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Abstract
The aim of this study is to investigate the improvement of moanscin (MS) and 

lovastatin (LOV) on insulin resistance and the mechanism of MS and LOV for blood 

glucose regulation.  

In this study we also provide evidence that advanced glycation end-products 

(AGEs) are able to affect insulin sensitivity and glucose tolerance in vivo. AGE also 

reduced expression of islet insulin. Together these results suggest that the AGEs 

pathway may play an important role in the loss of functional �-cell mass in diabetes, at 

least in part through the induction of oxidative stress and the alternation of �-cell 

differentiation and survival. 

We found that AGE induction significantly resulted in hyperglycemia in BALB/c 

mice, but MS and LOV effectively inhibited inflammation and hyperglycemia caused 

by AGE. MS and LOV inhibited TNF-�, IL-6, IL-1� expression in pancreases, liver and 

kidney. We also found that MS and LOV inhibited p47phox (NADPH subunit) 

expression in liver. Results demonstrated that MS and LOV elevated antioxidant 

enzyme: superoxide dismutase (SOD), catalase (CAT) and glutathione (GSH) in 

pancreases, liver and kidney.  

 
Key words:  monascin, advanced glycation end-products, insulin resistance, 
antioxidant enzymes 
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 (advanced glycation end-products, AGEs)  

(receptors for AGEs, RAGE)  

 (Monascus)

 (Plectomycetes)

(Ascomycetes)  (Plectascales)  (Monascaceae)

 (Monascus) ( 1983)

 

lovastatin (monacolin K) 

 (Alberts, 1988; Juzlova et al., 1996)

statins

 ankaflavin  monascin 

 (Su et al., 2005; Lee et al., 2006b) 

 (Shi and Pan, 2010a; Shi and Pan, 2010b; Shi et al., 2012; Lee 

et al., 2013a)  

-  2 -2 (nuclear factor-erythroid 2 related factor-2, 

Nrf2) 

 (antioxidant response element, ARE) 
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 BALB/c 

 monascin lovastatin AGEs 

monascin lovastatin 

�
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 (diabetes) 

2000 1.71 2030  3.66 

 (Wild et al., 2004)

 (American Diabetes Association: ADA) 

8 126 mg/dL 75 g

 2 200 mg/dL Weyer 

“ ”  (Weyer et al., 

1999)  

(impaired glucose tolerance, IGT)  � 

IGT 2  IGT 2  

140 mg/dL  200 mg/dL  

Andrew  (Andrew et al., 1984)  (1) 1

 (type 1 diabetes)  (insulin-dependent diabetes 

mellitus, IDDM) �

 1 

(2)  2  (type 2 diabetes)  
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(non-insulin-dependent diabetes mellitus, NIDDM) 90 95%

 (hyperglycemia)  � 

 ( ) 

�

 (hyperinsulinemia) Bouche 

 � 2  � 

 

(Bouche et al., 2004) (3)  (gestational diabetes mellitus) 

(4) 

:  � 

(5)  (impaired glucose tolerance, 

IGT)  (impaired fasting glucose, IFG)

 (AGEs) 

 

 

 (advanced glycation end-products, AGEs) 

AGEs 

 amino group  carbonyl group  

(nonenzymatic reaction)   Schiff base
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 amadori 

rearrangement amadori product

 (molecular rearrangement)  (dehydration)  (condensation) 

(cross-linking)  (Amore et al., 1997)

 (glyoxal)  (methylglyoxal) 

 (dicarbonyl compounds) 

 

(lysine)  (arginine)  AGEs AGEs

 2-1  AGEs

 

(atherosclerosis) Brownlee  AGEs 

 (Brownlee, 1991)  

 AGEs 

 AGEs  AGEs

 AGEs 100  (Koschinsky et al., 1997)

AGEs  2-2 AGEs

AGEs  2-3 N�-caroxymethyllysine (CML)

pentosidine pyrraline crossline glyoxal-lysine dimer (GOLD) methylglyoxal-lysine  
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(Reddy andd Beyaz, 20006) 
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(Redd
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products (AG

az, 2006) 
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dimer (MOLD)  CML  

pentosidine  AGEs  pyrraline 

 AGEs CML  parraline crossline pentosidine 

Aminoguanidine  AGEs 

 (C=O)  (C=N)

 AGEs 

 (Brownlee et al., 1986; Amore et al., 1997)  

AGEs 

 AGEs 

AGEs

 (Brownlee, 2001) AGEs

 AGEs 

 AGEs

RAGE  (receptor for AGE)  AGE

400  

RAGE  (endothelial cells)  (mononuclear 

phagocyte)  (smooth muscle cells)  (hepatic 

stallete cells) RAGE AGE

 RAGE  subtype  AGEs  
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n induction 

      
(Fatehi-H

by AGEs 

Hassanabadd et al., 20100) 
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RAGE  p47phox (NADPH oxidase subunit) 

 nuclear factor-kappa B (NF-�B)  NF-�B

 TNF-�  

IL-1� (Guha et al., 2000) -1 (vascular cell adhesion molecule-1, 

VCAM-1)  RAGE  (Wantier et al., 2001) 

