Glycyrrhizic acid attenuated glycative stress in kidney of diabetic mice through enhancing glyoxalase pathway
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ABSTRACT 
Anti-glycative effects of glycyrrhizic acid (GA) in kidney of diabetic mice were examined.  GA at 0.05, 0.1 and 0.2% was supplied to diabetic mice for 9 weeks.  Results showed that GA intake increased its deposit in kidney, and dose-dependently decreased plasma glucose, plasma blood urine nitrogen, and improved creatinine clearance rate (P<0.05).  Plasma insulin level was raised by dietary GA intake at 0.1 or 0.2% (P<0.05).  GA intake dose-dependently reduced renal carboxymethyllysine level, and at 0.1 and 0.2% decreased plasma HbA1c, urinary glycated albumin and renal pentosidine levels (P<0.05).  Dietary intake of this compound declined renal aldose reductase activity and protein expression, as well as lowered renal fructose and sorbitol levels (P<0.05).  GA intake dose-dependently increased glyoxalase-1 activity and expression, and decreased renal methylglyoxal level (P<0.05).  This compound at 0.1 and 0.2% raised glyoxalase-2 activity and protein expression, and increased D-lactate formation (P<0.05).  GA intake dose-dependently suppressed renal expression of nuclear factor kappa B (NF-(B) p65 and p-p38, and decreased reactive oxygen species production (P<0.05).  This compound at 0.1 and 0.2% declined renal expression of NF-(B p50 and p-ERK1/2 (P<0.05), and lowered renal level or activity of monocyte chemoattractant protein-1, intercellular adhesion molecule-1 and plasminogen activator inhibitor-1.  These findings suggest that glycyrrhizic acid is an anti-glycative and renal-protective agent. 
1. Introduction 
Hyperglycemia favors glucose metabolism through polyol pathway, and promotes the formation of advanced glycation endproducts (AGEs) such as carboxymethyllysine (CML), pentosidine and glycated albumin [1, 2].  Aldose reductase (AR), the first and rate-limiting enzyme in this pathway, reduces glucose to sorbitol, which is then converted to fructose by sorbitol dehydrogenase (SDH).  The reducing free carbonyl group of fructose reacts non-enzymatically with amino groups in proteins, lipids and nucleic acids to form AGEs [3].  AGE overproduction causes glycative injury and facilitates diabetic progression.  Thus, any agent with the ability to suppress polyol pathway may potentially attenuate glycative stress.  On the other hand, glyoxalase system consisting of glyoxalase 1 (GLO-1) and glyoxalase 2 (GLO-2) detoxifies reactive dicarbonyl compounds such as glyoxal and methylglyoxal to less reactive products such as D-lactate [4, 5].  Methylglyoxal is an important precursor of AGEs, and the metabolism of methylglyoxal via glyoxalase pathway decreases the available precursors for AGEs generation.  Thus, any agent with the ability to enhance glyoxalase pathway may also contribute to mitigate glycative injury.  
AGEs up-regulates membrane-anchored receptor for AGEs (RAGE), and the engagement of RAGE by AGEs evokes intracellular reactive oxygen species (ROS) generation, as well as activates mitogen-activated protein kinase (MAPK) and nuclear factor kappa-B (NF-(B) signaling pathways.  The activation of these pathways promotes the formation of inflammatory and fibrotic factors such as monocyte chemoattractant protein-1 (MCP-1), intercellular adhesion molecule-1 (ICAM-1) and plasminogen activator inhibitor-1 (PAI-1) [6, 7].  In addition, soluble RAGE (sRAGE), a RAGE isoform lacking the transmembrane domain, could act as a decoy to interfere AGE-RAGE mediated pathological damage [8].  Thus, the decrease in RAGE and/or increase in sRAGE may decline NF-(B and MAPK pathways, which in turn delay diabetic deterioration.  
Glycyrrhizic acid, a triterpenoic acid, is a conjugate of glucuronic acid and glycyrrhetinic acid [9].  It is a major active compound of licorice (Glycyrrhiza uralensis), which has been widely used in herbal medicine [10, 11].  The anti-diabetic effects of glycyrrhizic acid have been reported, and those authors indicated that this compound provided anti-oxidative and anti-inflammatory protection to alleviate diabetic progression [12, 13].  The study of Feng et al. [14] revealed that this agent could attenuate AGEs induced glycative injury in human umbilical vein endothelial cells.  Thus, glycyrrhizic acid seems a potent anti-glycative compound.  However, the data from in vivo study should be more meaningful to support and explain the anti-glycative effects and mechanism of glycyrrhizic acid.
The purpose of our present study was to investigate the effects of glycyrrhizic acid at various doses on AGEs, RAGE and sRAGE production in kidney of diabetic mice.  The influence of this compound upon renal activity and protein expression of AR, GLO-1, GLO-2, NF-κB and MAPK was also evaluated.  
2 Materials and methods
2.1 Materials

