
JPET # 115337 

 1

Title Page 

 

The Dual PPARα/γ Activator Muraglitazar Prevents the Natural 

Progression of Diabetes in db/db Mice 

 

Effie Tozzo, Randolph Ponticiello, JoAnn Swartz, Dennis Farrelly, Rachel Zebo, Gustav 

Welzel, Donald Egan, Lori Kunselman, Andrew Peters, Liqun Gu, Michele French, Sean 

Chen, Pratik Devasthale, Evan Janovitz, Ada Staal, Thomas Harrity, Rene Belder, Peter T 

Cheng, Jean Whaley, Simeon Taylor and Narayanan Hariharan 

 

Metabolic and Cardiovascular Diseases Discovery Biology (ET, RP, JS, DF, RZ, GW, 

DE, LK, AP, LG, AS, TH, JW, ST, NH), Discovery Toxicology (MF, EJ), Metabolic 

Diseases Discovery Chemistry (SC, PD, PTC), Global Clinical Research (RB). Bristol-

Myers Squibb Pharmaceutical Research Institute, Princeton, NJ. 08543, USA.   

 

 

 

 

 

 

 

 

 

 JPET Fast Forward. Published on January 26, 2007 as DOI:10.1124/jpet.106.115337

 Copyright 2007 by the American Society for Pharmacology and Experimental Therapeutics.

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 26, 2007 as DOI: 10.1124/jpet.106.115337

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 115337 

 2

Running Title Page:   

 

Running Title:  Muraglitazar prevents the natural progression of diabetes 

 

Corresponding author: 

Narayanan Hariharan, PhD 

Metabolic and Cardiovascular Diseases, HWP-21-2.02 

Bristol-Myers Squibb Pharmaceutical Research Institute 

Princeton, NJ 08543, USA  

Phone: 609-818-5289; Fax: 609-818-3239 

E-mail: narayanan.hariharan@bms.com 

 

Document statistics: 

Number of text pages - 34 

Number of tables - 0 

Number of figures - 5 

Number of references - 37 

Number of words in the abstract - 225 

Number of words in the introduction - 484 

Number of words in the discussion - 1055 

 

Abbreviations:  

AUC: area under the curve; BSA: bovine serum albumin; FA: fatty acids, FFA: free fatty 

acids; GLP-1: glucagon like peptide-1; HbA1c: hemoglobin A1C, KRB: Kreb’s Ringer 

bicarbonate buffer; Mura: muraglitazar; oGTT: oral glucose tolerance test; SD: standard 

deviation; SEM: standard error of means; Veh: vehicle. 

 

 

 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 26, 2007 as DOI: 10.1124/jpet.106.115337

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 115337 

 3

Abstract 

There are two major defects in type 2 diabetes: 1) insulin resistance and 2) insulin 

deficiency due to loss of β-cell function.  Here we demonstrated that treatment with 

muraglitazar (a dual PPARα/γ activator), when initiated before or after the onset of 

diabetes in mice, is effective against both defects. In Study 1, prediabetic db/db mice 

were treated for 12 weeks. The control mice developed diabetes, as evidenced by 

hyperglycemia, hyperinsulinemia, reduced insulin levels in the pancreas, blunted insulin 

response to glucose and impaired glucose tolerance. The muraglitazar-treated mice had 

normal plasma glucose and insulin levels, equivalent or higher pancreatic insulin content 

than normal mice, showed a robust insulin response to glucose and greater glucose 

tolerance. In Study 2, diabetic db/db mice were treated for 4 weeks. The control mice 

displayed increased glucose levels and severe loss of islets, and their isolated islets 

secreted reduced amounts of insulin in response to glucose and exendin-4 compared to 

baseline. In muraglitazar-treated mice, glucose levels were reduced to normal. These 

mice showed reduced loss of islets, and their isolated islets secreted insulin at levels 

comparable to baseline. Thus, muraglitazar treatment decreased both insulin resistance 

and preserved β-cell function. As a result, muraglitazar treatment, when initiated before 

the onset of diabetes, prevented development of diabetes and, when initiated after the 

onset of diabetes, prevented worsening of diabetes in db/db mice. 
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Introduction 

Type 2 diabetes is characterized by two major defects: 1) peripheral tissue 

resistance to insulin and, 2) insulin deficiency as a result of loss of pancreatic islet β-cell 

function. In this progressive disease, susceptible individuals will develop impaired 

peripheral tissue response to insulin and compensatory hyperinsulinemia (Turner, 1998; 

ADA and NIDDK, 2002; Malecki and Klupa, 2005; Das and Chakrabarti, 2005; Bottino 

and Trucco, 2005; Festa et al., 2006). In many of these individuals their β-cells will fail 

to secrete sufficient insulin to compensate for insulin resistance and maintain normal 

glucose levels, thus marking the onset of diabetes (Malecki and Klupa, 2005; Das and 

Chakrabarti, 2005; Bottino and Trucco, 2005; Festa et al., 2006). In a significant 

proportion of type 2 diabetic patients the disease will progress to complete loss of β-cell 

insulin secretory function, thus necessitating exogenous administration of insulin, in 

addition to other medications, to achieve adequate glycemic control (Malecki and Klupa, 

2005; Das and Chakrabarti, 2005; Bottino and Trucco, 2005; Festa et al., 2006). It has 

been proposed that persistent insulin resistance accelerates β-cell failure (Malecki and 

Klupa, 2005; Das and Chakrabarti, 2005; Bottino and Trucco, 2005; Festa et al., 2006). 