(Huttuen et al.,1999) AGEs 

2-4  

 

 (insulin)  � 

 2-5

 (lipognesis)  (glycogenesis) 

 (lipolysis) 

 (glycogenolysis)  

 (insulin receptor, IR) 

IR

 �-  (subunit) �- �-  

(tyrosine protein kinase)  �-

 �-  (auto-phophorylation)

 p-IR  (insulin receptor substrate, IRS) IRS-1  IRS-2  



 

 
 
 
 
 
 
 
 
 
 
 

Fi

 
 
 
 
 
 
 

2-5 

g. 2-5 Insullin signaling

 

 

g mechanism

12 

m 

(Saaltiel and K

 

Kahn, 2001)
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 (phosphorylation) IRS-1  IRS-2 

IRS-1 180 kDa

 PTB domain IR  IRS-1 

 IRS-1 src homology 2 domain (SH2 domain) 

IRS-1  (Saltiel and 

Kahn, 2001) IRS-2 insulin-like growth factor 1 (IGF-1) 

IRS insulin receptor insulin

receptor tyrosine kinase  

IRS-1 phosphatidylinositol 3-kinase (PI3K)  

PIP2 PIP3  PI3K PtdIns  PtdIns-(3, 4 and 

5)-P3  pleckstrin homology domains  (PH) 

(Satiel and Kahn, 2001)  

PIP3 PKB/Akt  threonine 308 serine 

473 PKB glucose transporter 4 (GLUT4)  

(translocation) GLUT4 ,

 (Wang et al., 1999)  

 

(glycogenolysis)

 (glucose transporter, GLUTs) 

 (facilitate diffusion) GLUTs  
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Table 2-1 T
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 GLUT 1-12  2-1

 GLUT1  GLUT2  

39%-65% 

 Class 1 (GLUT1-4) Class 2 (GLUT5, 7, 9, 11)  Class 3 

(GLUT6, 8, 10, 12) GLUT1

GLUT5

 (Davidson et al., 1992) GLUT2

� �

GLUT2

GLUT4 

 (Rayner et 

al., 1994) GLUT4  (Garvey 

et al., 1987)  GLUT4

vesicle (exocytosis)  GLUT4  (Holman et al., 

1990)  GLUT4 

 (endocytosis) 

 (insulin resistance) 

2

 (Zick et al., 2001)
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adipokine

Leclercq  adipokine -� (tumor necrosis factor-�, 

TNF-�) -6 (interleukin-6, IL-6)  resistin  

(Leclercq et al., 2007)  

 (hypertension)  (atherosclerosis) 

 (Hanley et al., 2002)  

2 

(GLUT2) 

Meshkani 2  (insulin clearance) 

 (Meshkani et al., 2009)  

2

 (non-alcoholic fatty liver, NAFLD) Gastaldelli

 (Gastaldelli et al., 2001)  

2 2 (nuclear factor-erythroid 2 related factor-2, 

Nrf2) 

 AGEs 
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 NADPH oxidase  (reactive oxygen species, ROS)  

ROS mRNA

 � 

 ROS �  ROS 

 (Henriksen, 2006)

 

Nrf2  antioxidant response element (ARE) 

Nrf2  Kelch-like ECH-associated 

protein-1 (Keap-1)  (Kaspar et al., 2009)

Nrf2  Keap-1  (Itoh et 

al., 1999)  

 protein kinase C (PKC) phosphoinositide 3-kinase (PI3K)  

extracellular signal-regulated kinase (ERK)  Nrf2  serine  threonine

 Nrf2  Keap-1  

(Numazawa et al., 2003; Kang et al., 2002; Zipper and Mulcahy, 2002) Nrf2

 2-6  

 (reactive oxygen species ROS)  (free radical) 



 

2-6

Fig. 2-6 Meechanism of

2

f Nrf2 activ

18 

2

vation 

(Negi et a
 
 

al., 2011) 



 

 

 
 
 

 
 
 
 
 
 
 
 
 
 

2-
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2-7 The anti
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defense syst
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tem in the c

(Jas

ell 

ssem and He

 

Heaton, 20044) 
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 (Chen and Yen, 1998)

 2-7 superoxide 

dismutase (SOD) glutathione peroxidase (GPx) catalase (CAT)  

1.  (superoxide dismutase, SOD) 

SOD  (metalloenzymes)

SOD (Zn/Cu-SOD) SOD 

(Mn-SOD)

H2O2 O2 H2O2 GPx CAT H2O SOD

O2 + O2 + 2 H+ H2O2 + O2 

2.  (glutathione peroxidase, GPx) 

GPx

cellular glutathione peroxidase (cGPx) extracellular 

glutathione peroxidase (eGPx) phospholipid hydroperoxide 

glutathione peroxidase (phGPx) GPx GPx 

H2O2   H2O2  H2O  GSH 

 GSSG GSH GPx GSSG

H2O2 lipid alcohols

 (glutathione reductase GR) GSSG  

H2O2  

2 GSH + H2O2  GSSG + 2 H2O 

3  
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3.  (Catalase, CAT) 