Glycyrrhizic acid (99%, GA) was purchased from Aldrich Chemical Co. (Milwaukee, WI, USA).  All chemicals used in these measurements were of the highest purity commercially available.
2.2 Animals and diets
Male Balb/cA mice, 3 wk old, were obtained from National Laboratory Animal Center (National Science Council, Taipei City, Taiwan).  To induce diabetes, mice with body weight at 22.7( 0.6 g were treated with a single i.v. dose (50 mg/kg) of streptozotocin dissolved in citrate buffer (pH 4.5) into the tail vein of mice after 12 hr fast.  Blood glucose level was monitored on day 10 from the tail vein after 12 hr fast by using a one-touch blood glucose meter (Lifescan Inc. Milpitas, CA, USA).  Mice with fasting blood glucose level ( 250 mg/dL were used for this study.  GA at 0.05, 0.1 or 0.2 g was mixed with 99.95, 99.9 or 99.8 g powder diet, and supplied to diabetic mice.  Animal experiments were performed in accordance with protocols approved by the Animal Care Research Committee of China Medical University (CMU-100-23-N). 
2.3 Experimental design
After diabetes was induced, mice were divided into four groups (10 mice per group): diabetic mice with normal diet, or 0.05, 0.1, or 0.2% GA treatment.  One group of non-diabetic mice consumed normal diet was used for comparison.  All mice had free access to food and water at all times.  Consumed water volume and feed were recorded.  Body weight and plasma glucose level were measured weekly.  Urine was collected from mice housed in metabolic cages for 24 hr.  After 9 wks supplementation, mice were fasted for 12 hr, and killed with carbon dioxide.  Blood, liver and kidney were collected.  Plasma was separated from erythrocytes immediately.  Kidney was perfused with phosphate buffer saline (PBS, pH 7.2) to removed blood residue.  Protein concentration was measured by Bio-Rad protein assay reagent (Bio-Rad Laboratories Inc. Hercules, CA, USA).  In all experiments, sample was diluted to a final concentration of 1 mg protein/mL using PBS.  
2.4 Determination of renal glycyrrhizic acid and glycyrrhetinic acid
The method of Gao et al. [15] was used to measure the renal content of glychrrhizic acid and glycyrrhetinic acid.  Renal homogenate, 100 μL, was mixed with 0.1 mg/mL diphenyl and 0.15 mg/mL nandrolone phenylpropionate as internal standards for glycyrrhizic acid and glycyrrhetinic acid, respectively; and followed by extracting with 1 mL isopropanol-ethyl ether (1:1) and centrifuging at 3000 xg for 5 min at 4°C.  After evaporated by nitrogen gas, the residue was reconstituted in 100 μL of methanol-acetonitrile-water-acetic acid (24:29:47:1), the mobile phase of HPLC.  Identification and quantification were processed by an Agilent 1100 series HPLC system equipped with a Hypersil C18 column (5 (m particle size, 250 x 4.6 mm i.d.), a diode array and fluorescence detector.  The relative standard deviations of precision and accuracy for test compound were less than 5%.

