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To investigate the effect of pioglitazone, a thiazolidinedione oral antidiabetic agent, on the glucose and insulin metabolism in 
insulin resistance, a perfusion study of the liver and hindquarter was performed in high-fructose-fed rats. Male Wistar albino 
rats were assigned randomly to one of the fol lowing diets for 2 weeks: (1) normal chow (control group), (2) a diet high in 
fructose (fructose group), or (3) a high-fructose diet plus pioglitazone (pioglitazone intake of = 10 mg/kg body weight;  
pioglitazone group). The elevated levels of plasma insulin, triglyceride, and free fatty acids (FFA) in the fructose group were 
normalized by pioglitazone administration. In the perfused liver, the glucagon-induced increment in the glucose output of the 
fructose (57.1 -+ 9.1 i~mol/g liver/20 mini and pioglitazone (44.7 _+ 10.1 I~mol/g liver/20 mini groups was significantly (P < .01) 
higher than that in the control group (27.6 --. 5.7 ixmol/g liver/20 min). The level in the pioglitazone group was significantly 
(P < .05) lower than that in the fructose group. In the presence of 100 or 500 I~U/mL insulin, the insulin-mediated decrement in 
the glucagon-induced glucose output of the fructose group (29.8 - 7.8 or 38.9 -+ 9.3 ~mol /g liver/20 mini was significantly 
(P < .05) lower than that in the control (45.8 _+ 14.2 or 54.5 _+ 8.5 i~mol/g liver/20 mini and pioglitazone (44.4 -+ 9.2 or 
56.2 _+ 10.8 ixmol/g liver/20 mini groups, respectively. In the perfused hindquarter, glucose uptake in the fructose group 
(8.2 - 2.0 i~mol/g muscle/30 mini was significantly (P < .05) lower than that in the control (12.1 - 2.3 ~mol /g muscle/30 mini 
and pioglitazone (11.8 -+ 3.1 i~mol/g muscle/30 min) groups. In the presence of 100 or 500 I~U/mL insulin, glucose uptake in the 
fructose group (12.0 -+ 5.2 or 17.4 -+ 3.0 i~mol/g muscle/30 mini was significantly (P < .05) lower than that in the control 
(20.2 _+ 2.4 or 23.0 --- 3.1 ixmol/g muscle/30 mini and pioglitazone (17.8 _ 2.4 or 20.7 _ 2.0 i~mol/g muscle/30 mini groups, 
respectively. Insulin uptake by the liver and hindquarter was not significantly different in the control, fructose, and 
pioglitazone groups. These results indicate that pioglitazone improves the increased glucagon-induced hepatic glucose output 
and decreases insulin-induced muscular glucose uptake without altering insulin uptake in high-fructose-fed insulin-resistant 
rats. 
Copyright© 1998by W.B. Saunders Company 

NhEW CLASS OF P H A R M A C O L O G I C  AGENTS,  the 
iazolidinediones, has been well  known to enhance insulin- 

stimulated glucose disposal  in peripheral  t issues in animal 
models  of  diabetes and insulin resistance 15 and in humans  with 

impaired glucose tolerance or non- insu l in -dependent  diabetes 
mellitus. 6-8 In insulin resistance, insulin action is impaired 

mainly  in the liver and skeletal muscles.  However ,  the effect o f  

thiazol idinediones on hepatic and muscular  glucose metabol ism 
is unclear. Furthermore,  the effect o f  thiazolidinediones on 

hepatic and muscular  insulin disposal  remains  to be fully 
understood,  al though the biological  actions o f  insulin are 

elicited by insulin binding to receptors.  To elucidate these 
issues, the effect  o f  piogli tazone,  one of  thiazolidinedione 

compounds ,  on hepatic glucose output and muscular  glucose 
disposal,  and on hepatic and muscular  insulin uptake, was 
invest igated in the perfused liver and hindquarter  o f  high- 

f ruc tose- fed  insulin-resistant rats. 

MATERIALS AND METHODS 

A n i m a l s  

Male Wistar albino rats (4 weeks old) were used in the present study. 
The animals were assigned randomly to one of the following diets for 2 
weeks: (1) normal chow (control group), (2) a diet high in fructose 
(fructose group), or (3) a high-fructose diet plus pioglitazone (pioglita- 
zone group). The caloric content of the normal chow was distributed as 
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58% carbohydrate, 12% fat, and 30% protein. The high-fructose diet 
contained 67% carbohydrate (98% of which was fructose), 13% fat, and 
20% protein in calorie. Pioglitazone (Takeda Chemical Industries, 
Osaka, Japan) was administered in the chow (daily pioglitazone intake 
of = 10 mg/kg body weight). All animals were allowed free access to 
water. 

