, hyperfiltration, inflammation or fibrosis, have been a major focus for the development of new treatments. In this context, a major factor responsible for the development of chronic complications during diabetes is the increase in OS [1,30]. Evidence from clinical and experimental studies has showed that increase in OS plays a key role in the initiation and progression of diabetic complications [9,10,11,12,13,14]. Hyperglycemia during diabetes contributes to OS through free radicals generation and suppression of the antioxidant defense systems which exacerbate OS.



In the progression of diabetic nephropathy, patients have a higher prevalence of risk factors for CVD including hypertension, hyperglycemia, inflammation, and oxidative stress. Even, when patients have hypertension and diabetes, which is a common combination, their risk of developing CVD doubles [1]. Additionally, it has been described that chronic inflammation in association with increased formation of reactive oxygen species (ROS) and alteration of nitric oxide signaling is a key mechanism that links kidney and CVD, particularly in the context of diabetes [30]. Besides, a meta-analysis previously reported that the benefit of lowering blood pressure levels includes reduction of the risk of CVD, coronary heart disease, stroke, diabetes, heart failure, and the progression of albuminuria [31]. This suggests that the control of the risk factors present during diabetes could reduce the risk of mortality due to vascular complications.



The progression of kidney disease is gradual and the changes in thickening of the glomerular basement membrane, capillary and tubular basement membrane thickening, loss of endothelial fenestrations, mesangial matrix expansion, and loss of podocytes with effacement of foot processes are the main histological alterations in kidney structure [13]. In this context the increase in the expression of profibrotic proteins including CTGF, α-SMA, TGF-1β, fibronectin, or collagen plays a preponderant role [32,33,34]. In patients with advanced type 2 DN, the expression of CTGF was found not only in the glomerular cells, vascular endothelial cells, and interstitial cells, but also in the epithelial cells of various tubular segments in the diabetic kidney and correlated with proteinuria, serum creatinine, and interstitial fibrosis [35]. Similarly, our study showed alterations in biochemical and urinary markers of renal function, increase in SBP, mesangial matrix index and interstitial fibrosis that were associated to an increase in the protein expression of injury and fibrotic markers in kidneys of the group with diabetes. Our results indicate that the allicin treatment could delay diabetic nephropathy through its effects on blood pressure levels, podocyte and tubule injury, through modulation of nephrin and KIM-1 expression. These results were concordant with the attenuation of mesangial matrix index, the interstitial fibrosis and with the expression of CTGF, α-SMA, and TGF-β1.



In our study, we observed an increase in the expression of nephrin in the renal cortex, which was associated with its increased urinary excretion. Other studies in hypertensive patients and experimental models have described increased nephrin expression [36,37,38,39] Even in patients with CKD, loss of nephrin occurs despite the increased level of nephrin mRNA [36]. In contrast, other studies report that the expression of nephrin is reduced [36,37]. Studies in patients showed that the urinary excretion of nephrin can be a good marker of kidney damage since nephrinuria occurs even without albuminuria [40,41]. We hypothesize that the increase in the nephrin expression may represent a compensatory mechanism that allows restoring the nephrin loss through the urine, as our results showed. However, this protective mechanism of the glomerular filtration barrier cannot be maintained in the long term and will eventually be inefficient, thus, the expression of nephrin will gradually decrease, and the integrity of the glomerular filtration barrier will be lost. A weakness of our study is that we did not evaluate other integral proteins of the filtration barrier, but we did not deny that their expression was impaired.



Previously, we demonstrated that allicin administered during the development of CKD conferred nephroprotection through the modulation of antihypertensive and antioxidant mechanisms [23,24]. It is well known that alterations in Nrf2/Keap1 pathway are associated to OS and decreased endogenous antioxidants enzymes such as catalase, glutathione peroxidase, heme oxygenase, and superoxide dismutase [12,24]. Here, we demonstrated that allicin is able to improve the TAS as well as Nrf2/Keap1 ratio in diabetes. This findings can be supported by previous reports describing that allicin increased the levels of intracellular glutathione by the up-regulation of phase II detoxifying enzymes in a Nrf2/Keap1 dependent pathway (hemeoxygenase-1, superoxide dismutase, glutathione peroxidase, glutathione-S-transferases, NAD(P)H-quinine oxidoreductase, γ-glutamylcysteine synthetase) [23,42,43]. Moreover, the antioxidant mechanisms of allicin include direct antioxidant effects by preventing the formation of free radicals [44,45,46] and lipid peroxidation through hydroxyl and peroxyl radicals scavenging by transferring its allylic hydrogen to the oxidized substrate [47,48]. Allicin reacts rapidly with free thiol groups in molecules such as glutathione and cysteine residues in proteins [49], hence oxidation of protein thiols can lead to protein structure changes that result in loss or gain of function [22].



Hyperglycemia does not only promote OS, but also results in decreased intrarenal oxygenation [15,50]. It is known that reduced oxygen tension can promote the expression of hypoxia inducible factors (HIFs) to counteract hypoxia, preventing ROS overproduction (Figure 10). However, HIF-1α may also exert adverse responses, such as the aggravation of diabetic retinopathy through the induction of VEGF [51]. Our results show an increase in HIF-1α expression in the diabetic group that was associated with the expression of hypoxia-inducible proteins such as VEGF, Epo and its receptor Epo-R. Allicin decreased HIF-1α and VEGF, while in contrast, it increased Epo and Epo-R in renal cortex. It is well known that Epo has renoprotective, antioxidant and antiapoptotic effects, that protect peritubular capillaries and prevent glomeruloesclerosis [52,53,54]. In addition, Epo and the activation of its receptor decrease albuminuria, mesangial expansion and renal fibrosis [55,56,57]. Other studies have shown that overexpression of HIF-1α in tubular epithelial cells contributes to the progression of renal fibrosis, and the inhibition of HIF-1α expression prevents the progression of renal fibrosis and attenuated DN progression [19,58,59].