2.5 Blood and urinary analyses
Plasma glucose level was measured by a glucose HK kit (Sigma Chemical Co., St. Louis, MO, USA).  Plasma activity of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) was determined by commercial kits (Randox Laboratories Ltd., Crumlin, UK).  Plasma insulin level was measured by a rat insulin radioimmunoassay kit (Linco Research Inc., St. Charles, MO, USA).  Plasma HbA1c and urinary albumin levels were measured by using a DCA 2000 analyzer (Bayer-Sankyo, Tokyo, Japan).  Glycated albumin was determined by affinity chromatography on phenylboronate agarose to separate nonglycated (unbound) from glycated (bound) albumin via eluting the bound fraction with 0.3 mol/L sorbitol.  Plasma blood urea nitrogen (BUN), plasma creatinine (Cr) and urinary Cr concentrations were detected by a Beckman Autoanalyzer (Beckman Coulter, Fullerton, CA, USA).  Creatinine clearance rate (CCr) was calculated according to Cockcroft-Gault formula: [urinary creatinine (mg/dL) x urinary volume (mL)] ÷ [plasma creatinine (mg/dL) x length of urine collection (min)], and expressed as mL/min/100 g body weight.  
2.6 Measurement of renal CML and pentosidine levels
Renal tissue at 50 mg was homogenized and digested with proteinase K (1 mg/mL) for 3 hr at 37°C, and reaction was stopped by 2 mmol/L phenylmethylsulfonyl fluoride.  CML was immunochemically determined with a competitive ELISA kit (Roche Diagnostics, Penzberg, Germany) using the CML-specific monoclonal antibody 4G9, and calibration with 6-(N-carboxymethylamino)caproic acid.  Absorbance at 405 nm (reference 603 nm) was read in a microtiter ELISA plate reader (Bio-Rad, Hercules, CA, USA).  Intra- and inter-assay variabilities were 5.5 and 6.3%, respectively.  Pentosidine level was analyzed by a HPLC equipped with a C18 reverse-phase column and a fluorescence detector (Waters, Tokyo, Japan) with an excitation and emission wavelength at 335 and 385 nm according to the method described by Miyata et al. [16].  Briefly, sample was lyophilized and acid hydrolyzed in 500 µL 6 N HCl for 16 hr at 110°C in screw-cap tubes purged with nitrogen.  After neutralization with NaOH and diluted with PBS, sample was used for HPLC measurement.  The detection limit was 0.1 picomole of pentosidine per milligram of proteins.
2.7 Assay of renal AR, SDH, GLO-1 and GLO-2 activities
AR activity was assayed according to the method of Nishinaka and Yabe-Nishimura [17] by using d/l-glyceraldehyde as a substrate and monitoring the decrease in absorbance at 340 nm, which reflected NADPH oxidation.  SDH activity was assayed according to the method of Ulrich [18] by mixing 100 (L kidney homogenate, 200 (L NADH (12 mM) and 1.6 mL triethanolamine buffer (0.2 M, pH 7.4), and monitoring the absorbance change at 365 nm.  The methods described by Masterjohn et al. [19] were used to assay GLO-1 and GLO-2 activities.  Renal tissue, 50 mg, was homogenized in 1 mL NaPB containing 0.02% Triton X-100.  After centrifugation at 20,000 xg for 20 min at 4°C, supernatant was collected.  For GLO-1 activity, 1.33 mM hemithioacetal was prepared by incubating 2 mM methylglyoxal and 2 mM glutathione in 50 mM PBS (pH 6.6) for 10 min at 37°C.  Renal homogenate supernatant was mixed with hemithioacetal.  GLO-1 activity was determined by measuring the formation of S-d-lactoylglutathione at 240 nm for 5 min at 37°C.  For GLO-2 activity, renal homogenate supernatant was incubated with 0.3 mM S-d-lactoylglutathione in 50 mM Tris-HCl (pH 7.4), and GLO-2 activity was determined by measuring the disappearance of S-d-lactoylglutathione at 37°C at 240 nm over 3 min.  