Therefore, earlier intervention that corrects insulin resistance and/or protects β-cells may 

prevent development and progression of diabetes in individuals who are at high risk for 

developing diabetes. Furthermore, lowering of insulin resistance and hyperglycemia may 

delay β-cell failure in type 2 diabetic patients. Consistent with this, treatment with the 

insulin sensitizers troglitazone or pioglitazone resulted in a reduced rate of incidence of 

type 2 diabetes in individuals at high risk for developing the disease (Buchanan et al., 

2002; The Diabetes Prevention Program Research Group, 2005; Xiang et al., 2006). 
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Muraglitazar (BMS-298585), a dual PPARα/γ activator, has been demonstrated to 

lower insulin resistance and hyperglycemia and improve dyslipidemia in animal models 

of type 2 diabetes (e.g., db/db mice) and type 2 diabetic patients  (Devasthale et al., 2005; 

Harrity et al., 2006; Hosagrahara et al., 2006; Buse et al., 2005; Kendall et al., 2006). In 

previously published work, muraglitazar was shown to directly stimulate both PPARα 

and PPARγ activity in vitro (Devasthale et al., 2005).  Additionally, in db/db mice, 

muraglitazar treatment has been shown to modulate the expression of target genes of both 

PPARα (e.g., apoCIII and acyl-CoA oxidase) and PPARγ (e.g., aP2, GLUT4, LPL and 

11β-HSD1) in liver and fat, respectively (Harrity et al., 2006). The db/db mouse, with a 

loss of function mutation in the leptin receptor gene, is a useful model for human type 2 

diabetes because, upon aging, it progressively develops insulin resistance, 

hyperinsulinemia, hyperglycemia and loss of β-cell function (Leiter, 1989; Kjorholt et al., 

2005; Kobayashi et al., 2000). In these mice, muraglitazar was assessed for its effects on 

the development and worsening of diabetes, when drug treatment was initiated before 

(i.e. in young prediabetic mice) or after (i.e. in mature diabetic mice) the onset of 

diabetes, respectively. 

Methods 

Animals: Female db/db mice (C57BLKS/J-m-Lepr-/-), and corresponding age-matched 

female normal C57BL/6J mice were purchased from Jackson Labs (Bar Harbor, Maine) 

and housed under a controlled climate (23°C, 12 hrs light:12 hrs dark cycle) with free 

access to water and food (standard mouse diet #2018, Harlan, Indianapolis, IN). Female 

mice were used in the studies, since male mice occasionally developed pyelonephritis in 

our hands.  However, it should be noted that, based on prior experience with male and 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 26, 2007 as DOI: 10.1124/jpet.106.115337

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 115337 

 6

female db/db mice, no gender differences were anticipated either in terms of severity of 

diabetes or the response to muraglitazar treatment (Harrity et al., 2006). All experimental 

procedures were conducted according to Bristol Myers Squibb Co. animal care 

guidelines.   

Study # 1: The prediabetic db/db mice (approximately 4 week old, fasting plasma glucose 

levels of  83 - 84 mg/dL) were randomized into 4 groups (45 mice per group) and 

gavaged orally, once-a-day with vehicle (5% v/v 1-methyl-2-pyrrolidinone, 20% 

polyethylene glycol 400, and 75% 20 mM dibasic sodium phosphate, pH 7.2) alone or 

with muraglitazar at 1, 3 or 10 mg/kg/day for 12 weeks. After 4, 8 and 12 weeks, mice 

were fasted overnight for 16 hours and plasma glucose, insulin and C-peptide levels were 

measured from tail-vein blood samples. At these time-points, 6 mice per group were 

sacrificed and their pancreatic insulin content was measured. At the 8-week time-point, 6 

mice each from the vehicle and muraglitazar-treated (10 mg/kg/day) groups were 

sacrificed for immunohistochemical analysis of islets. At the end of the 12-week 

treatment period, hemoglobin A1c (HbA1c) levels were measured for the remaining 

mice. In addition, nine mice per group underwent an oral glucose tolerance test (oGTT). 

Independently, in a pilot study, normal female C57BL/6J mice (4 week period between 

10 and 14 weeks of age; 10 mice per group) and diabetic female db/db mice (10 week 

period between 8 and 18 weeks of age; 6 mice per group) were also analyzed for 

pancreatic insulin content. 

Study # 2: Diabetic db/db mice (approximately 10 week old, fasting plasma glucose 

levels of approximately 150 mg/dL) were randomized into 3 groups: 12 mice for 

baseline, 6 mice for the 2 week time-point and 12 mice for the 4 week time-point. The 
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mice were gavaged orally once-a-day with vehicle alone or muraglitazar (10 mg/kg/day) 

for 4 weeks. At baseline and after 2 and 4 weeks of treatment, fed plasma glucose, 

HbA1c, insulin, free fatty acids (FFA), triglycerides, and adiponectin levels were 

measured. Islets were isolated at baseline and at the 2 week and 4 week time-points to 

determine islet number and size as wells in vitro insulin secretion in response to glucose 

or exendin-4 (Wang and Brubaker, 2002). 

Plasma chemistry analysis: Glucose, HbA1c, triglyceride and FFA levels were measured 

by a Cobas automatic analyzer (Roche Diagnostics Corp., Indianapolis, IN). Plasma 

insulin was determined using a mouse ELISA (ALPCO Diagnostics, Salem, NH). Area 

under the glucose and insulin curves (AUCs) was determined from time 0 (baseline) 

values using SigmaPlot software. C-peptide levels were measured using a rat RIA, which 

is reported to cross-react 100% with mouse C-peptide (Linco Research Inc, St Louis, 

MO). Adiponectin levels were determined using a mouse ELISA (Linco Research Inc, St 

Louis, MO).  

oGTT: After an overnight fast, blood samples were collected from the tail-vein for 

determination of 12 week plasma chemistry. The mice were gavaged with a dose of 

glucose (2 g/kg), and tail-vein blood samples were collected at 0 (immediately after 

glucose ingestion), 15, 30, 60 and 120 minutes for glucose and insulin measurements.  

Insulin content in isolated pancreata: Using methodology adapted from Yajima et al., 

2003, pancreata were harvested from overnight fasted db/db mice or age-matched normal 

C57BL/6J mice immediately after sacrifice, frozen in liquid N2 and stored at -20°C. 