Our data suggest that OS-induced hypoxic response may play an important role in the overexpression of tubular and glomerular markers of damage (nephrin, KIM-1) as well as in the renal structural damage (mesangial matrix and interstitial fibrosis) induced by diabetes. In this regard, it has been reported that allicin prevents myocardial fibrosis by blocking CTGF and TGF-β1 protein expression during diabetes in a dose-dependent manner. Furthermore allicin reduced blood glucose levels and improved cardiac function [60]. In vitro, allicin inhibits the α-smooth muscle actin (α-SMA), vimentin and collagen type 1 expressions, as well as the ERK1/2-TGF-β1 signaling pathway [34]. It is well known that this signaling pathway plays a key role in epithelial–mesenchymal transition (EMT) and tubulointestitial fibrosis in DN [34]. In another study, the administration of allicin immediately after hyperglycemia confirmation prevented renal hypertrophy, ultrastructural damage of the glomerular endothelium, and thickening of the basement membrane. The authors suggested that the nephroprotective effect of allicin was dependent on the TGF-β1/ERK 1/2 pathway [26]. Likewise, it is known that Nrf2 is capable of conferring antifibrotic effects mediated by the inactivation of PI3K/Akt signaling pathway [61]. Therefore, we did not discard that allicin, through modulation of Nrf2-associated signaling pathways, decreases mesangial expansion and fibrosis (Figure 10).



Diabetes is characterized by hyperglycemia caused by defects in secretion and/or insulin signaling, which is directly associated with alterations in the glucose uptake and signaling of insulin-dependent glucose transporters (GLUT) (Figure 10). The model of streptozotocin-induced diabetes produces the partial destruction of beta cells in pancreas, therefore significantly reducing the synthesis and secretion of insulin into the circulation. Our results showed a reduction in blood glucose levels in allicin-treated diabetic group when compared with untreated diabetic group, suggesting that allicin may improve the handling of glucose by insulin-dependent organs. Thus, we assessed the mechanism responsible for the glucose uptake in skeletal muscle, an insulin-dependent tissue. In diabetic rats, the GLUT4 protein expression was decreased; in contrast, the insulin receptor substrate 1 (IRS-1) and IRS-2 protein expressions were increased in spite of the partial loss of insulin levels. It has been described that IRS-2 is suppressed at the transcriptional level by insulin; therefore, the mRNA of IRS-2 increases in the fasting state, when the serum insulin levels are quite low, and immediately decreases after food intake, associated with the increase in the serum insulin levels induced by food intake [62]. In contrast, hyperinsulinemic state downregulates IRS protein expression such as occurs in metabolic syndrome [62]. Our experimental diabetic model showed low levels of insulin that could explain hyperglycemia, a decrease in GLUT4 protein expression (Figure 9) and an increase in IRSs protein expression. Allicin was able to partially prevent the alterations in insulin signaling, which was traduced in reduction in hyperglycemia. Moreover, allicin treatment also improved insulin concentrations, suggesting that this compound might have beneficial effects on the remnant pancreatic beta cells. Other beneficial effects of allicin include the improvement in blood glucose, fructosamine, glycated hemoglobin, triglycerides, total cholesterol, high/low-density lipoprotein levels, and reduction in body weight gain and fat deposition [63,64]. On the other hand, it has been proposed that the imbalance in the intestinal microbiota may play a key role in the absorption of nutrients and therefore in the development of metabolic diseases. In this regard, it was shown that the effects of allicin on obesity-associated dyslipidemia are related to the modification of the intestinal microbiota [64].



Besides, oxidative stress, inflammation, and vascular remodeling actively participate in the progression of diabetic macroangiopathy, and allicin blocks these pathogenic processes by decreasing tumor necrosis factor α (TNF-α), vascular cell adhesion molecule 1 (VCAM-1), matrix metalloproteinase 2 (MMP-2), inducible nitric oxide synthase (iNOS), and monocyte chemotactic protein 1 (MCP-1), possibly in association with its effects on nuclear factor kappa-B (NF-κB), Nrf2 and blood glucose [33].



Alliin, a sulfur compound precursor and natural precursor of allicin, has shown several properties that could improve glucose metabolism, such as inhibition of glycolysis or direct/indirect stimulation of insulin secretion; it has been suggested that its hypoglycemic activity can be due to this sulfur compound [63,65,66]. In this manner, in agreement with our results, we cannot rule out that allicin has antidiabetic activity because sulfur is also present in the allicin structure (Figure 10). In this regard, a recent analysis of physicochemical properties of allicin revealed that this compound displays good permeation and molecular docking studies predict that allicin has the potential to bind at the active site of sulfonylurea receptor 1 (SUR1), complex 1 and peroxisome proliferator-activated receptor-gamma (PPARγ) which could promote antidiabetic properties of allicin [67]. Studies addressing the expression and activity of these receptors under allicin treatment will shed experimental light on this issue.



Thus, our results suggest an antidiabetogenic mechanism of allicin which involves partially an insulin secretagogue mechanism and a signaling pathway that modulates GLUT4 and IRS, a complex signaling pathway that was not addressed in our study and will be studied in future research. In addition, our lysis methods in muscle do not discriminate between cytosol and membrane fractions. Therefore, our results show the increase in GLUT4 expression, but this does not indicate its expression at the plasma membrane or cytoplasmic, nor does it suggest IRSs activation or translocation. Another limitation of our study is that we do not know how the expression of GLUT4 and the IRSs were previous to administration of allicin. These data at the same time strengthen the present study because our experimental design allows us to claim that the effects found in the treated group were induced by allicin. Our study was designed to simulate what happens in patients who are usually diagnosed and treated when the disease is already in course and several risk factors for vascular disease are already established [1,12,30]. Hence, our results support noticeable antihypertensive and antidiabetic effects of allicin, which will be deeply addressed in future work. The beneficial effects of allicin have also been described in degenerative diseases such as cancer. Thus, allicin has a potent inhibitory activity on ornithine decarboxylase, a rate-limiting enzyme involved in oncometabolite biosynthesis. In addition, in assays in vitro, allicin has been shown to inhibit cell proliferation and induce apoptosis [68].