2.8 Determination of renal sorbitol, fructose, methylglyoxal, D-lactate and sRAGE levels 
One hundred mg kidney was homogenized with PBS (pH 7.4) containing U-[13C]-sorbitol as an internal standard.  After precipitating protein and centrifugation, the supernatant was lyophilised.  The content of sorbitol and fructose in lyophilized sample was determined by liquid chromatography with tandem mass spectrometry, according to the method of Guerrant and Moss [20].  Renal methylglyoxal level was analyzed by a HPLC method [21].  Renal sample was derivatized with perchloric acid and o-phenylenediamine, and followed by purification with solid-phase extraction on AccuBond extraction cartridges.  After centrifugation, supernatant was collected.  Quantification of methylglyoxal was processed by a HPLC system equipped with a fluorescence detector and a reverse-phase 18 column (5 (m particle size, 250 x 4 mm i.d.).  d-lactate was determined spectrophotometrically using an enzymatic assay (Eton Bioscience, San Diego, CA, USA).  Briefly, 25 mg renal tissue was homogenized in ice-cold 10 mmol/L PBS (pH 7.4), and d-lactate was extracted with ethanol.  Sample was centrifuged at 10,000 xg for 10 min, and supernatant was used.  Total sRAGE level was measured by a commercial ELISA kit (R&D systems, Minneapolis, MN, USA) according to the manufacturer's instructions.  
2.9 Renal level or activity of ROS, MCP-1, ICAM-1 and PAI-1
Renal tissue was homogenized with ice-cold PBS containing 0.05% Tween 20 and 1 mM EDTA.  After centrifuging, the supernatants were used for measurements.  Sample was mixed with 25 mM 2’,7’-dichlorofluorescein diacetate.  After 30 min incubation at room temperature, ROS level was determined by monitoring fluorescence change at an excitation wavelength of 488 nm and emission wavelength of 515 nm [22].  MCP-1 level (pg/mg protein) and ICAM-1 level (ng/mg protein) were assayed by cytoscreen immunoassay kits (BioSource International, Camarillo, CA, USA).  PAI-1 activity (kU/L) was quantified by a commercial kit (Trinity Biotech plc, Co. Wicklow, Ireland).
2.10 Western blot analysis
Renal tissue, 50 mg, was homogenized in buffer containing 0.5% Triton X-100 and protease-inhibitor cocktail (1:1000, Sigma-Aldrich Chemical Co., St. Louis, MO, USA).  This homogenate was further mixed with buffer (60 mmol/L Tris-HCl, 2% SDS and 2% β-mercaptoethanol, pH 7.2), and boiled for 5 min.  Sample at 40 μg protein was applied to 10% SDS-polyacrylamide gel electrophoresis, and transferred to a nitrocellulose membrane (Millipore, Bedford, MA, USA) for 1 hr.  After blocking with a solution containing 5% nonfat milk for 1 hr, membrane was incubated with anti-RAGE (1:500), anti-AR, anti-SDH, anti-GLO-1, anti-GLO-2, anti-NF-κB p65, anti-NF-κB p50 (1:1000), anti-p38, anti-p-p38, anti-JNK, anti-p-JNK, anti-ERK1/2 and anti-p-ERK1/2 (1:2000) monoclonal antibody (Boehringer-Mannheim, Indianapolis, IN, USA) at 4ºC overnight, and followed by reacting with horseradish peroxidase-conjugated antibody for 3.5 hr at room temperature.  The detected bands were quantified by an image analyzer (ATTO, Tokyo, Japan) and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control.  The blot was quantified by densitometric analysis.  Results were normalized to GAPDH, and given as arbitrary units (AU).  
2.11 Statistical analysis
All data were expressed as mean ± standard deviation (SD).  A statistical software package, SAS program, was used to perform statistical analysis.  One-way analysis of variance, followed by Dunnett's t-test was used to assess the significance of any change between groups.  P values <0.05 were considered as significant. 