Pancreata were homogenized in acidic/ethanol solution (75% ethanol, 23.5% distilled 

water, and 1.5% concentrated HCl; 1.8 mL/pancreas) with a Polytron homogenizer. The 
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homogenates were stored at 4°C for 28 hours and centrifuged at 1500g for 30 min at 4°C. 

The supernatants were diluted 1:20,000 and insulin levels were determined by ELISA 

(ALPCO Diagnostics, Salem, NH).   

Islet histology: Immunohistochemistry was conducted on 5 µm thick sections of 

formalin-fixed, paraffin-embedded pancreata (6 mice per group).  Representative sections 

in which pancreas was fully exposed were used for immunohistochemical analysis. In 

these analyses, the avidin-biotin peroxidase method was used with guinea pig anti-insulin 

antibody (Dako, Carpinteria, CA) as the primary antibody, biotinylated goat anti-guinea 

pig antibody (Vector Labs, Burlingame, CA) as the secondary antibody, 3,3-

diaminobenzidine (Dako, Carpinteria, CA) as the chromogen substrate, and Gill’s 

hematoxylin (Vector Labs, Burlingame, CA) as the counter-stain. Image analysis was 

performed using the Ariol SL-50 (Applied Imaging, San Jose, CA). Five islets, 

comprising a minimum of 10 cells each, were selected from each pancreas for image 

analysis. The islet cells were classified, semi-quantitatively, into either high intensity- or 

low intensity-insulin staining cells. Islet images were captured using three automated 

scan passes: the first scan, at 1.25x objective, for tissue identification; the second scan, at 

5x objective, for islet selection; the third scan, at 20x objective, for image capture and 

analysis.  

Islet Isolation: Islets were isolated from fed db/db mice by the Roche Liberase RI method 

and purified using Histopaque-1077. Mice were sacrificed and the pancreas was inflated 

by injecting 3 mL of 0.17 mg/mL Liberase RI (Roche Diagnostics Corp., Indianapolis, 

IN) in Hank’s Balanced Salt Solution into the common bile duct. The pancreata were 

placed in 15 ml tubes and digested at 37°C for 25 minutes in a water bath. Islets were 
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purified on a Histopaque-1077 (Sigma, St Louis, MO) gradient and hand-picked under a 

Leica WILD M3Z stereomicroscope. Islets were sized using an eyepiece graticule 

calibrated against a stage micrometer and grouped as small (diameter = 100-150 µm), 

medium (diameter = 150-300 µm) and large (diameter = 350-650 µm).  

Insulin Secretion Assay: The medium-size islets were incubated overnight in Dulbecco’s 

minimal eagles medium supplemented with 5% fetal bovine serum (Gibco/Invitrogen 

Corp., Carlsbad, CA). The following day, ten size-matched islets per well were placed 

into 96-well Multiscreen nylon mesh plates (60 µM pore size, Millipore Corp., 

Burlington, MA) for static insulin secretion assays. The incubation medium was Kreb’s 

Ringer bicarbonate buffer (KRB; 118.5 mM NaCl, 2.54 mM CaCl2
.2H20, 1.19 mM 

KH2PO4, 4.74 mM KCl, 25 mM NaHCO3, 1.19 mM MgSO4
.7H2O, and 10 mM HEPES). 

Islets were pre-incubated in KRB containing 0.2% w/v bovine serum albumin (BSA) and 

2.8 mM glucose (Sigma, St Louis, MO) for one hour, followed by one more hour in fresh 

medium. Insulin content was measured in the media to establish baseline static insulin 

secretion for each well, using the Mercodia High-Range rat insulin ELISA, which is 

reported to cross react 100% with mouse insulin (ALPCO Diagnostics, Salem, NH). 

Fresh KRB plus 0.2% BSA, supplemented with 16.8 mM glucose or 16.8 mM glucose + 

20 nM exendin-4 was added for the final one hour, after which insulin content was 

measured in the media. Insulin secretion was calculated as the change (delta ) in insulin 

secretion (ng/10 islets/hour), which is the quantity of insulin secreted after one hour of 

incubation with high-glucose or exendin-4 minus the quantity of insulin secreted with 

low-glucose during one hour pre-incubation period.                                                
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Statistical analysis. Statistical analysis was performed using analysis of variance followed 

by Dunnett’s test (12 week study) or unpaired two-tailed Student’s t test (4 week study). 

Compound: Muraglitazar was synthesized by Metabolic Diseases Discovery Chemistry, 

Bristol-Myers Squibb (Devasthale et al., 2005) 

Results 

Muraglitazar treatment prevents development of diabetes in db/db mice  

In Study 1, the impact of muraglitazar treatment on the development of insulin 

resistance, hyperglycemia and β-cell failure was determined.  In this study, 

approximately 4 week old prediabetic db/db mice were treated with vehicle alone or 

muraglitazar at doses of 1, 3, or 10 mg/kg/day for 12 weeks.  