In addition, our data showed novel effects of allicin in diabetes suggesting that this compound could be potentially considered as a new therapeutic option targeting the OS–hypoxia–fibrosis pathway in diabetes (Figure 10). We need to conduct a research experiment to obtain the information about the allicin activity as antidiabetic agent, especially related to the quantity of this compound with intrinsic antidiabetic activity.



Diabetes, hypertension, hyperglycemia and oxidative stress are crucial risk factors for CVD and diabetic kidney disease and often coexist. Thus, the patients require therapy for each of these alterations in order to reduce or prevent the vascular complications. Still, treatments can help to relieve the symptoms and slow the progression, thereby offering a better prognosis and life quality to patients. However, these interventions do not prevent the progression of vascular diseases. Probably, the reason for this is that there are various etiologies and mechanisms involved, hence multi-target interventions should be used. Our results showed that allicin can offer several beneficial effects, such as antihypertensive, antioxidant, anti-inflammatory, antifibrotic, and antidiabetic, that globally contribute to delay the progression of nephropathy and probably the risk for CVD. Therefore, allicin may be considered as a potential natural therapeutic option to support the pharmacological treatment of vascular and renal diseases, not only secondary to diabetes, but also the vascular diseases induced by other causes such as hypertension and oxidative stress.




5. Conclusions


Based on the presented results, allicin delays the progression of nephropathy, likely mediated by the downregulation of the OS–hypoxia–fibrosis pathway, HIF-1α and CTGF. Furthermore, allicin improved blood pressure, insulin bioavailability and decreased hyperglycemia by the modulation of GLUT4 and IRS proteins in muscle. Thus, we can suggest allicin as a therapeutic natural option to aid in the improvement of hyperglycemia, control of OS and the prevention of DN progression.








Supplementary Materials


The following are available online at https://www.mdpi.com/2076-3921/9/11/1134/s1, Figure S1: Urinary excretion of (a) Nephrin and (b) KIM-1. Ctrl: Control; DM: Diabetes; DA: Diabetes treated with allicin. a.u.; arbitrary units. Values are expressed as mean ± SEM of 5 animals from each experimental group * p < 0.05 vs. Ctrl, + p < 0.05 vs. DM.





Author Contributions


Conceptualization, A.S.A.-B. and H.O.-A.; data curation, M.L.L.-M., R.A.-G., E.T. and H.O.-A.; formal analysis, M.L.L.-M., R.A.-G., E.T.; investigation and methodology, L.G.C.-L., M.L.L.-M., F.E.G.-A. and P.R.-M.; supervision, J.P.-C. and L.G.S.-L.; validation, R.A.-G., E.T. and H.O.-A.; visualization, J.P.-C. and L.G.S.-L.; writing—original draft, A.S.A.-B., J.G.J.-R. and H.O.-A.; writing—review and editing, R.A.-G., J.G.J.-R., E.T., J.P.-C., L.G.S.-L. and H.O.-A. All authors discussed the results and commented on the manuscript. All authors have read and agreed to the published version of the manuscript.




Funding


This research received no external funding.




Acknowledgments


This study was supported by Fondos del Gasto Directo Autorizado a la Subdirección de Investigación Básica, INC “Ignacio Chávez”.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Maqbool, M.; Cooper, M.E.; Jandeleit-Dahm, K. Cardiovascular Disease and Diabetic Kidney Disease. Semin. Nephrol. 2018, 38, 217–232. [Google Scholar] [CrossRef] [PubMed]

	



Ghaderian, S.B.; Hayati, F.; Shayanpour, S.; Beladi Mousavi, S.S. Diabetes and end-stage renal disease; a review article on new concepts. J. Ren. Inj. Prev. 2015, 4, 28–33. [Google Scholar] [PubMed]

	



Alicic, R.Z.; Tuttle, K.R. Diabetic Kidney Disease Challenges, Progress, and Possibilities. Clin. J. Am. Soc. Nephrol. 2017, 12, 2032–2045. [Google Scholar] [CrossRef] [PubMed]

	



Yusuf, S.; Hawken, S.; Ounpuu, S.; Dans, T.; Avezum, A.; Lanas, F.; McQueen, M.; Budaj, A.; Pais, P.; Varigos, J. Effect of potentially modifiable risk factors associated with myocardial infarction in 52 countries (the INTERHEART study): Case-control study. Lancet 2004, 364, 937–952. [Google Scholar] [CrossRef]

	



Medina-Urrutia, A.X.; Martínez-Sánchez, F.D.; Posadas-Romero, C.; Jorge-Galarza, E.; Martínez-Alvarado, M.; González-Salazar, M.; Osorio-Alonso, H.; Juárez-Rojas, J.G. Metabolic control achievement in a population with premature coronary artery disease: Results of the genetics of atherosclerotic disease study. Ther. Adv. Endocrinol. Metab. 2020, 11. [Google Scholar] [CrossRef]

	



Jorge-Galarza, E.; Martínez-Sánchez, F.D.; Javier-Montiel, C.I.; Medina-Urrutia, A.X.; Posadas-Romero, C.; González-Salazar, M.C.; Osorio-Alonso, H.; Arellano-Buendía, A.S.; Juárez-Rojas, J.G. Control of blood pressure levels in patients with premature coronary artery disease: Results from the Genetics of Atherosclerotic Disease study. J. Clin. Hypertens. 2020, 22, 1253–1262. [Google Scholar] [CrossRef]