3. Results 

Glycyrrhizic acid intake increased the accumulation of glycyrrhizic acid and glycyrrhetinic acid in kidney, and dose-dependently decreased water intake, urine output and improved body weight loss (Table 1, P<0.05).  Food intake was reduced by this compound at 0.1 and 0.2% (P<0.05).  As shown in Table 2, glycyrrhizic acid intake did not affect ALT and ASt levels (P>0.05), but dose-dependently lowered plasma glucose and BUN levels, and improved CCr (P<0.05).  Plasma insulin level was raised by dietary glycyrrhizic acid intake at 0.1 or 0.2% (P<0.05).  
Plasma HbA1c and urinary glycated albumin levels in diabetic mice were decreased by 0.1 and 0.2% glycyrrhizic acid intake (Table 3, P<0.05).  Compared with DM groups, 0.2% glycyrrhizic acid led to 51.7 and 47.0% decrease in HbA1c and glycated albumin (P<0.05).  Glycyrrhizic acid intake dose-dependently reduced renal CML level at 11.5, 23.4 and 38.6%, respectively (P<0.05).  Glycyrrhizic acid intake at 0.1 and 0.2% diminished renal pentosidine level and raised renal sRAGE level (P<0.05).  Compared with DM groups, 0.2% glycyrrhizic acid intake lowered 49.6% pentosidine and raised 36.4% sRAGE in kidney (P<0.05).
As shown in Table 4 and Figure 1, glycyrrhizic acid intake declined renal AR activity and protein expression (P<0.05), without dose-dependent manner.  Compared with DM groups, this compound did not affect renal SDH activity and expression (P>0.05).  Glycyrrhizic acid intake lowered renal fructose and sorbitol levels, at 10.2-44.3% and 14.7-41.9%, respectively (P<0.05), and dose-dependent effect was presented in decreasing fructose.  Compared with DM groups, glycyrrhizic acid intake dose-dependently increased 23.3-91.0% GLO-1 activity and 1.2-5.1 folds GLO-1 expression (P<0.05).  Glycyrrhizic acid intake at 0.1 and 0.2% raised 16.9-35.6% GLO-2 activity and enhanced 13.2-28.7% folds GLO-2 protein expression (P<0.05).  Renal methylglyoxal level was dose-dependently decreased by glycyrrhizic acid at 12.6-50.8% (P<0.05).  Glycyrrhizic acid intake increased renal D-lactate level at 8.7-45.2% (P<0.05).
Compared with DM groups, glycyrrhizic acid dose-dependently suppressed renal NF-(B p65 and p-p38 expression at 16.7-49.4% and 24.0-58.3%, respectively (Figure 2, P<0.05).  Glycyrrhizic acid intake at 0.1 and 0.2% declined renal expression of NF-(B p50, RAGE and p-ERK1/2 at 23.3-32.4, 29.9-31.4 and 15.2-16.7%, respectively (P<0.05).  As shown in Table 5, glycyrrhizic acid intake dose-dependently decreased renal ROS level at 21.8, 42.2 and 60.1%, respectively (P<0.05).  Glycyrrhizic acid at 0.1 and 0.2% lowered renal level or activity of MCP-1, ICAM-1 and PAI-1 at 30.1-49.3, 27.6-48.2 and 12.4-26.5%, respectively.
4. Discussion
The hypoglycemic effects of glycyrrhizic acid have been reported [12, 13].  Our present study further found that dietary intake of this compound increased renal deposit of itself and its metabolite, glycyrrhetinic acid, and decreased renal AGEs production.  Our data regarding BUN, CCr and urine output indicated that renal functions in those glycyrrhizic acid treated diabetic mice have been improved.  These findings suggest that glycyrrhizic acid is an anti-glycative and renal-protective agent.  
Plasma HbAlc, renal CML and pentosidine, and urinary glycated albumin are biomarkers for evaluating diabetes associated glycative stress, especially in patients with risk of diabetic nephropathy.  The accumulation of these AGEs in plasma or organs means diabetic deterioration, and favors the progression of diabetic complications [23, 24].  Our present study found that dietary glycyrrhizic acid intake markedly lowered these glycative biomarkers in kidney and plasma.  Thus, this agent not only diminished renal glycative injury but also alleviated systemic glycative stress.  It is reported that the activated polyol pathway, mainly due to enhanced activity and expression of aldose reductase, facilitates the production of fructose [25].  Then, fructose and its metabolites promote AGEs formation and glycative injury [26, 27].  We found that glycyrrhizic acid reduced renal activity and protein expression of aldose reductase, which subsequently decreased the production of sorbitol and fructose.  Since these precursors have been decreased, the observed lower level of renal CML, pentosidine and urinary glycated albumin could be partially explained.  These findings indicated that this compound attenuated renal glycative stress by suppressing polyol pathway.  
Glyoxalase 1 is responsible for the detoxification of methylglyoxal, the most reactive AGE precursor, to S-d-Lactoylglutathione, which is further converted to D-lactate through glyoxalase 2 [28, 29].  Beisswenger et al. [30] indicated the elevated renal methylglyoxal production was positively linked to the development of diabetic nephropathy.  Our present study revealed that glycyrrhizic acid dose-dependently enhanced the activity and protein expression of glyoxalase 1 in kidney, which in turn decreased renal methylglyoxal level.  Furthermore, we found that glycyrrhizic acid also raised glyoxalase 2 activity and expression, which benefited D-lactate production.  Thus, the observed lower formation of renal CML, pentosidine and urinary glycated albumin in glycyrrhizic acid-treated diabetic mice could be ascribed to this compound promote glyoxalase pathway and facilitate detoxification of AGEs precursors.  Although glycyrrhizic acid mediated both polyol and glyoxalase pathways to mitigate renal glycative stress, the impact of this agent upon glyoxalase pathway was predominant.  Glycyrrhizic acid at test doses affected renal activity and expression of aldose reductase and glyoxalase 1, two rate limiting enzymes in polyol and glyoxalase pathways, respectively.  However, dose-dependent manner was presented in declining glyoxalase 1.  This compound did not affect sorbitol dehydrogenase, but substantially regulated glyoxalase 2.  The increased D-lactate production also agreed that formed S-d-Lactoylglutathione from glyoxalase 1 was effectively metabolized by glyoxalase 2.  In addition, the decreased renal fructose level was 40.1% in 0.2% glycyrrhizic acid treated mice, but the lowered renal methylglyoxal level was 58.6% in the same groups.  These comparison suggest that the improvement from glycyrrhizic acid upon renal glycative stress was mainly due to it enhance glyoxalase system. 