The vehicle-treated control db/db mice, as expected, became hyperglycemic at the 

first 4 week time-point evaluated and remained hyperglycemic throughout the remainder 

of the study (fasting plasma glucose ≥247 mg/dL vs. 100 to 125 mg/dL in age-matched 

normal C57BL/6J mice [unpublished data]; Figure 1 A). In comparison, all three 

muraglitazar-treated groups showed significantly lowered fasting plasma glucose levels 

at the 4, 8 and 12 week time-points. Normalized fasting glucose levels (≤104 mg/dL) 

were achieved at the 3 and 10 mg/kg/day doses after 4 weeks of treatment and were 

maintained at these levels thereafter (Figure 1 A). Consistent with the fasting glucose 

levels observed over the treatment period, HbA1c levels were elevated in the control 

mice (HbA1c = 8.4±0.5%) and were either significantly lowered or normalized in the 

muraglitazar-treated mice (HbA1c = 5.6±0.4%, 4.1±0.1% and 3.8±.0.1% at the 1, 3 and 

10 mg/kg/day doses, respectively, vs. ≤ 4% in age-matched normal C57BL/6J mice 

[unpublished data]) at the termination of the study (Figure 1 B). These normalized fasting 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 26, 2007 as DOI: 10.1124/jpet.106.115337

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 115337 

 11

plasma glucose and HbA1c levels demonstrate that muraglitazar treatment, when initiated 

prior to the onset of diabetes, prevented the development of hyperglycemia in db/db 

mice. As observed in our previous studies, and consistent with other PPARγ activators, 

the muraglitazar-treated mice gained more body weight than the control group mice 

(Figure 1 C; Harrity et al., 2006; Larsen et al., 2003).  Additional data from 3 and 10 

mg/kg/day dose groups are discussed further in this report. 

The vehicle-treated db/db mice maintained approximately 2-3 folds higher fasting 

insulin levels at the 4 , 8 and 12 week time-points (6.3±0.6, 4.0±0.8, and 4.7±0.8 ng/mL, 

respectively) than age-matched normal C57BL/6J mice (0.5 to 2.0 ng/mL; unpublished 

data; Figure 1 D).  In comparison, the muraglitazar-treated mice displayed reduced 

fasting plasma insulin levels at the 4, 8 and 12 week time-points (Figure 1 D). At the 

conclusion of the 12 week study, the fasting plasma insulin levels were at levels close to 

the levels observed in normal C57BL/6J mice (at the 10 mg/kg/day dose: 4.4±0.3, 

2.3±0.3 and 2.2±0.2 ng/mL at the 4, 8 and 12 weeks time points, respectively).  

Consistent with higher plasma insulin levels, the vehicle-treated mice showed relatively 

high plasma C-peptide levels that remained stable over time (10.7±1.6, 11.6±1.7 and 

9.9±2.1 ng/mL at 4, 8 and 12 weeks of treatment, respectively). In accordance with the 

decreased fasting insulin levels, the muraglitazar-treated mice showed reduced C-peptide 

levels, relative to the vehicle-treated mice, and showed a non-significant trend for 

increase over time (at the 10 mg/kg/day dose: 5.4±0.4, 5.7±0.4 and 7.0±1.0 ng/mL at the 

4, 8 and 12 weeks time points, respectively. Figure 1 E). Hyperglycemia, in the presence 

of elevated insulin levels (2-3 fold above the levels in normal C57BL/6J mice), in 

vehicle-treated db/db mice indicates their severely insulin resistant state. The data also 
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suggest that in these mice their β-cells could not adequately compensate for severe 

insulin resistance. On the other hand, the normoglycemia and reduced or normalized 

plasma insulin levels in muraglitazar-treated mice indicate improvement of insulin 

sensitivity and/or delay of worsening of insulin resistance.  

 Normal C57BL/6J mice maintain relatively constant pancreatic insulin 

concentrations (19±3 U/g) over the 4-week period between 10 and 14 weeks of age (Figure 

2 A). db/db mice, in contrast to normal mice, experience progressive loss of pancreatic 

insulin levels (12±2, 8±2, 7±1, 5±2, 3±1 and 2±1 U/g at 8, 10, 12, 14, 16 and 18 weeks of 

age, respectively; data from a pilot study) as they aged, presumably due to the deterioration 

of β-cell function as a result of higher insulin secretory response required to cope with 

severe insulin resistance (Figure 2 A). (19)  In order to assess the impact of muraglitazar on 

pancreatic insulin content, and thus β-cell function, the pancreata were isolated from 

vehicle and muraglitazar-treated mice at the 4, 8 and 12 week time-points (the age of the 

mice being approximately 8 weeks, 12 weeks, and 16 weeks, respectively), and the insulin 

content was determined. Consistent with previous observations, the db/db mice in the 

vehicle-treated control group had lower pancreatic insulin content as they aged (13±6, 12±3 

and 7±1 U/g pancreas at the 4, 8 and 12 weeks treatment points, respectively, vs. 19±3 U/g 

pancreas in normal C57BL/6J mice; Figure 2 B). As shown above, the vehicle-treated mice 

remained both hyperinsulinemic and hyperglycemic during the same period (Figure 1 A, 

D). The muraglitazar-treated db/db mice at the 4, 8 and 12 week time-points had 

significantly higher pancreatic insulin levels than the vehicle-treated control group (Figure 

2 B). Importantly, in contrast to the vehicle-treated mice which experienced depletion of 

insulin levels in the pancreas, the pancreatic insulin levels (≥ 20 U/g pancreas) in 
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muraglitazar-treated mice were equivalent to or above those observed in normal C57BL/6J 

mice during the entire course of the experiment (Figure 2 B). It should be noted that, in 

muraglitazar-treated mice, the fasting plasma insulin levels were reduced to normal levels 

over time and that these mice maintained normal fasting glucose levels (Figure 1 A, D). At 

the 8 week time-point, pancreata were harvested from vehicle- and muraglitazar-treated (10 

mg/kg/day dose) db/db mice and analyzed immunohistochemically for islet insulin content 

and morphology. Consistent with the biochemical data, there was increased islet insulin 

staining in the pancreata from the drug-treated group compared to the control group (Figure 

2 D, F vs. C, E). Furthermore, in the pancreata of muraglitazar-treated mice, the islets 

appeared to be structurally compact and more well-defined than the vehicle-treated mice 

(Figure 2 D, F vs. C, E), and contained a higher percentage of high intensity insulin 

staining cells, as compared to the vehicle-treated mice (83±9% vs. 57±8%, p = 0.06; Figure 

2 G). Thus, the histological and biochemical data show that muraglitazar treatment, when 

initiated before the onset of diabetes, has preserved islet structure and prevented loss of 

islet insulin content, which are both indicative of preservation of β-cell function, in db/db 

mice.  