	



Danaei, G.; Finucane, M.M.; Lu, Y.; Singh, G.M.; Cowan, M.J.; Paciorek, C.J.; Lin, J.K.; Farzadfar, F.; Khang, Y.H.; Stevens, G.A.; et al. National, regional, and global trends in fasting plasma glucose and diabetes prevalence since 1980: Systematic analysis of health examination surveys and epidemiological studies with 370 country-years and 2.7 million participants. Lancet 2011, 378, 31–40. [Google Scholar] [CrossRef]

	



Abubakar, I.I.; Tillmann, T.; Banerjee, A. Global, regional, and national age-sex specific all-cause and cause-specific mortality for 240 causes of death, 1990–2013: A systematic analysis for the Global Burden of Disease Study 2013. Lancet 2015, 385, 117–171. [Google Scholar]

	



Asmat, U.; Abad, K.; Ismail, K. Diabetes mellitus and oxidative stress—A concise review. Saudi Pharm. J. 2016, 24, 547–553. [Google Scholar] [CrossRef]

	



Fiorentino, T.V.; Prioletta, A.; Zuo, P.; Folli, F. Hyperglycemia-induced oxidative stress and its role in diabetes mellitus related cardiovascular diseases. Curr. Pharm. Des. 2013, 19, 5695–5703. [Google Scholar] [CrossRef]

	



Volpe, C.M.O.; Villar-Delfino, P.H.; dos Anjos PMFNogueira-Machado, J.A. Cellular death, reactive oxygen species (ROS) and diabetic complications. Cell Death Dis. 2018, 9, 2–9. [Google Scholar] [CrossRef] [PubMed]

	



Arellano-Buendía, A.S.; Tostado-González, M.; García-Arroyo, F.E.; Cristóbal-García, M.; Loredo-Mendoza, M.L.; Tapia, E.; Sanchez-Lozada, L.G.; Osorio-Alonso, H. Anti-Inflammatory Therapy Modulates Nrf2-Keap1 in Kidney from Rats with Diabetes. Oxid. Med. Cell. Longev. 2016, 2016. [Google Scholar] [CrossRef] [PubMed]

	



Al-Waili, N.; Al-Waili, H.; Al-Waili, T.; Salom, K. Natural antioxidants in the treatment and prevention of diabetic nephropathy; a potential approach that warrants clinical trials. Redox Rep. 2017, 22, 99–118. [Google Scholar] [CrossRef] [PubMed]

	



Gioscia-Ryan, R.A.; LaRocca, T.J.; Sindler, A.L.; Zigler, M.C.; Murphy, M.P.; Seals, D.R. Mitochondria-targeted antioxidant (MitoQ) ameliorates age-related arterial endothelial dysfunction in mice. J. Physiol. 2014, 592, 2549–2561. [Google Scholar] [CrossRef]

	



Palm, F.; Cederberg, J.; Hansell, P.; Liss, P.; Carlsson, P.-O. Reactive oxygen species cause diabetes-induced decrease in renal oxygen tension. Diabetologia 2003, 46, 1153–1160. [Google Scholar] [CrossRef]

	



Honda, T.; Hirakawa, Y.; Nangaku, M. The role of oxidative stress and hypoxia in renal disease. Kidney Res. Clin. Pract. 2019, 38, 414–426. [Google Scholar] [CrossRef]

	



Fine, L.G.; Bandyopadhay, D.; Norman, J. Is there a common mechanism for the progression of different types of renal diseases other than proteinuria? Towards the unifying theme of chronic hypoxia. Kidney Int. Suppl. 2000, 75, S22–S26. [Google Scholar] [CrossRef]

	



Siervo, M.; Riley, H.L.; Fernandez, B.O.; Leckstrom, C.A.; Martin, D.S.; Mitchell, K.; Levett, D.Z.; Montgomery, H.; Mythen, M.G.; Grocott, M.P.W.; et al. Effects of prolonged exposure to hypobaric hypoxia on oxidative stress, inflammation and gluco-insular regulation: The not-so-sweet price for good regulation. PLoS ONE 2014, 9, e94915. [Google Scholar] [CrossRef]

	



Jiao, Y.; Lu, H.; Yang, Y.; Zhang, Y.; Zhang, K.; Liu, H. Deficiency of hypoxia inducible factor 1α promoted progression of diabetic nephropathy with hypertension. Exp. Ther. Med. 2018, 16, 3658–3662. [Google Scholar] [CrossRef]

	



Qiu, Y.; Huang, X.; He, W. The regulatory role of HIF-1 in tubular epithelial cells in response to kidney injury. Histol. Histopathol. 2020, 35, 321–330. [Google Scholar]

	



Elkayam, A.; Peleg, E.; Grossman, E.; Shabtay, Z.; Sharabi, Y. Effects of Allicin on Cardiovascular Risk Factors in Spontaneously Hypertensive Rats. Isr. Med. Assoc. J. 2013, 115, 170–173. [Google Scholar]

	



Borlinghaus, J.; Albrecht, F.; Gruhlke, M.C.H.; Nwachukwu, I.D.; Slusarenko, A.J. Allicin: Chemistry and biological properties. Molecules 2014, 19, 12591–12618. [Google Scholar] [CrossRef] [PubMed]

	



García-Trejo, E.M.A.; Arellano-Buendía, A.S.; Argüello-García, R.; Loredo-Mendoza, M.L.; García-Arroyo, F.E.; Arellano-Mendoza, M.G.; Castillo-Hernández, M.C.; Guevara-Balcázar, G.; Tapia, E.; Sánchez-Lozada, L.G.; et al. Effects of Allicin on Hypertension and Cardiac Function in Chronic Kidney Disease. Oxid. Med. Cell Longev. 2016, 2016. [Google Scholar] [CrossRef] [PubMed]

	