The engagement of AGEs and RAGE activates NF-(B and MAPK signaling pathways, which subsequently accelerate the production of oxidant, inflammatory, fibrotic and coagulant factors [31, 32].  Besides lowering AGEs formation, we found glycyrrhizic acid at 0.1 and 0.2% mildly suppressed RAGE expression, and markedly increased renal sRAGE formation.  sRAGE competes with RAGE for AGEs via acting as a decoy receptor for AGEs [8].  sRAGE has been considered as an endogenous protective factor to block the interaction of AGEs with RAGE [33, 34].  Thus, our data revealed that glycyrrhizic acid could weaken AGEs and RAGE engagement via reducing RAGE production and increasing sRAGE formation.  Then, the less AGEs-RAGE interaction in turn lowered NF-(B and MAPK activation.  Our data regarding dose-dependent effects of glycyrrhizic acid upon ROS level, and NF-(B p65 and p-p38 down-regulation agreed that this compound suppressed renal NF-(B and MAPK pathways.  Since these pathways had been declined, the lower production of downstream factors such as ROS, MCP-1, ICAM-1 and PAI-1 could be explained.  Moreover, the decrease in these factors also implied that glycyrrhizic acid could provide renal protection for diabetic subjects via attenuating oxidative, inflammatory, fibrotic and coagulant injury.  
Glycyrrhizic acid, an active compound naturally occurred in Glycyrrhiza species, has been considered as an effective agent to treat liver or lung diseases [35, 36].  Our present animal study indicated that dietary intake of this compound at 0.1 or 0.2% did not affect liver ALT and AST levels, and markedly protected kidney against glycative injury in diabetic mice.  The lower dosage used in mice, 0.1%, is approximately equal to 14 g per day for a 70-kg man.  Using glycyrrhizic acid at this dosage as anti-glycative agent against diabetic nephropathy might be safe and feasible.  
In summary, dietary intake of glycyrrhizic acid at 0.1 or 0.2% led to glycyrrhizic acid deposit in kidney, and attenuated renal glycative stress in diabetic mice through declining polyol pathway, enhancing glyoxalase pathway, and suppressing NF-(B and MAPK pathways.  These findings suggest the supplement of glycyrrhizic acid or foods rich in this compound benefit the prevention or treatment of diabetic kidney diseases.
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Table 1. Food intake (FI, g/mouse/d), water intake (WI, mL/mouse/d), body weight (BW, g), liver weight (LW, g), kidney weight (KW, mg), renal content (ng/mg protein) of glycyrrhizic acid (GA) and glycyrrhetinic acid, and urine output (mL) in non-diabetic (non-DM), or diabetic mice consumed normal diet (DM), or 0.05, 0.1, 0.2 % GA for 9 weeks.  Data are mean ( SD, n=10.