At the end of study 1, the vehicle- and muraglitazar-treated db/db mice were 

fasted overnight and, after collecting tail vein blood for determination of week 12 fasting 

plasma chemistry, were challenged with an oral bolus of glucose in an oGTT. Plasma 

glucose and insulin levels were determined immediately after the glucose challenge 

(defined as time 0) and at regular intervals for up to 120 minutes after ingestion of 

glucose. As presented in Figure 3 (A, B, C), the muraglitazar-treated mice showed 

markedly reduced glucose excursions; the glucose AUC was reduced by 28% and 43% at 
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the 3 and 10 mg/kg/day doses, respectively, and a trend for reduced insulin AUC levels 

compared to the vehicle-treated mice. The reduced glucose excursion demonstrates that 

in the muraglitazar-treated db/db mice their glucose tolerance has been improved. During 

oGTT, the vehicle-treated db/db mice were hyperinsulinemic at time 0 (Figure 3 D). 

However, their plasma insulin levels, both as absolute levels and as a percentage of time 

0 values, remained relatively unchanged for up to 120 minutes post-glucose ingestion 

(Figure 3 D, E). The glucose stimulated first-phase insulin secretion was completely 

absent in the vehicle-treated mice (Figure 3 D, E). In contrast, the muraglitazar-treated 

db/db mice, with nearly normal baseline plasma insulin levels, showed robust glucose 

stimulated first-phase insulin secretion as well as significantly elevated plasma insulin 

levels throughout the oGTT (Figure 3 E, F). These data, therefore, indicate that, in the 

muraglitazar-treated db/db mice, a robust β-cell insulin secretory response to glucose was 

maintained whereas in the vehicle-treated db/db mice the normal β-cell insulin secretory 

response to glucose was lost. It is possible that the reduced glucose excursion in 

muraglitazar-treated mice is due, at least in part, to the preservation of normal insulin 

secretory response by β-cells to the glucose challenge. 

Muraglitazar treatment prevents deterioration of diabetes in db/db mice  

In Study 2, the impact of muraglitazar treatment, when initiated after the onset of 

diabetes, on hyperglycemia and deterioration of β-cell function was assessed. In this 

study, a cohort of approximately 10 week old diabetic db/db mice was treated with 

muraglitazar (10 mg/kg/day) or vehicle alone for 4 weeks.  The analysis were done with 

ad-lib fed mice in order to increase the survival rate of the islets and to preserve glucose 
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stimulated insulin secretory function in isolated islets in vitro (Trus et al., 1980; Bouman 

et al., 1979). 

At the start of the 4 week study, the average baseline fed plasma glucose levels in 

the untreated db/db mice were 567±13 mg/dL vs. ≅ 225 mg/dL in age-matched normal 

C57BL/6J mice. Over the course of the study, the vehicle-treated db/db mice showed 

signs of worsening of hyperglycemia (fed plasma glucose = 651±32 mg/dL at the 2 week 

time-point) whereas in muraglitazar-treated db/db mice the fed plasma glucose levels 

were lowered (fed glucose = 256±39 mg/dL at the 2 week time-point) close to the levels 

observed in normal C57BL/6J mice (Figure 4 A). Consistent with the glucose levels, 

HbA1c values were higher in control mice (HbA1c, 7.4±0.3% vs. 6.1±0.03% at baseline), 

and were lower in drug-treated mice (HbA1c, 5.5±0.3%) after 2 weeks of treatment 

(Figure 4 B). The fed plasma insulin levels tended to be lower in muraglitazar-treated 

db/db mice in comparison with the vehicle-treated db/db mice; however, the differences 

between the vehicle- and drug-treated groups failed to reach statistical significance 

(Figure 4 C). The normalized glucose level in the presence of either equal or reduced 

insulin levels is indicative of improved insulin sensitivity in muraglitazar-treated mice. 

The muraglitazar-treated db/db mice also showed improvements in other metabolic 

parameters. For example, after 2 weeks of treatment, the plasma FFA levels were 

decreased to 0.4±0.03 meq/L, triglyceride levels were decreased to 78.0±2.0 mg/dL and 

adiponectin, an adipokine which plays an important role in insulin sensitivity, levels were 

increased to 80.7±8.2 µg/mL from baseline values of 1.2±0.14 meq/L, 181.0±19 mg/dL 

and 17.0±0.8 µg/mL, respectively (Figure 4 D-F). In the vehicle-treated db/db mice, after 

2 weeks on treatment, the plasma FFA levels were unchanged (1.0±0.1 meq/L), the 
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triglyceride levels were increased (368.0±31 mg/dL) and adiponectin levels were 

decreased (8.6±0.3 µg/mL) from the corresponding baseline levels ((Figure 4 D-F). 

Consistent with the 2-week data, the muraglitazar-treated mice maintained improved 

glucose levels and other metabolic parameters at the 4 week time-point (Figure 4 A-F). 

These data thus show that muraglitazar treatment, when initiated after the onset of 

diabetes, improved insulin sensitivity and corrected hyperglycemia, whereas the control 

mice exhibited worsening of hyperglycemia. 

Islets were harvested from the pancreata of untreated db/db mice at baseline, and 

from vehicle- or muraglitazar-treated db/db mice at the 2 week and 4 week time-points. 

The size of the islets in the pooled samples were categorized as small (diameter = 100-

150 µM), medium (diameter = 150-350 µM) and large (diameter = 350-650 µm) and 

counted. The medium-size islets, which make up the largest volume in the pancreas and 

have been reported to be most responsive to glucose-stimulated insulin secretion, are 

typically used for insulin secretion experiments (Diani et al., 2004; Ishida et al., 2004). 