Trejo, E.M.; Ángel, G.; Buendía, A.S.A.; Reyes, O.S.; García-Arroyo, F.E.; García, R.A.; Mendoza, M.L.L.; Tapia, E.; Sanchez-Lozada, L.G.; Alonso, H.O. The Beneficial Effects of Allicin in Chronic Kidney Disease Are Comparable to Losartan. Int. J. Mol. Sci. 2017, 18, 1980. [Google Scholar] [CrossRef] [PubMed]

	



Chan, J.Y.-Y.; Yuen, A.C.-Y.; Chan, R.Y.-K.; Chan, S.-W. A review of the cardiovascular benefits and antioxidant properties of allicin. Phytother. Res. 2013, 27, 637–646. [Google Scholar] [CrossRef]

	



Huang, H.; Jiang, Y.; Mao, G.; Yuan, F.; Zheng, H.; Ruan, Y.; Wu, T. Protective effects of allicin on streptozotocin-induced diabetic nephropathy in rats. J. Sci. Food Agric. 2017, 97, 1359–1366. [Google Scholar] [CrossRef]

	



Buendía, A.S.A.; González, M.T.; Reyes, O.S.; García-Arroyo, F.E.; García, R.A.; Tapia, E.; Sanchez-Lozada, L.G.; Alonso, H.O. Immunomodulatory Effects of the Nutraceutical Garlic Derivative Allicin in the Progression of Diabetic Nephropathy. Int. J. Mol. Sci. 2018, 19, 3107. [Google Scholar] [CrossRef]

	



Argüello-García, R.; Pérez-Hernández, N.; Pedraza-Chaverrí, J.; Ortega-Pierres, G. Hypoclorous acid scavenging activities of thioallyl compound from garlic. J. Agric. Food Chem. 2010, 58, 11226–11233. [Google Scholar] [CrossRef]

	



Encarnacion, M.M.D.; Griffin, M.D.; Slezak, J.M.; Bergstralh, E.J.; Stegall, M.D.; Velosa, J.A.; Grande, J.P. Correlation of quantitative digital image analysis with the glomerular filtration rate in chronic allograft nephropathy. Am. J. Transpl. 2004, 4, 248–256. [Google Scholar] [CrossRef]

	



Jha, J.C.; Banal, C.; Chow, B.S.; Cooper, M.E.; Jandeleit-Dahm, K. Diabetes and Kidney Disease: Role of Oxidative Stress. Antioxid. Redox Signal. 2016, 25, 657–684. [Google Scholar] [CrossRef]

	



Wang, J.; Chen, Y.; Xu, W.; Lu, N.; Cao, J.; Yu, S. Effects of intensive blood pressure lowering on mortality and cardiovascular and renal outcomes in type 2 diabetic patients: A meta-analysis. PLoS ONE 2019, 14, e0215362. [Google Scholar] [CrossRef] [PubMed]

	



Lopes, T.G.; de Souza, M.L.; da Silva, V.D.; Dos Santos, M.; da Silva, W.; Itaquy, T.P.; Garbin, H.I.; Veronese, F.V. Markers of renal fibrosis: How do they correlate with podocyte damage in glomerular diseases? PLoS ONE 2019, 14, e0217585. [Google Scholar] [CrossRef] [PubMed]

	



Torres, Á.; Muñoz, K.; Nahuelpán, Y.R.; Saez, A.P.; Mendoza, P.; Jara, C.; Cappelli, C.; Suarez, R.; Oyarzún, C.; Quezada, C.; et al. Intraglomerular Monocyte/Macrophage Infiltration and Macrophage-Myofibroblast Transition during Diabetic Nephropathy Is Regulated by the A2B Adenosine Receptor. Cells 2020, 9, 1051. [Google Scholar] [CrossRef] [PubMed]

	



Huang, H.; Zheng, F.; Dong, X.; Wu, F.; Wu, T.; Li, H. Allicin inhibits tubular epithelial-myofibroblast transdifferentiation under high glucose conditions in vitro. Exp. Ther. Med. 2017, 13, 254–262. [Google Scholar] [CrossRef] [PubMed]

	



Kobayashi, T.; Okada, H.; Inoue, T.; Kanno, Y.; Suzuki, H. Tubular expression of connective tissue growth factor correlates with interstitial fibrosis in type 2 diabetic nephropathy. Nephrol. Dial. Transplant. 2006, 21, 548–549. [Google Scholar] [CrossRef] [PubMed]

	



Koop, K.; Eikmans, M.; Baelde, H.J.; Kawachi, H.; De Heer, E.; Paul, L.C.; Bruijn, J.A. Expression of podocyte-associated molecules in acquired human kidney diseases. J. Am. Soc. Nephrol. 2003, 14, 2063–2071. [Google Scholar] [CrossRef]

	



Jia, J.; Ding, G.; Zhu, J.; Chen, C.; Liang, W.; Franki, N.; Singhal, P.C. Angiotensin II infusion induces nephrin expression changes and podocyte apoptosis. Am. J. Nephrol. 2008, 28, 500–507. [Google Scholar] [CrossRef]

	



Forbes, J.M.; Bonnet, F.; Russo, L.M.; Burns, W.C.; Cao, Z.; Candido, R.; Kawachi, H.; Allen, T.J.; Cooper, M.E.; Jerums, G.; et al. Modulation of nephrin in the diabetic kidney: Association with systemic hypertension and increasing albuminuria. J. Hypertens. 2002, 20, 985–992. [Google Scholar] [CrossRef]

	



Langham, R.G.; Kelly, D.J.; Cox, A.J.; Gow, R.M.; Holthofer, H.; Gilbert, R.E. Angiotensin II-induced proteinuria and expression of the podocyte slit pore membrane protein, nephrin. Nephrol. Dial. Transplant. 2004, 19, 262–263. [Google Scholar] [CrossRef]