CAT  (peroxisome) H2O2 H2O

amino acid oxidase a- hydroxy-acid oxidase

H2O2 catalase CAT

2 H2O2  2 H2O + O2 

 

4.  (Glutathione, GSH) 

 ROS  GSH 

GSH  GPx H2O2

ROS  

 (Monascus)  Van Tieghem 

1884  (Fungi)  (Ascomycota)

 (Ascomycetes) (Eurotiales)  (Monascaceae) (Van 



22 
 

Tieghem, 1884)  (septa)

 (ascocarp) 

 

 

1979

monacolin K

1.   (monacolins) 

Lovastatin monacolin K

C24H36O5 404.55 methanol ethanol acetonitrile

231 238 247 nm  (Budavari et al., 

1989)  

1979  M. ruber

monacolin K (Endo, 1979)  
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monacolin K HMG-CoA (3-hydroxy-3-methylgutaryl coenzyme A) 

 HMG-CoA reductase  mevalonic acid

 LDL receptor low-density lipoprotein 

cholesterol (LDL-C) LDL-C

monacolin K  (Lefer, 2002)

 (Ho and Pan, 2009)  

(Goldberg et al.,1990; Ko et al., 1998  

 monacolin K 

14%  (Wang and Pan, 2003)

(Lee et al., 2006a) statin

 (

1999)  

 

2. 

 

(monascorubramine rubropunctamine) (monascorubrin  rubropunctatin) 

 (monascin ankaflavin yellow xanthomonascin A) 

monascorubrin rubropunctatin CO



 

 
 
 

   

 

Fig.

mon

         

2-8 

. 2-8 Structu

nacolin K (l

         

mo

ure of Mona

lovastatin)

         

onascin

ascus-femen

24 

         

lovastatin

nted produc

         

cts, includin

    (Patak

ng monascin

 
kova. 2012)

n and 
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 (Juzlova et al., 1996; Blanc, 1994) Monascin 

lovastatin 2-8  monascin  ankaflavin 

monascin  (Lee et al., 2006b)

ankaflavin monascin 

 ankaflavin  T  (Martinkova et al., 

1999)  

Yasukawa  monascorubrin  12-o-tetradecanpylphorbol 

13-acetate (TPA)  (Yasukawa et al., 1994) Martinkova

 rubropunctatin   monascorubrin    Bacillus subtilis   Candida 

pseudotropicolis  

(Martinkova et al., 1995)  

Monascus purpureus NTU 568

 (Lee et al., 2006)  

 

3.  (�-aminobutyric acid, GABA) 

�-  (�-aminobutyric acid, GABA) 

L-glutamate glutamate decarboxylase  (decarboxylation) 

GABA

GABA  GABAA  

GABAB

 (catecholamine) 
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GABA

 (Sawynok, 1987)  

Kohama GABA  

(Kohama et al., 1987) GABA  GABA 

 (Kalueff and Nutt, 2007)  (Meldrum, 

1975)  

Monascus purpureus NTU 568 GABA

 (spontaneously hypertensive rat; SHR) 

(Wu et al., 2009) Wu 

GABA monascin  ankaflavin

 

4.  (dimerumic acid) 

1999 Aniya

dimerumic acid dimerumic acid  �, �-diphenyl-�-picrylhydrazyl 

(DPPH) acetaminophen (AAP) 

 (hepatic necrosis) M. anka

glutathione-s-transferase (GST) 

 (Aniya et al., 2000)  

Dimerumic acid 

nitroxide radical  nitroxide radical 

alkyl radical alkoxyl radical  

peroxyl radical (Yasukawa et al., 1994)  
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0.5 h  23%~29% 1 h 

19%~29%

 

M. purpureus NTU 568

streptozotocin (STZ)  (200 mg/kg)

 ROS

glutathione disulfide reductase glutathione reductase catalase (CAT) 

 STZ 

Shi and Pan, 2010a; Shi and Pan, 2010b)  

 2 

 (peroxisome proliferator-activated receptor, PPAR) 

 3  (phosphatidylinositol 3-kinase, PI3K)/Akt  

-� (TNF-�; 20 ng/mL)  C2C12 

 monascin 
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 monascin (MS)  

MS  p-JNK  PPAR-�  

PPAR-� PI3K/Akt  C2C12  

2-[N-(7-nitrobenz-2-oxa-1,3-diazol-4-yl) amino]-2-deoxy-D-glucose (2- NBDG) 

 PPAR-�  (GW9662) MS 

 PPAR-� MS  

PPAR-�  PPAR-�  (Lee et al., 

2011)  

 

STZ

 

glutathione superoxide dismutase catalase  ROS
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 monascin  ankaflavin 

lovastatin

monascin lovastatin

(advanced glycation end-products, AGEs) 

(receptor for AGEs, RAGE)

BALB/c

monascin lovastatin AGEs

AGEs 

monascin lovastatin AGEs �

 monascin lovastatin �

2-9
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Monascin & Lovastatin 

TC TG

TC TG

 2-9

Fig. 2-9 The framework of the study 

 