As shown in Figures 5 A-B, in the vehicle-treated db/db mice, both the total number of 

islets per mouse (-52% after 2 weeks), and the number of medium-sized islets per mouse 

(-40% after 2 weeks) were decreased after 4 weeks as compared to baseline values. In the 

muraglitazar-treated db/db mice, the corresponding reduction in total number of islets per 

mouse was blunted (-18% after 2 weeks; Figure 5 A) and the number of medium-sized 

islets per mouse was increased (+26% after 2 weeks; Figure 5 B). These data suggest that 

muraglitazar treatment reduced the loss of islets, and stabilized the number of medium-

sized islets in the pancreata of diabetic db/db mice. 

This article has not been copyedited and formatted. The final version may differ from this version.
JPET Fast Forward. Published on January 26, 2007 as DOI: 10.1124/jpet.106.115337

 at A
SPE

T
 Journals on M

ay 23, 2023
jpet.aspetjournals.org

D
ow

nloaded from
 

http://jpet.aspetjournals.org/


JPET # 115337 

 17

Next, the microscopically similar medium-size islets (as judged by appearance 

and size), which were isolated at baseline and after treatment with vehicle alone or 

muraglitazar for 2 and 4 weeks, were analyzed in vitro for their insulin secretory response 

to high glucose (16.8 mM) or high glucose (16.8 mM) + exendin-4 (20 nM). Exendin-4, a 

39 amino-acid peptide originally isolated from Gila monster salivary gland with 53% 

homology to the glucagon like peptide-1 (GLP-1), is a ligand of the GLP-1 receptor and 

exerts incretin action in animals and in humans and is a direct insulin secretagogue 

(Gallwitz, 2006). In these analyses, the insulin secretory response was determined as the 

change (delta) in the insulin level in the incubation media after one hour of incubation in 

high glucose or high glucose + exendin-4 minus insulin level during one hour pre-

incubation under low glucose conditions (2.8 mM). As shown in Figure 5 C, during one 

hour pre-incubation, islets isolated at baseline or after 2 weeks and 4 weeks of drug 

treatment secreted insulin in response to a low concentration of glucose (2.8 mM). As 

shown in Figure 5 D, the islets isolated at baseline responded to high-glucose or high-

glucose + exendin-4 and secreted increased amounts of insulin (delta = +2.9 and +7.4 

ng/10 islets/hour, respectively, vs. low glucose). At the 2 week time-point, the islets from 

the vehicle-treated mice showed reduced insulin secretory response to high glucose or 

high glucose + exendin-4 (delta = +0.1 and +1.6 ng/10 islets/hour, respectively vs. low 

glucose; Figure 5 D) as compared to baseline levels. In contrast, the islets from 

muraglitazar-treated mice secreted insulin in response to high glucose or high glucose + 

exendin-4 at levels higher than the vehicle-treated mice and comparable to baseline levels 

(delta +2.3 and +8.7 ng/10 islets/hour, respectively, vs. low glucose; Figure 5 D). The 

increased insulin secretory response to high glucose was maintained at the 4 week time-
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point in muraglitazar-treated mice (Figure 5 D). Thus, in vehicle-treated diabetic db/db 

mice, the glucose-stimulated islet β-cell insulin secretory function had deteriorated, as 

compared to baseline, during the course of treatment period. Over the same treatment 

period, muraglitazar treatment prevented the deterioration of islet β-cell insulin secretory 

function. 

Discussion 

We have confirmed the previous observation that muraglitazar treatment corrects 

insulin resistance and hyperglycemia in db/db mice (Harrity et al., 2006). We have now 

shown that muraglitazar prevents loss of islet mass and β-cell function in db/db mice. 

Thus, muraglitazar favorably affects the two major defects in type 2 diabetes, namely, 

insulin resistance and loss of β-cell function. As a result, it prevents development of 

diabetes in prediabetic db/db mice and the worsening of diabetes in diabetic db/db mice.  

Muraglitazar treatment, when initiated before the onset of diabetes, prevents the 

subsequent characteristic development of diabetes in db/db mice. This was evidenced by: 

1) improved insulin sensitivity i.e., maintenance of normal insulin and glucose levels, 2) 

preservation of insulin levels in the pancreas, 3) preservation of islet structural integrity 

and insulin content, 4) robust insulin secretory response after an oral glucose challenge 

and 5) improved glucose tolerance. Muraglitazar treatment, when initiated after the onset 

of diabetes, prevents or possibly delays the further deterioration of the diabetic state in 

db/db mice. This was demonstrated by: 1) normalization of glucose levels, 2) the reduced 

loss of islets in the pancreas and 3) preservation of the isolated islet insulin secretory 

response to glucose. Consistent with previous observations, muraglitazar improves other 

metabolic abnormalities such as the elevated plasma FFA and triglyceride levels, as well 
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as reduced plasma adiponectin levels seen in vehicle-treated control db/db mice (Harrity 

et al., 2006).  

Previously, some β-cell protective effects have been reported for the clinically 

used PPARγ activators (e.g., pioglitazone) in animal models of type 2 diabetes. (Yajima 

et al., 2003; Diani et al., 2004; Ishida et al., 2004). These protective effects in animal 

models as well as in clinical trials against diabetes (Troglitazone In Prevention Of 

Diabetes, Troglitazone in Diabetes Prevention Trial and Pioglitazone In Prevention Of 

Diabetes) have been attributed to improvement of insulin sensitivity and glycemic control 

by these agents, which reduced insulin secretory demand and preserved β-cell function 

(Buchanan et al., 2002; The Diabetes Prevention Program Research Group, 2005; Xiang 

et al., 2006). The data reported here are consistent with these published data and 

demonstrate that muraglitazar improves both insulin sensitivity and preserved β-cell 

function. Furthermore, the data indicate that muraglitazar has the potential to prevent 

both the development and worsening of diabetes.  