	



Jim, B.; Ghanta, M.; Qipo, A.; Fan, Y.; Chuang, P.Y.; Cohen, H.W.; Abadi, M.; Thomas, D.B.; He, J.C. Dysregulated nephrin in diabetic nephropathy of type 2 diabetes: A cross sectional study. PLoS ONE 2012, 7, e36041. [Google Scholar] [CrossRef]

	



Kostovska, I.; Tosheska-Trajkovska, K.; Topuzovska, S.; Cekovska, S.; Spasovski, G.; Kostovski, O.; Labudovic, D. Urinary nephrin is earlier, more sensitive and specific marker of diabetic nephropathy than microalbuminuria. J. Med. Biochem. 2020, 39, 83–90. [Google Scholar] [CrossRef] [PubMed]

	



Horev-Azaria, L.; Eliav, S.; Izigov, N.; Pri-Chen, S.; Mirelman, D.; Miron, T.; Rabinkov, A.; Wilchek, M.; Jacob-Hirsch, J.; Amariglio, N.; et al. Allicin up-regulates cellular glutathione level in vascular endothelial cells. Eur. J. Nutr. 2009, 48, 67–74. [Google Scholar] [CrossRef] [PubMed]

	



Li, X.-H.; Li, C.-Y.; Xiang, Z.-G.; Hu, J.-J.; Lu, J.-M.; Tian, R.-B.; Jia, W. Allicin Ameliorates Cardiac Hypertrophy and Fibrosis through Enhancing of Nrf2 Antioxidant Signaling Pathways. Cardiovasc. Drugs Ther. 2012, 26, 457–465. [Google Scholar] [CrossRef] [PubMed]

	



Miron, T.; Wilchek, M.; Sharp, A.; Nakagawa, Y.; Naoi, M.; Nozawa, Y.; Akao, Y. Allicin inhibits cell growth and induces apoptosis through the mitochondrial pathway in HL60 and U937 cells. J. Nutr. Biochem. 2008, 19, 524–535. [Google Scholar] [CrossRef] [PubMed]

	



Rabinkov, A.; Miron, T.; Mirelman, D.; Wilchek, M.; Glozman, S.; Yavin, E.; Weiner, L. S-Allylmercaptoglutathione: The reaction product of allicin with glutahione possesses SH-Modifying and antioxidant properties. Biochim. Biophys. Acta (BBA)-Mol. Cell Res. 2000, 1499, 144–153. [Google Scholar] [CrossRef]

	



Okada, Y.; Tanaka, K.; Sato, E.; Okajima, H. Kinetic and mechanistic studies of allicin as an antioxidant. Org. Biomol. Chem. 2006, 4, 4113–4117. [Google Scholar] [CrossRef] [PubMed]

	



Rabinkov, A.; Miron, T.; Konstantinovski, L.; Wilchek, M.; Mirelman, D.; Weiner, L. The mode of action of allicin: Trapping of radicals andd interaction with thiol containning proteins. Biochim. Biophys. Acta (BBA)-Gen. Subj. 1998, 1379, 233–244. [Google Scholar] [CrossRef]

	



Prasad, K.; Laxdal, V.A.; Yu, M.; Raney, B.L. Antioxidant activity of allicin, an active principle in garlic. Mol. Cell. Biochem. 1995, 148, 183–189. [Google Scholar] [CrossRef]

	



Fujisawa, H.; Suma, K.; Origuchi, K.; Seki, T.; Ariga, T. Thermostability of allicin determined by chemical and biological assays. Biosci. Biotechnol. Biochem. 2008, 72, 2877–2883. [Google Scholar] [CrossRef]

	



Rosenberger, C.; Khamaisi, M.; Abassi, Z.; Shilo, V.; Weksler-Zangen, S.; Goldfarb, M.T.; Shina, A.; Zibertrest, F.; Eckardt, K.; Rosen, S.; et al. Adaptation to hypoxia in the diabetic rat kidney. Kidney Int. 2008, 73, 34–42. [Google Scholar] [CrossRef]

	



Arjamaa, O.; Nikinmaa, M. Oxygen-dependent diseases in the retina: Role of hypoxia-inducible factors. Exp. Eye Res. 2006, 83, 473–483. [Google Scholar] [CrossRef] [PubMed]

	



Bahlmann, F.H.; Boehm, S.M.; Mengel, M.; von Wasielewski, R.; Lindschau, C.; Kirsch, T.; de Groot, K.; Laudeley, R.; Niemczyk, E.; Güler, F.; et al. Low-dose therapy with the long-acting erythropoietin analogue darbepoetin alpha persistently activates endothelial Akt and attenuates progressive organ failure. Circulation 2004, 110, 1006–1012. [Google Scholar] [CrossRef] [PubMed]

	



Eto, N.; Inagi, R.; Takano, H.; Shimizu, A.; Kato, H.; Kurihara, H.; Kawachi, H.; Shankland, S.J.; Fujita, T.; Nangaku, M. Podocyte protection by darbepoetin: Preservation of the cytoskeleton and nephrin expression. Kidney Int. 2007, 72, 455–463. [Google Scholar] [CrossRef] [PubMed]

	



Katavetin, P.; Inagi, R.; Miyata, T.; Shao, J.; Sassa, R.; Adler, S.; Eto, N.; Kato, H.; Fujita, T.; Nangaku, M. Erythropoietin induces heme oxygenase-1 expression and attenuates oxidative stress. Biochem. Biophys. Res. Commun. 2007, 359, 928–934. [Google Scholar] [CrossRef]

	



Fischer, C.; Deininger, N.; Wolf, G.; Loeffler, I. CERA attenuates kidney fibrogenesis in the db/db mouse by influencing the renal myofibroblast generation. J. Clin. Med. 2018, 7, 15. [Google Scholar] [CrossRef]