AGE
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1. D-glucose bovine serum albumin (BSA) Tris-HCl dimethyl sulfoxide (DMSO)

N-acetylcysteine (NAC) fructose  Triton-X 100 Sigma  (Sigma 

Co., St. Louis, MO, USA) 

2. NaOH  HCl  Merck  (Merck Co., Darmstadat, Germany) 

3. Methanol  Mallinckrodt Baker (Phillipsburg, NJ, USA) 

4. Anti-p47phox antibody anti-C/EBP� antibody Santa Cruz 

Biotechnology Inc., (Burlingame, CA, USA) 

5. Anti-insulin antibody Cell Signaling Technology (Beverly, MA, USA) 

6. Anti-AGE antibody  Abcam  (Cambridge, MA, USA) 

7. Anti-rabbit antibody (secondary antibody)  (GeneTex, Inc., San Antonio, 

TX, USA) 

8. Lovastatin  ( ) 

9. Bio-Rad  Bio-Rad Laboratories (Hercules, CA, USA) 

10. Monascin  

 

 

1.  (Model U-2001, Hitachi Co., Tokyo, Japan) 

2.  (Himac CR-21, Hitachi Co., Tokyo, Japan) 

3.  (Milli-Q, Millipore Co., Molsheim, France) 

4. (Model DB, Deng Yng Co., Taipei, Taiwan) 
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5.  (ECLIPSE TS100, Nikon Co., Tokyo, Japan) 

6. ELISA reader  (Thermo Labsystem, Beverly, MA, USA) 

7. pH meter  (Model SS-320, Tomy Co., Tokyo, Japan) 

8.  (Model SS-320, Tomy Co., Tokyo, Japan) 

9.  (COOLPIX5200, Nikon Co., Tokyo, Japan) 

10.  (Model 690D, ETL testing laboratories Inc., Cortland, NY, USA) 

11.  (Model PRO 200, PRO Scientific Inc., Oxford, CT, USA) 

12.  (Model AG204, Mettler-Toledo Co., Greifense, Switzerland) 

 

Monascin DMSO

0.1% (v/v)

 

Phosphate buffered saline (PBS) 

  (g) 

NaCl 80.1 

KCl 2.0 

KH2PO4 2.0 

Na2HPO4 11.5 

800 mL pH 7.2 1000 mL  10X 

stock  
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AGEs  

 AGE s  (fructose)  (BSA) 

 AGEs  BSA (60 mg/mL)  (1.5 M)  0.2 M 

potassium phosphate buffer ( pH 7.4,  0.06% sodium azide)  100 �L BSA

100 �L  100 �L  1.5 mL 50 C

 24  (Wang et al., 2011)  

AGE BSA AGE ELISA reader 435 

nm BSA AGE  

 

 

1.  

(1)  

20 g  BALB/c 

4-5

 (  

99  1 27  (Animal Protection Law))

 60% 25°C 8:00-20:00 12

22  (n=5~6) : 

(a) bovine serum albumin (BSA; 100 mg/kg bw; 1 ) 

(b) advanced glycation end-products (AGEs; 100 mg/kg bw; 1

) 

(c) AGE + monascin (MS; 10 mg/kg bw; ) 



34 
 

(d) AGE + lovastatin (LOVA; 10 mg/kg bw; ) 

(e) AGE + NAC (NAC; 100 mg/kg bw; ) 

 monascin lovastatin  Lee  

(Lee et al., 2013) BSA control AGE BSA

BSA control BSA NAC

 NAC Rana  (Rana 

et al., 2006) NAC GSH GSH

NAC

 

(2)  (oral glucose tolerance test, OGTT ) 

(insulin tolerance test, ITT)

8

 (2 g/kg of bw)  30 60 90  120 

4

 insulin (0.5 U/kg bw)  30 60 90  120 

(3)  

12 10 mL  EDTA 

 (800 g, 15 min)  -20°C

 10% formaldehyde
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 -80°C

 

2.  

(1)

 0.5 g  9  (w/v) 

4°C  12,000 xg  5 

 -80°C  

 

(2)

(triglyceride, TG)

(total cholesterol, TC) (Randox, Antrim, UK) 

1. TG  

5 �L 5 �L 200 �L

10 60 ELISA reader 

500 nm 

2. TC  

5 �L 5 �L 200 �L

10  60 ELISA reader

500 nm

(3)  

1.  
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 (triglyceride, TG)  (total cholesterol, 

TC)  (Randox, Antrim, UK)  

2.