It is possible that multiple mechanisms, both indirect and direct, play a role in 

muraglitazar-mediated prevention of diabetes development and/or worsening of diabetes 

in db/db mice. First, muraglitazar, by correcting insulin resistance, either prevents 

development of hyperglycemia or reduces hyperglycemia. Second, muraglitazar-

mediated improvement in insulin sensitivity may result in a reduced demand for insulin 

secretion from β-cells in order to maintain glycemic control, and thus lengthen their 

productive lifespan. (Buchanan et al., 2002; The Diabetes Prevention Program Research 

Group, 2005; Xiang et al., 2006; Diani et al., 2004; Ishida et al., 2004). Third, by 

lowering both hyperglycemia and hyperlipidemia, muraglitazar may protect β-cells from 
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glucotoxicity- and lipotoxicity-induced premature apoptosis (Bergman and Ader, 2000; 

Cnop et al., 2005; Kjorkolt et al., 2005).  Fourth, the muraglitazar-mediated stimulation 

of plasma adiponectin levels, through enhancement of insulin sensitivity, may help to 

preserve β-cell function (Kadowaki and Yamauchi, 2005; Furuta et al., 2006).  

The muraglitazar-treated mice with normal fasting insulin levels, maintained 

normal fasting glucose levels and showed improved glucose tolerance (i.e., improved 

insulin sensitivity). The vehicle-treated mice, in contrast to the muraglitazar-treated mice, 

with 2-3 folds above the normal fasting insulin levels, showed fasting hyperglycemia and 

glucose intolerance (i.e., insulin resistance). The reduced fasting plasma insulin levels 

and C-peptide levels in muraglitazar-treated mice, as compared to the vehicle-treated 

mice, is indicative of reduced insulin secretory demand from the pancreas. Interestingly, 

in muraglitazar-treated mice, the plasma C-peptide levels showed a non-significant trend 

for increase over time in the presence of reduced or normal plasma insulin levels. 

Although no data is available to support, it is possible that this is, at least in part, due to 

the changes in the relative rates of clearance of insulin (faster) vs. clearance of C-peptide 

(slower) in muraglitazar-treated mice as a result of improved insulin sensitivity and 

glucose control (Katz and Rubenstein, 1973; Kim et al., 2005).  

Finally, pancreatic islets have been shown to express both PPARα and PPARγ. 

(Rosen et al., 2003; Lin et al., 2005; Richardson et al., 2006; Yoshikawa et al., 2001; Park 

et al., 2006).  It is possible that muraglitazar may protect β-cells directly, by favorably 

altering the expression of PPARα- or PPARγ-target genes which are implicated in 

important functions such as glucose sensing, FA transport, control of cell differentiation, 

apoptosis and insulin secretion in β-cells (Rosen et al., 2003; Lin et al., 2005; Richardson 
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et al., 2006; Yoshikawa et al., 2001; Park et al., 2006). The preclinical and clinical data 

with PPARγ activators indicate that the predominantly PPARγ-mediated mechanisms 

such as stimulation of adiponectin levels, correction of insulin resistance and lowering of 

hyperglycemia may play a dominant role and protect the β-cells by reducing excessive 

insulin secretory demand (Buchanan et al., 2002; The Diabetes Prevention Program 

Research Group, 2005; Xiang et al., 2006; Diani et al., 2004; Ishida et al., 2004; Rosen et 

al., 2003; Lin et al., 2005; Richardson et al., 2006). It is also possible that the beneficial 

PPARα-mediated effects such as improvements in hyperlipidemia, lipotoxicity and 

oxidative stress also play a role in the protection of the β-cells (Yoshikawa et al., 2001; 

Park et al., 2006).  It is tempting to speculate that the above normal insulin content in the 

pancreas of muraglitazar-treated db/db mice may be due to the combined PPARα-and 

PPARγ-mediated effects of this drug in the β-cells. Clearly, further work would be 

necessary to understand the relative importance of the role of each one of the above 

mechanisms in the muraglitazar-mediated prevention of diabetes development in 

prediabetic db/db mice and the worsening of diabetes in diabetic db/db mice.  

In conclusion, the results of these studies demonstrate that muraglitazar treatment 

prevents the natural progression of diabetes in db/db mice by correcting insulin 

resistance, lowering hyperglycemia and preserving islet mass and β-cell function. These 

preclinical data suggest that muraglitazar treatment: 1) if initiated before the onset of 

diabetes, may prevent the development of diabetes in high risk humans and 2) if initiated 

after the onset of diabetes, may attenuate loss of islet mass and β-cell function, in 

addition to improving insulin resistance and hyperglycemia, in patients with type 2 

diabetes.   
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Legends for figures 

Figure 1: Effect of muraglitazar treatment in prediabetic db/db mice on the 

development of diabetes 

Approximately 4 week old prediabetic db/db mice were treated with vehicle or 

muraglitazar for 12 weeks. Plasma samples were collected from overnight fasted animals 

at the 0, 4, 8 and 12 week time-points. A: glucose; B: HbA1c (12 week time-point only); 

C: body weight; D, E: insulin and C-peptide (4, 8 and 12 week time-points only); 

Number of mice per group: 45 at week 0, 45 at week 4, 33 at week 8 and 21 at week 12 

(reduced number animals during the course of the study was the result of animals 

sacrificed for harvesting of pancreas). Fasting plasma glucose levels before treatment 

began: 83 - 84 mg/dL. Data are presented as mean ± SEM. *Difference between vehicle- 

and muraglitazar-treated groups, p<0.05, tdifference between 4 weeks vs. 8 or 12 weeks, 

p < 0.05. Normal C57BL/6J mice (8-10 week old, fasted): glucose, 100-125 mg/dL; 

HbA1c, ≤4%; insulin, 0.5-2.0 ng/mL; C-peptide, ≤4 ng/mL.  