	



Loeffler, I.; Rüster, C.; Franke, S.; Liebisch, M.; Wolf, G. Erythropoietin ameliorates podocyte injury in advanced diabetic nephropathy in the db/db mouse. Am. J. Physiol. Ren. Physiol. 2013, 305, F911–F918. [Google Scholar] [CrossRef]

	



Menne, J.; Park, J.-K.; Shushakova, N.; Mengel, M.; Meier, M.; Fliser, D. The continuous erythropoietin receptor activator affects different pathways of diabetic renal injury. J. Am. Soc. Nephrol. 2007, 18, 2046–2053. [Google Scholar] [CrossRef]

	



Luo, R.; Zhang, W.; Zhao, C.; Zhang, Y.; Wu, H.; Jin, J.; Zhang, W.; Grenz, A.; Eltzschig, H.K.; Tao, L.; et al. Elevated Endothelial Hypoxia-Inducible Factor-1α Contributes to Glomerular Injury and Promotes Hypertensive Chronic Kidney Disease. Hypertension 2015, 66, 75–84. [Google Scholar] [CrossRef]

	



Kimura, K.; Iwano, M.; Higgins, D.F.; Yamaguchi, Y.; Nakatani, K.; Harada, K.; Kubo, A.; Akai, Y.; Rankin, E.B.; Neilson, E.G.; et al. Stable expression of HIF-1alpha in tubular epithelial cells promotes interstitial fibrosis. Am. J. Physiol. Ren. Physiol. 2008, 295, F1023–F1029. [Google Scholar] [CrossRef]

	



Liu, Y.; Qi, H.; Wang, Y.; Wu, M.; Cao, Y.; Huang, W.; Li, L.; Ji, Z.; Sun, H. Allicin protects against myocardial apoptosis and fibrosis in streptozotocin-induced diabetic rats. Phytomedicine 2012, 19, 693–698. [Google Scholar] [CrossRef]

	



Wang, J.; Zhu, H.; Huang, L.; Zhu, X.; Sha, J.; Li, G.; Ma, G.; Zhang, W.; Gu, M.; Guo, Y.; et al. Nrf2 signaling attenuates epithelial-to-mesenchymal transition and renal interstitial fibrosis via PI3K/Akt signaling pathways. Exp. Mol. Pathol. 2019, 111, 104296. [Google Scholar] [CrossRef] [PubMed]

	



Taniguchi, C.M.; Emanuelli, B.; Kahn, C.R. Critical nodes in signalling pathways: Insights into insulin action. Nat. Rev. Mol. Cell Biol. 2006, 7, 85–96. [Google Scholar] [CrossRef] [PubMed]

	



Qin, Z.; Wang, S.; Lin, Y.; Zhao, Y.; Yang, S.; Song, J.; Xie, T.; Tian, J.; Wu, S.; Du, G. Antihyperuricemic effect of mangiferin aglycon derivative J99745 by inhibiting xanthine oxidase activity and urate transporter 1 expression in mice. Acta Pharm. Sin. B 2017, 8, 306–315. [Google Scholar] [CrossRef] [PubMed]

	



Shi, X.; Zhou, X.; Chu, X.; Wang, J.; Xie, B.; Ge, J.; Guo, Y.; Li, X.; Yang, G. Allicin Improves Metabolism in High-Fat Diet-Induced Obese Mice by Modulating the Gut Microbiota. Nutrients 2019, 11, 2909. [Google Scholar] [CrossRef] [PubMed]

	



Padiya, R. Garlic as an anti-diabetic agent: Recent progress and patent reviews. Recent Patents Food Nutr. Agric. 2013, 5, 105–127. [Google Scholar] [CrossRef]

	



Melino, S.; Leo, S.; Toska Papajani, V. Natural Hydrogen Sulfide Donors from Allium sp. as a Nutraceutical Approach in Type 2 Diabetes Prevention and Therapy. Nutrients 2019, 11, 1581. [Google Scholar] [CrossRef]

	



Reynaldi, M.A.; Riza, H.; Luliana, S. Docking study of allicin with sulfonylurea receptor 1, complex 1 and PPARγ receptor on insulin resistance. Int. J. Pharm. Pharm. Sci. 2018, 10, 130–133. [Google Scholar] [CrossRef]

	



Schultz, C.R.; Gruhlke, M.C.H.; Slusarenko, A.J.; Bachmann, A.S. Allicin, a Potent New Ornithine Decarboxylase Inhibitor in Neuroblastoma Cells. J. Nat. Prod. 2020, 83, 2518–2527. [Google Scholar] [CrossRef]








[image: Antioxidants 09 01134 g001 550] 





Figure 1. Experimental design to assess the effects of allicin on progression of diabetic nephropathy. After one month of follow-up, the treatments were started and given for one month. 
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Figure 2. Effects of allicin on systolic blood pressure. Ctrl: control; DM: diabetic; DA: diabetic treated with allicin. mmHg; millimeters of mercury. Values represent mean ± SEM of at least 6 animals from each experimental group. * p < 0.05 vs. Ctrl; + p < 0.05 vs. DM; α p < 0.05 vs. DM day 30. 
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Figure 3. Effects of allicin on glomerular and tubular markers of kidney injury in cortex. (a) Nephrin and (b) kidney injury molecule-1 (KIM-1). Ctrl: control; DM: diabetes; DA: diabetes treated with allicin; a.u: arbitrary units. For representative Western blotting, 3 randomly selected samples per group were analyzed. Results are presented as mean ± SEM and analyzed by one-way ANOVA. Statistical significance was established as * p < 0.05 vs. Ctrl, + p < 0.05 vs. DM. 