Mouse Insulin ELISA Kit (Mercodia, Uppsala, Sweden) 

/  

 (enzyme-linked immunosorbent assay, ELISA) 

96  insulin insulin

insulin  (peroxidase) insulin

peroxidase,  

50 mL conjugate solution stock 500 mL buffer  conjugate 

solution 40 mL washing concentrate 800 mL  wash 

buffer 25 �L  ELISA 96 50 �L conjugate 

solution, 2 wash buffer 200 

�L 3,3’5,5’-tetramethy-benzidine (TMB)  peroxidase 15 

min 50 �L stop solution ( 1 M H2SO4) 

ELISA reader 450 nm  

 

(4)  (Hematoxylin-Eosine ) 

 (hematoxylin)  (eosine) 

 

10%  

(3-5 �m/ )  superfrost coating slide 45°C

xylene 3 5 100% 95% 90%
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80% 60% xylene hematoxylin solution 

1 eosine solution

 50% 75% 95% xylene 1

Canada Balsam-Xylene solution

 

(5)

 Bio-Rad Dc protein assay kit (Bio-Rad Laboratories, Inc., Hercules, CA, 

USA) 5 �L 25 �L reagent A 200 �L 

reagent B 10 ELISA reader 750 

nm BSA

 

 

(6)  

 -80°C

ELISA kits (eBioscience, San Diego, CA, USA)  tumor 

necrosis factor-� (TNF-�) interleukin-1� (IL-1�) interleukin-6 (IL-6) 

capture antibody 1:250 coating  96 4°C

ELISA plate 260 �L wash buffer buffer

200 �L block buffer buffer wash buffer

200 �L 2

wash buffer 1:250  detection antibody

1 wash buffer  avidin-HRP 30
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wash buffer TMB 15 stop 

solution ELISA reader 450 nm  570 nm ( ) 

 

 

(7)  

ALT

 (creatinine) 

blood urea nitrogen (BUN) albumin 

ALT CRE BUN albumin

 

 

(8)  

1.  (glutathione, GSH)  

glutathione assay kit (Cayman 

Chemical Company, Ann Arbor, MI, USA) GSH

50 �L 50 mL 11.25 

mL MES buffer, 0.45 mL reconstituted cofactor mixture 2.1 mL reconstituted enzyme 

mixture 2.3 mL 0.45 mL reconstituted 5, 5'-dithiobis (2-nitrobenzoic acid) 

(DTNB) 150 �L ELISA reader 405 nm

5 30 25

2.  (catalase, CAT)  
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catalase assay kit (Cayman 

Chemical Company) CAT 100 �L assay 

buffer 30 �L methanol 20 �L

20 �L hydrogen peroxide 20 30 �L 

potassium hydroxide 30 �L catalase purpald (chromagen) 

10 �L catalase potassium periodate 5 ELISA 

reader 540 nm

3.  (superoxide dismutase, SOD)  

 SOD kit (Cayman Chemical 

Company) 200 �L radical detector

20 �L xanthione oxidase 20

ELISA reader 450 nm

(9)  

 xylene  ethanol 3% H2O2

 5%  (blocking)  (primary antibody) 

12 PBS  (secondary antibody) 1

3’-3-diaminobenzen (DAB) chromogen 

haematoxylin  

 Image-Pro Plus   10 X 
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40 5

(10) (real-time PCR) 

StepOne TM Real-time PCR system (Applied Biosystems) 5 �L

complimentary DNA 10 �L Power SYBR® Green PCR 

Master Mix (Applied Biosystems) 0.5 �L 20 mM primer (forward and reverse) 4 

�L DEPC-dH2O, 20 �L : 95°C 15 95°C 15 

60°C 1  40  cycle GAPDH 

 internal control ��Ct mRNA

primers (Yessoufou et al., 2010; Zhang et al., 2011; Wu et al., 2006)  Table 

3-1  

 (mean)  (standard 

deviation, SEM) SPSS Student’s t-test 

p < 0.05  
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3-1 (real-time PCR) primers  

Table 3-1: Primers used in real-time PCR 

Primers  Sense Antisense 

PDX-1 5’-CTACTGCCTTCGGGCCTTAG-3’ 5’-TTGGAACGCTCAAGTTTGTACC-3’ 

GLUT2 5’-CTGGGTCTGCAATTTTGTCA-3’ 5’-TGTAAACAGGGTGAAGACCA-3’ 

GAPDH 5’-ACGACCCCTTCATTGACC-3’ 5’-AGACACCAGTAGACTCCACG-3’ 
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 Monascin  lovastatin  AGE  

 (IHC)  AGE  (

)  4-1  AGE  AGE 

 AGE  AGE  (IHC 

)  AGE  MS LOV NAC  AGE  

MS  LOV NAC  AGE  AGE 

 4-2 22  AGE  AGE 

 (BSA ) (p < 0.05)  MS  LOV NAC  

AGE  50% 57% 37% MS AGE

 (p < 0.05) NAC AGE AGE

MS  LOV NAC  AGE 

 AGE  AGE  

 

 Monascin  lovastatin  AGE  

 

2  (impaired glucose 

tolerance, IGT)

IGT 10

 2  2  

IGT 

 �  IGT �  
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4-2  Monascin  lovastatin  AGE  AGE  

Fig. 4-2 The effect of monascin and lovastatin on hepatic AGE of male BALB/c mice 

with 22 weeks of i.p. injection of advanced glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE + 