	
	non-DM
	DM
	DM+GA, 0.05
	DM+GA, 0.1
	DM+GA, 0.2

	FI 
	2.4(0.3a
	6.9(1.2d
	6.1(0.7d
	4.9(0.6c
	3.7(0.5b

	WI
	2.1(0.6a
	7.6(1.3e
	6.5(1.0d
	5.3(0.7c
	4.0(0.4b

	BW
	27.3(1.9e
	13.1(0.8a
	15.6(1.2b
	17.4(1.4c
	19.3(1.0d

	LW
	1.28(0.09a
	1.41(0.15a
	1.35(0.16a
	1.25(0.12a
	1.36(0.10a

	KW
	465(10a
	443(19a
	452(16a
	447(15a
	450(17a

	Renal 
glycyrrhizic acid 
	-*,a
	-a
	7.41(2.80b
	16.53(1.15c
	18.25(1.07c

	  glycyrrhetinic acid
	-a
	-a
	2.06(0.35b
	4.73(0.64c
	5.93(0.82c

	Urine output 
	0.54(0.09a
	6.42(1.03e
	5.45(0.67d
	4.19(0.32c
	2.99(0.18b


*Means too low to be detected.

a-eMeans in a row without a common letter differ, P<0.05.

Table 2. Plasma level of glucose (mmol/L), insulin (nmol/L), BUN (mg/dL), and CCr (mL/min/100 g body weight) in non-diabetic (non-DM), diabetic mice consumed normal diet (DM), or 0.05, 0.1, 0.2 % glycyrrhizic acid (GA) for 9 weeks.  Data are mean ( SD, n=10.

	
	non-DM
	DM
	DM+GA, 0.05
	DM+GA, 0.1
	DM+GA, 0.2

	Glucose
	10.2(0.7a
	25.9(2.0e
	22.7(1.3d
	19.4(1.0c
	16.1(0.8b

	Insulin 
	13.1(0.9d
	5.7(0.4a
	6.1(0.7a
	7.2(0.5b
	8.8(0.6c

	BUN
	5.7(0.6a
	60.1(2.5e
	52.7(2.2d
	41.0(1.8c
	27.6(1.2b

	CCr
	1.68(0.17e
	0.43(0.09a
	0.80(0.04b
	1.09(0.08c
	1.34(0.10d

	ALT
	22(3a
	31(4a
	28(2a
	26(1a
	25(3a

	AST
	28(2a
	34(5a
	30(3a
	29(4a
	27(4a


a-eMeans in a row without a common letter differ, P<0.05.

Table 3. Level of plasma HbA1c (%), urinary glycated albumin ((g/mL), and renal CML (pmol/mg protein), pentosidine (pmol/mg protein) and sRAGE (pg/mg protein) in non-diabetic (non-DM), diabetic mice consumed normal diet (DM), or 0.05, 0.1, 0.2% glycyrrhizic acid (GA) for 9 weeks.  Data are mean ( SD, n=10.

	
	non-DM
	DM
	DM+GA, 0.05
	DM+GA, 0.1
	DM+GA, 0.2

	Plasma HbA1c 
	2.8(0.3a
	11.9(1.1d
	10.3(0.8d
	8.1(0.4c
	6.3(0.2b

	Urine glycated albumin 
	147(14a
	1140(106d
	1083(85d
	868(43c
	594(30b

	
	
	
	
	
	

	Renal
	
	
	
	
	

	 CML 
	15.4(0.9a
	83.2(5.0e
	70.9(3.9d
	56.7(3.1c
	40.1(3.2b

	 Pentosidine
	0.39(0.04a
	1.66(0.23d
	1.57(0.16d
	1.22(0.10c
	0.80(0.07b

	 sRAGE
	38.2(1.5d
	21.7(1.2a
	23.0(1.0a
	26.5(0.8b
	30.6(0.7c


a-eMeans in a row without a common letter differ, P<0.05.