Figure 2: Effect of muraglitazar treatment in prediabetic db/db mice on pancreatic 

insulin content 

Approximately 4 week old prediabetic db/db mice were treated with vehicle or 

muraglitazar for 12 weeks. At the 4, 8, and 12 week time-points, pancreata were 

harvested from mice fasted overnight, and insulin content was determined. A, Pancreatic 

insulin levels in normal C57BL/6J mice (age 10-14 weeks; 10 mice per group) and db/db 

mice (age 8 through 18 weeks; 6 mice per group) in a pilot study; B: Pancreatic insulin 

levels in vehicle- and muraglitazar-treated db/db mice at the 4, 8 and 12 weeks time-

points (6 mice per group); C-G: Insulin immunohistochemistry of islets after 8 weeks of 
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treatment (pancreas from 6 mice per treatment group were analyzed); C-D (5X), E-F 

(20X): Representative insulin immunohistochemistry of islets; G: Percentage of high 

intensity insulin staining cells in islets from vehicle- or muraglitazar-treated mice (5 islets 

per pancreas, 6 animals per group). Data presented as mean ± SEM. **Difference 

between vehicle- and muraglitazar-treated groups, p=0.06, *difference between vehicle- 

and muraglitazar-treated groups, p<0.05.  

Figure 3: Effect of muraglitazar treatment in prediabetic db/db mice on glucose 

excursion and insulin secretory response after a glucose challenge 

Approximately 4 week old prediabetic db/db mice were treated with vehicle or 

muraglitazar for 12 weeks. At the end of the 12 week study, animals were fasted 

overnight and, after collecting tail vein blood for week 12 fasting plasma chemistry, were 

given an oral bolus of glucose, and plasma glucose and insulin levels were determined 

immediately (time 0) and after 15, 30, 60 and 120 minutes after the gavage. A: glucose; 

B-C: glucose AUC and insulin AUC based on respective time 0 values; D: insulin levels 

post glucose challenge; E: insulin as a percentage of respective time 0 values post 

glucose challenge. Number of mice per group: 9. Data presented as mean ± SEM. 

*Difference between vehicle- and muraglitazar-treated groups, p<0.05. **Difference 

between time 0 and post glucose challenge, p<0.05.  

Figure 4: Effect of muraglitazar treatment in diabetic db/db mice on hyperglycemia 

and metabolic abnormalities 

Approximately 10 week old diabetic db/db mice were treated with vehicle or 

muraglitazar for 4 weeks. Plasma samples were collected from untreated mice (food was 
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removed 1 hour before samples were collected) at baseline and after 2 and 4 weeks of 

treatment. Plasma glucose (A), HbA1c (B), insulin (C), FFA (D), triglycerides (E) and 

adiponectin (F) levels. Number of mice per group: 12 mice for baseline, 6 mice for the 2-

week time-point and 12 mice for the 4-week time-point. Data presented as mean ± SEM. 

*Difference between vehicle- and muraglitazar-treated groups, p<0.05. tDifference 

between baseline and 2 week or 4 week time-points, p<0.05.  

Figure 5: Effect of muraglitazar treatment in diabetic db/db mice on islet number in 

the pancreas and on glucose and exendin-4 induced insulin secretion from islets in 

vitro 

Approximately 10 week old diabetic db/db mice were treated with vehicle or 

muraglitazar for 4 weeks. Islets were isolated from the pancreata of untreated mice at 

baseline and from vehicle- or muraglitazar-treated mice at the 2 week and 4 week time-

points. A: total number of islets; B: number of medium-size islets. Number of mice per 

group: 12 for baseline, 6 for the 2 week time-point and 11 for the 4 week time-point. 

Since islets were pooled for isolation, the islet data are reported as the average number of 

islets per mouse without further statistical analysis. C-D: In vitro insulin secretion 

response by medium-size islets, isolated at baseline or after 2 and 4 weeks of treatment; 

C: Insulin levels (ng/mL) in the incubation buffer containing low glucose (2.8 mM; [2.8 

mM (1) and 2.8 mM (2) represent islets used in subsequent high glucose and high glucose 

+ exendin-4 studies, respectively]) D: The difference (delta) between low glucose (2.8 

mM) and high glucose (16.8 mM) or high glucose (16.8 mM) + exendin-4 (20 mM). 

Number of islets per well: 10; 6 wells per group. Data presented as mean ± SD. 

*Difference between low glucose and 16.8 mM glucose; **difference between 16.8 mM 
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glucose and 16.8 mM glucose + 20 nM exendin-4; tdifference between vehicle- and 

muraglitazar-treated mice: p <0.05.  
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Figure 1
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Figure 2
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Figure 3
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Figure 4
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Figure 5
       A B

C D

Islet Number
(Total) 

0

50

100

150

200

250

300

350

0 2 4
Weeks on treatment

N
u

m
b

er
/m

o
u

se
Vehicle
Mura 10 mg/kg

Islet Number 
(Medium size)  

0

25

50

75

100

125

0 2 4

Weeks on treatment

N
u

m
b

er
/m

o
u

se

Vehicle
Mura 10 mg/kg

Islet: Insulin secretion

0

2

4

6

8

10

12

Pre-treat 2 week  4 week 2 week 4 week

Vehicle

D
el

ta
 

16.8 mM glucose

16.8 mM glucose + 20 nM exendin-4

Mura 10 mg/kg

*

**

*t
*

*

**

**t

**

Islet: Insulin secretion

0

1

2

3

4

5

6

7

Pre-treat 2 week 4week 2 week 4 week

Vehicle

n
g

/m
L

2.8 mM glucose (1)

2.8 mM glucose (2)

Mura 10 mg/kg

T
his article has not been copyedited and form

atted. T
he final version m

ay differ from
 this version.

JPE
T

 Fast Forw
ard. Published on January 26, 2007 as D

O
I: 10.1124/jpet.106.115337

 at ASPET Journals on May 23, 2023 jpet.aspetjournals.org Downloaded from 

http://jpet.aspetjournals.org/