MS AGE induced group and 10 mg MS/kg bw group; AGE + LOV: AGE induced 

group and 10 mg LOV/kg bw group; AGE + NAC: AGE induced group and 100 mg 

NAC/kg bw group 

#p < 0.05, significantly different from control (BSA) group; *p < 0.05, significantly 

different from AGE group 

#
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 IGT 

 4-3  (BSA )  AGE

 (p < 0.01)  MS  LOV 

 15%  23%  LOV  MS

 (p < 0.05)   MS  LOV

 (p < 0.01) NAC

16%

 

 (oral glucose tolerance test, OGTT)  

(insulin tolerance test, ITT) 

 (oral glucose tolerance test, OGTT) 

 2 

 

 OGTT  4-4  0-30 AGE 

 (BSA )  (p < 0.001)

 MS  LOV NAC AGE

 OGTT 
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4-3  Monascin lovastatin  AGE 22  

Fig. 4-3 The effect of monascin and lovastatin on the blood glucose level of male 

BALB/c mice with 22 weeks of i.p. injection of advanced glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS  

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

##p < 0.01, significantly different from control (BSA) group; **p < 0.01, significantly 

different from AGE group; *p < 0.05, significantly different from AGE group 
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 (1) 

 GLUT2 

 � (2) 

 (insulin resistance test, ITT)  MS  

LOV ITT ITT 

 ITT 

 4-5  0.5 U/kg bw  30 AGE 

 MS  LOV  MS 

60  AGE  (p < 0.001)

 LOV  90  MS NAC

MS LOV  MS  LOV  AGE 

 

 

 

 OGTT  ITT AGE

AGE  (free fatty acid)

 �  
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(glucose-stimulated insulin secretion, GSIS)  � 

�

 �  

4-6 AGE  (BSA

) AGE NAC

AGE 16% NAC

MS  LOV  AGE 

 36%  7%  

HOMA-IR  

Matthews  homeostatic model assessment (HOMA)

 �  

(Matthews et al., 1985) HOMA � 

 6%  � 

 ( ) 

HOMA-IR index= insulin (�U/mL) 

× glucose (mmol/L)/22.5 1-2.8 HOMA-IR 2.8

 

HOMA-IR 4-7 22  AGE AGE HOMA-IR 

 3.2  2.8  MS  LOV HOMA-IR  

AGE  1.7  2.3 NAC HOMA-IR 2.6 NAC  
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4-6  Monascin lovastatin  AGE 22  

Fig. 4-6 The effect of monascin and lovastatin on serum insulin of male BALB/c mice 

with 22 weeks of i.p. injection of advanced glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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4-7 Monascin lovastatin  AGE  HOMA-IR index 

 

Fig. 4-7 The effect of monascin and lovastatin on HOMA-IR index of male BALB/c 

mice with 22 weeks of i.p. injection of advanced glycation end-products 

 

BSA: control group, AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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MS LOV  22  AGE 

 MS  LOV  

 

 Monascin lovastatin  

 

 4-8  AGE 

 (BSA )  22 AGE

 

4-9 22  AGE  

 (BSA )  MS  LOV 

 321% 153% MS  

 (p < 0.05) NAC
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 � AGE
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 4-9 Monascin lovastatin  AGE 22

 

Fig. 4-9 The effect of monascin and lovastatin on islet functions in vivo. 

immnohistochemical analysis of pancreatic islets of male BALB/c mice 

with 22 weeks of i.p. injection of advanced glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
*p < 0.05, significantly different from AGE group;   
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apoptosis  �  PDX-1 

DNA binding  � Olson

 PDX-1 

 (Olson et al., 1993; 1995)  

real-time PCR PDX-1 m RNA GAPDH

 PDX-1 mRNA  4-10 AGE  mRNA  BSA

 AGE  PDX-1 mRNA

 PDX-1  PDX-1 

MS  LOV  PDX-1 mRNA  81%

 67% NAC PDX-1 mRNA AGE

23% MS LOV PDX-1 mRNA NAC  

    Shu  INS-1  ( )  AGE 

PDX-1  mRNA  PDX-1  �  

(Shu et al., 2011)  

CCAAT enhancer binding protein � (C/EBP�)  

C/EBP�  ER stress

 (Matsuda et al., 2010, Meir et al., 2010)  C/EBP� 

 INS-1  ER stress  (Oh et al., 2013)  

C/EBP�  PDX-1  PDX-1 

 

 (IHC)  C/EBP�  (  
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 4-10 Monascin  lovastatin  AGE 22  PDX-1 mRNA 

 

Fig. 4-10 The effect of monascin and lovastatin on the PDX-1 mRNA level of male 

BALB/c mice with 22 weeks of i.p. injection of advanced glycation 

end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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4-12 Monascin  lovastatin  AGE 22  C/EBP� 

 

Fig. 4-12 The effect of monascin and lovastatin on hepatic C/EBP� of male BALB/c 

mice with 22 weeks of i.p. injection of advanced glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

 

#p < 0.05, significantly different from control (BSA) group; *p < 0.05, significantly 

different from AGE group 

 
  