Table 4. Renal activity of AR (nmol/min/mg protein), SDH (U/g protein), GLO-1 (nmol/min/mg protein) and GLO-2 (nmol/min/mg protein); renal level (nmol/mg protein) of fructose, sorbitol, methylglyoxal and D-lactate in non-diabetic (non-DM), diabetic mice consumed normal diet (DM), or 0.05, 0.1, 0.2% glycyrrhizic acid (GA) for 9 weeks.  Data are mean ( SD, n=10.

	
	non-DM
	DM
	DM+GA, 0.05
	DM+GA, 0.1
	DM+GA, 0.2

	AR
	0.92(0.11a
	2.64(0.23d
	2.13(0.14c
	1.78(0.10b
	1.65(0.16b

	SDH
	4.2(1.0a
	8.3(1.3b
	8.0(0.9b
	8.4(1.2b
	7.8(0.8b

	Fructose
	18.8(1.4a
	81.2(3.5e
	72.5(2.9d
	61.4(2.0c
	48.1(2.3b

	Sorbitol
	8.1(1.0a
	23.1(2.2d
	19.7(0.8c
	14.8(1.2b
	13.4(0.6b

	
	
	
	
	
	

	GLO-1
	303(10e
	135(9a
	167(12b
	205(8c
	258(15d

	GLO-2
	98(5d
	59(3a
	61(2a
	69(4b
	80(3c

	Methylglyoxal
	0.78(0.09a
	7.94(0.41e
	6.83(0.33d
	5.54(0.25c
	3.29(0.19b

	D-lactate
	78.5(2.3c
	63.9(2.6a
	69.1(2.0b
	77.3(2.3c
	92.8(2.7d


a-eMeans in a row without a common letter differ, P<0.05.

Figure 1. Protein expression of renal AR, SDH, GLO-1 and GLO-2 in non-diabetic (non-DM), diabetic mice consumed normal diet (DM), or 0.05, 0.1, 0.2% glycyrrhizic acid (GA) for 9 weeks.  Data are mean ( SD, n=10.  a-eMeans among bars without a common letter differ, P<0.05.
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Figure 2. Protein expression of renal RAGE, NF-(B and MAPK in non-diabetic (non-DM), diabetic mice consumed normal diet (DM), or 0.05, 0.1, 0.2% glycyrrhizic acid (GA) for 9 weeks.  Data are mean ( SD, n=10.  a-eMeans among bars without a common letter differ, P<0.05.
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Table 5. Renal level of ROS (nmol/mg protein), MCP-1 (pg/mg protein), ICAM-1 (ng/mg protein), and PAI-1 activity (kU/L) in non-diabetic (non-DM), diabetic mice consumed normal diet (DM), or 0.05, 0.1, 0.2 % glycyrrhizic acid (GA) for 9 weeks.  Data are mean ( SD, n=10.

	
	non-DM
	DM
	DM+GA, 0.05
	DM+GA, 0.1
	DM+GA, 0.2

	ROS
	0.24(0.07a
	1.88(0.21e
	1.47(0.16d
	1.09(0.10c
	0.75(0.11b

	MCP-1 
	14(2a
	93(8d
	88(7d
	65(5c
	47(6b

	ICAM-1
	16(3a
	104(10d
	97(8d
	76(4c
	53(7b

	PAI-1
	5.9(0.4a
	10.3(0.8d
	9.9(0.5d
	8.7(0.6c
	7.4(0.5b


a-eMeans in a row without a common letter differ, P<0.05.
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