Figure 3. Effects of allicin on glomerular and tubular markers of kidney injury in cortex. (a) Nephrin and (b) kidney injury molecule-1 (KIM-1). Ctrl: control; DM: diabetes; DA: diabetes treated with allicin; a.u: arbitrary units. For representative Western blotting, 3 randomly selected samples per group were analyzed. Results are presented as mean ± SEM and analyzed by one-way ANOVA. Statistical significance was established as * p < 0.05 vs. Ctrl, + p < 0.05 vs. DM.



[image: Antioxidants 09 01134 g003]







[image: Antioxidants 09 01134 g004 550] 





Figure 4. Mesangial matrix and quantitative analysis of rat kidneys. Representative photomicrographs of one kidney cortex section of each experimental group. Control (Ctrl) with no changes in glomeruli mesangium seen in light purple (arrows). Diabetes (DM) illustrates expansion of the mesangium (arrows), which is thicker and denser than the one of control group. Diabetes + Allicin (DA) depicts a mesangium (arrows) with characteristics between the control and the DM groups. Periodic acid-Schiff (PAS stain), 200× original magnification. Graph shows quantitative analysis of mesangial matrix index. Values are expressed as mean ± SEM of n = 5 * p < 0.001 vs. Ctrl; + p < 0.001 vs. DM. 
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Figure 5. Interstitial fibrosis and quantitative analysis of rat kidneys. Sirius Red for collagen staining (fibrosis) in red of kidney cortex sections, representative of each experimental group. Control (Ctrl) shows very thin red lines (arrows) separating the cortex tubules in a normal interstitium. Diabetes (DM) depicts a clear modest widening of the interstitium (arrows) in comparison with the control. Diabetes + Allicin (DA) photomicrograph allows the visualization of a near normal interstitium, with a few areas of a thicker space between tubules (arrows). Original magnification 200×. Graph shows quantitative analysis of interstitial fibrosis. Values are expressed as mean ± SEM of n = 5 * p < 0.001 vs. Ctrl; + p < 0.001 vs. DM. 
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Figure 6. Effects of allicin on fibrotic markers in kidney. (a) Connective tissue growth factor (CTGF), (b) transforming growth factor-β1 (TGF-β1) and (c) alpha-smooth muscle actin (α-SMA). Ctrl: control; DM: diabetes; DA: diabetes treated with allicin; a.u: arbitrary units. For representative Western blotting, 3 randomly selected samples per group were analyzed. Results are presented as mean ± SEM and analyzed by one-way ANOVA. Statistical significance was established as * p < 0.05 vs. Ctrl, + p < 0.05 vs. DM. 
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Figure 7. Evaluation of oxidative stress. (a) Total antioxidant status in plasma, (b) nuclear factor erythroid 2-related factor 2 (Nrf2) expression in kidney cortex, and (c) kelch-like ECH associated-protein 1 (Keap1) expression in kidney cortex. Ctrl: control; DM: diabetes; DA: diabetes treated with allicin; a.u: arbitrary units. For representative Western blotting, 3 randomly selected samples per group were analyzed. Results are presented as mean ± SEM and analyzed by one-way ANOVA. Statistical significance was established as * p < 0.05 vs. Ctrl, + p < 0.05 vs. DM. 
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Figure 8. Effects of allicin on hypoxic factors induced by oxidative stress. (a) Hypoxia-inducible factor 1-alpha (HIF-1α), (b) vascular endothelial growth factor (VEGF), (c) erythropoietin (Epo), and (d) erythropoietin receptor (Epo-R). Ctrl: control; DM: diabetes; DA: diabetes treated with allicin; a.u: arbitrary units. For representative Western blotting, 3 randomly selected samples per group were analyzed. Results are presented as mean ± SEM and analyzed by one-way ANOVA. Statistical significance was established as * p < 0.05 vs. Ctrl, + p < 0.05 vs. DM. 
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Figure 9. Effects of allicin on glucose homeostasis of rats. (a) Blood glucose and (b) plasma insulin levels; (c) glucose transporter expression and (d) insulin receptor substrate expression were assessed in skeletal muscle homogenate. Ctrl: control; DM: diabetic; DA: diabetic treated with allicin; a.u: arbitrary units. For representative Western blotting, 3 randomly selected samples per group were analyzed. Results are presented as mean ± SEM and analyzed by one-way ANOVA. Statistical significance was established as * p < 0.05 vs. Ctrl, + p < 0.05 vs. DM, α p < 0.05 vs. DM day 30, β p < 0.05 vs. DA day 30. 
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Figure 10. Effects of allicin on pathophysiological mechanisms during progression of nephropathy associated to diabetes. Structure of allicin (diallyl thiosulfinate): red spheres, oxygen; yellow spheres, sulfur; gray spheres, carbon; white spheres, hydrogen. 
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Table 1. Biochemical markers of renal function.
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	Parameter/Group
	Ctrl
	DM
	DA





	Urinary volume (mL/24 h)
	16.44 ± 2.10
	44.67 ± 6.97 *
	33.18 ± 2.53 *+



	sCr (mg/dL)
	0.69 ± 0.01
	0.73 ± 0.04
	0.73 ± 0.01



	BUN (mg/dL)
	22.83 ± 1.108
	30.44 ± 0.88 *
	27.60 ± 1.22 *



	uCr (mg/mL)
	7.44 ± 0.69
	28.88 ± 5.96 *
	22.50 ± 2.72 *



	uUrea (mg/mL)
	160.6 ± 12.77
	323.4 ± 21.36 *
	256.5 ± 18.83 *,+



	CrCl (ml/min)
	0.75 ± 0.016
	2.66 ± 0.20 *
	2.15 ± 0.08 *,+







Ctrl: control; DM: diabetes mellitus; DA: diabetes allicin; sCr: serum creatinine; BUN: blood urea nitrogen; uCr: urinary creatinine; uUrea: urinary urea; CrCl: creatinine clearance. * p < 0.05 vs. Ctrl; + p < 0.05 vs. DM.
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