#

*
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) 4-11  AGE  C/EBP� 

 C/EBP� AGE C/EBP�  

 AGE MS LOV 

,  MS  LOV  C/EBP� 

 LOV  MS  

 C/EBP�  4-12 22  AGE 

 C/EBP�  (BSA ) (p < 0.05)  MS  

LOV  C/EBP� 50%  57% MS 

 C/EBP�  (p < 0.05) NAC AGE C/EBP�

12% MS LOV  

 

 (glucose transporter 2; GLUT2) mRNA  

 (glucose 

transporter 2; GLUT2)  � 

�  GLUT2  glucokinase 

GLUT2 glucokinase

� GLUT2  � 

 GSIS  

real-time PCR GLUT2 mRNA GAPDH

GLUT2 mRNA  4-13 22  AGE  

AGE  (BSA ) (p < 0.001)  MS  LOV 

 GLUT2 mRNA  31%  88% (p < 0.001)  
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 4-13  Monascin  lovastatin AGE 22  GLUT2 mRNA 

 

Fig. 4-13 The effect of monascin and lovastatin on GLUT2 mRNA expression ratio of 

male BALB/c mice with 22 weeks of i.p. injection of advanced glycation 

end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

###P < 0.001 significantly different from control (BSA) group; ***p < 0.001, 

significantly different from AGE group 

**P < 0.01, significantly different from AGE group 

 

 

###
**

*** **
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NAC GLUT2 mRNA 85%  MS  LOV 

 �  PDX-1  GLUT2 mRNA  

GLUT2

GLUT2 mRNA GLUT2

GLUT2

 (Weir., 1993)  

 

 Monascin  lovastatin  AGE  

 

    

 2 TC TG

TG PKC

mitogen-activated protein kinase family c-jun N-terminal kinase (JNK) 

JNK proinflammatory tumor necrosis factor � (TNF-�)  

�

� 

AGE TG  4-14  22  

AGE  TG  (BSA) 

 (p < 0.05)  MS LOV AGE   
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(A) 

 

(B) 

   

4-14 Monascin lovastatin AGE 22  (A) 

 (B)  

Fig 4-14 The effect of monascin and lovastatin on the serum total cholesterol and 

triglyceride level of male BALB/c mice with 22 weeks of i.p. injection of 

advanced glycation end-products 

BSA: control group, AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

###p < 0.001, significantly different from control (BSA) group; #p < 0.05, 

significantly from control (BSA) group; **p < 0.01, *p < 0.05, significantly different 

from AGE group 

#
* **

**

###
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(A) 

(B)  

 

4-15  Monascin lovastatin AGE 22  (A) 

 (B)  

Fig. 4-15 The effect of monascin and lovastatin on the liver TC TG level of male 

BALB/c mice with 22 weeks of i.p. injection of advanced glycation 

end-products 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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TG 21% 23% p < 0.05, p < 0.01

NAC TG 35%  MS  LOV  

AGE  TG  

TC  4-14 22  AGE  TC 

 (BSA ) (p < 0.001)  MS  TC 9%

NAC TC 6% AGE  22 

 TC TG MS TG TC

TC TG  

 

 TG  4-15

22  AGE  TG  (BSA ) (p < 0.01)

 MS  LOV  TG  TC

4-15  22  AGE  TC  

 

 Monascin lovastatin AGE  

 (TNF-� IL-1� IL-6) 

  TNF-� IL-1� IL-6)

TNF-� 26 kDa TNF-� 

 

TNF-�  TNF-�

 TNF-� TNF-�  
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 (A) 

(B)  

(C) 

 

#
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*
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 4-16  Monascin  lovastatin  AGE 22

 

Fig. 4-16 The effect of monascin and lovastatin on pancreas (A) TNF-�, (B) IL-6 and 

(C) IL-1� of male BALB/c mice with 22 weeks of i.p. injection of 

advanced glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

##p < 0.01, significantly different from control (BSA) group; **p < 0.01, significantly 

different from AGE group; *p < 0.05, significantly different from AGE group 
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TNF-�  (VLDL) TNF-� 

VLDL

TNF-�  IRS-1 

IL-6

  IL-6 IRS   suppressor of cytokine 

signaling 3 (SOCS3)  

TG IL-6  

adiponectin  IL-1�  � 

 

 TNF-� IL-6 IL-1�  4-16 22  AGE 

 TNF-� IL-6 IL-1�  (BSA ) (p < 0.01)

 MS  LOV MS

 LOV  IL-6  (p < 0.01) 80% 82%

NAC IL-6 58%  MS  LOV  TNF-� 

35% 54% NAC TNF-� 31% MS LOV  IL-1� 

 47%  52%  LOV  AGE  (p < 0.05) NAC

IL-1� 39%  

MS  LOV 

IL-6  IL-1�  TNF-�  IL-16  IL-1� 
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(A) 

 
(B) 

 

(C) 

 

*

* *
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 4-17 Monascin  lovastatin AGE 22

 

Fig. 4-17 The effect of monascin and lovastatin on liver (A) TNF-� (B) IL-6 and (C) 

IL-1� of male BALB/c mice with 22 weeks of i.p. injection of advanced 

glycation end-products 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

*p < 0.05, significantly different from AGE group 
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 (A) 

(B)  

 

4-18 Monascin lovastatin AGE 22

 

Fig. 4-18 The effect of monascin and lovastatin on kidney (A) TNF-�and (B) IL-1� of 

male BALB/c mice with 22 weeks of i.p. injection of advanced glycation 

end-products 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

*p < 0.05, significantly different from AGE group 

*
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 MS  LOV 

 Monascin  lovastatin  AGE  

p47phox NADPH oxidase subunit  

AGE  � 

NADPH oxidase (NOX)  

(Morgan et al., 2007; Nakayama et al., 2005)  RAGE  

p47phox (NADPH oxidase subunit) NF-kappa 

B (NF�B) 

 (Guha et al., 2000)  
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4-20 Monascin lovastatin AGE p47phox

 

Fig.4-20 The effect of monascin and lovastatin on hepatic p47phox positive stained 

area of male BALB/c mice with 22 weeks of i.p. injection of advanced 

glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

#p < 0.05, significantly different from control (BSA) group; **p < 0.01, significantly 

different from AGE group; *p < 0.05, significantly different from AGE group 
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4-21  Monascin  lovastatin AGE 22

(A) SOD (B) CAT and (C) GSH  

Fig. 4-21 The effect of monaascin and lovastatin on (A) SOD (B) CAT and (C) GSH 

of male BALB/c mice with 22 weeks of i.p. injection of advanced glycation 

end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

#p < 0.05, significantly different from control (BSA) group; **p < 0.01, significantly 

different from AGE group 
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4-22  Monascin  lovastatin  AGE 22

Fig. 4-22 The effect of monascin and lovastatin on liver (A) SOD (B) CAT and (C) 

GSH of male BALB/c mice with 22 weeks of i.p. injection of advanced 

glycation end-products 

 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 

*p < 0.05, significantly different from AGE group 
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4-23  Monascin  lovastatin  AGE 22

 

Fig. 4-23 The effect of monascin and lovastatin on kidney (A) SOD (B) CAT and (C) 

GSH of male BALB/c mice with 22 weeks of i.p. injection of advanced 

glycation end-products 

 

BSA: control group ; AGE: advanced glycation end-product induced group; AGE+ 

MS: AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced 

group and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg 

NAC/kg bw group 

*p < 0.05, significantly different from AGE group 
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4-1 AGE  

Table 4-1 the biochemical parameters of liver and kidney of male BALB/c mice with 

22 weeks of i.p. injection of advanced glycation end-products 

 

 Groups 

Biochemical 

parameters 

BSA AGE AGE+MS AGE+LOV AGE+NAC

ALT 

U/L  

38.50±2.28 54.00±4.39 60.00±4.47 45.00±2.24 37.67±3.28 

Albumin 

g/dL  

2.80±0.46 2.73±0.64 2.70±0.32 2.60±0.32 2.73±0.39 

BUN 

mg/dL  

20.68 ±0.47 17.37±1.72 16.50±2.12 33.00±2.00 24.40±3.33 

Creatinine 

mg/dL  

0.09±0.16 0.04±0.21 0.04±0.07 0.06±0.14 0.05±0.14 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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(D) 

 

4-26 AGE  (A) ALT (B) Albumin (C) BUN (D) 

Creatine  

Fig. 4-26 The effect of monascin and lovastatin on ALT, Albumin, BUN and Creatine 

of male BALB/c mice with 22 weeks of i.p. injection of advanced glycation 

end-products 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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 4-2 Monascin lovastatin  

Table 4-2 The effect of monascin and lovastatin on cytokines of male BALB/c mice 

with 22 weeks of i.p. injection of advanced glycation end-products 

 

AGE AGE+MS AGE+LOV 

Pancreas TNF-� 
   

Pancreas IL-6 
   

Pancreas IL-1� 
   

Liver TNF-� 
   

Liver IL-6 
   

Liver IL-1� 
   

Kidney TNF-� 
   

Kidney IL-1� 
   

significantly elevator from BSA group 

, significantly inhibitory from AGE group 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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 4-3 Monascin lovastatin  

Table 4-3 The effect of monascin and lovastatin on anoxidant enzymes of male 

BALB/c mice with 22 weeks of i.p. injection of advanced glycation end-products 

AGE AGE+MS AGE+LOV 

Pancreas SOD 
   

Pancreas GSH 
 –  

Pancreas CAT – – – 

Liver SOD 
   

Liver GSH 
   

Liver CAT 
   

Kidney SOD 
   

Kidney GSH 
   

Kidney CAT 
 – – 

significantly elevator from BSA group 

-, no significantly diferent from AGE group 

, significantly inhibitory from AGE group 

BSA: control group; AGE: advanced glycation end-product induced group; AGE+ MS: 

AGE induced group and 10 mg MS/kg bw group; AGE+LOV: AGE induced group 

and 10 mg LOV/kg bw group; AGE+NAC: AGE induced group and 100 mg NAC/kg 

bw group 
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