Preparat ion of  the Liver 

A modified method 9 of Sugano et all0 was used for isolation and 
perfusion of the rat liver. The rats were anesthetized with intraperitoneal 
pentobarbital sodium (30 mg/kg), and the abdomen was opened through 
a midline incision. The intestines were then placed to the animal's left. 
The thin strands of connective tissue between the right lobe of the liver 
and the vena cava were cut and a loose ligature was placed around the 
inferior vena cava above the right renal vein, superior mesenteric and 
celiac arteries, and the portal vein. The portal vein was then cannulated 
and the perfusion pump was started. The ligatures around the portal vein 
and the arteries were tied. The thorax was then opened and an outflow 
cannula was inserted through the right atrium into the thoracic vena 
cava. Finally, the ligature around the abdominal inferior vena cava was 
tied, thus closing the circuit. The liver was perfused without recircnla- 
tion with a synthetic medium at a flow rate of 2.5 mL/g liver 
weight/min. 

Preparat ion of the H indquar te r  

A modified method 11,12 of Ruderman et all3 was used for isolation 
and perfusion of the rat hindquarter. In brief, after anesthesia with 
pentobarbital sodium, the abdomen was opened. After injection of 
heparin (200 U), the abdominal aorta was ligated and then incised 
between the left renal and iliolumbar vessels. An inflow cannula was 
inserted and passed to a point midway between the iliolumbar vessels 
and the aortic bifurcation. The cannula was then fixed in place. Then the 
perfusion pump was started. All viscera except the urinary bladder, 
testes, prostate, and seminal vesicle were removed, and some of the 
major abdominal branches of the great vessels were ligated. Since it was 
not possible to collect the perfusate quantitatively from the inferior vena 
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cava because of anastomotic connections with the vertebral veins, the 
operated animal was bisected just above the aortic cannulation. The 
effluent was allowed to drip into the chilled tube. The hindquarter was 
perfused without recirculation with a synthetic medium at a flow rate of 
0.5 mL/g muscle weight/min. 

P e r f u s i o n  M e t h o d  

Perfusion Medium 

The perfusion medium consisted of a Krebs-Ringer bicarbonate 
buffer containing 3.0% bovine serum albumin and 4.6% Dextran T-70 
(Green Cross, Osaka, Japan). To prevent glucose metabolism by 
erythrocytes and interference for insulin assay by hemolysis, an 
erythrocyte-free medium was used in the present study. The venous 
effluent was collected every 5 minutes and stored at -70°C until assay 
was performed. During perfusion, the medium and the hindquarter were 
warmed and kept at 37°C and the medium was bubbled with a mixture 
of 95% O2 and 5% CO2. The pH was maintained at 7.4. 

Perfusion of Liver 

Glucagon-induced glucose output. After a 15-minute perfusion 
with the medium containing 5.6 mmol/L glucose, 2 mmol/L alanine, 
and 2 mmol/L lactate, the liver was perfused with the midium 
containing 200 pg/mL glucagon (Novo Nordisk, Copenhagen, Den- 
mark) for 20 minutes. 

Insulin effect on glucagon-induced glucose output. After a 15- 
minute perfusion with the medium containing 200 pg/mL glucagon, the 
liver was perfused with the medium containing porcine insulin (100 or 
500 [JU/mL, crystalline, glucagon-free; Eli Lilly, Indianapolis, IN) for 
20 minutes. 

Perfusion of Hindquarter 

After a 15-minute perfusion with the medium containing 8.3 mmol/L 
glucose, the hindquarter was perfused with the medium containing 
insulin (100 or 500 laU/mL) or not containing insulin for 30 minutes. 

C a l c u l a t i o n s  

The glucagon-induced increment in glucose output in the liver was 
calculated by the following formula: (perfusate glucose concentration 
after glucagon infusion- basal perfusate glucose concentration) × 
perfusion volume. The insulin-mediated decrement in glucose output in 
the liver was calculated by the following formula: (basal perfusate 
glucose concentration - perfusate glucose concentration after insulin 
infusion) × perfusion volume. Glucose uptake by the hindquarter was 
calculated by the formula: (basal perfusate glucose concentration- 
perfusate glucose concentration) × perfusion volume. Insulin uptake 
was calculated by the formula: (insulin infused during perfusion- 
effluent insulin during perfusion) × 100(%)/insulin infused during 
perfusion. The basal perfusate glucose concentration was the mean of 
the glucose level at 10 minutes and 15 minutes. 

M e a s u r e m e n t s  

Glucose concentration was measured by the glucose oxidase meth- 
od. 14 Plasma triglyceride and FFA concentrations were measured 
enzymatically using an available commercial kit. Insulin was measured 
by radioimmunoassay. The least-detectable insulin concentration was 2 
laU/mL, and intraassay and interassay coefficients of variation were 4% 
and 8%. 

S t a t i s t i c a l  A n a l y s i s  

Data are expressed as the mean + SD. ANOVA and two-tailed 
Student's t test were used for statistical evaluation. 

Table 1. Characteristics of the Rats 

Control Fructose Pioglitazone 
Characteristic (n = 6) (n = 6) (n = 6) 

Body weight (g) 177 _+ 8 172 _+ 9 172 -+ 11 
Liver weight (g) 8.0 -+ 0.5 8.3 +- 0.9 8.1 -+ 1.2 
Hindquarter weight 

(g) 15.1 _+ 1.0 15.3 -- 0.9 14.6 _+ 1.2 
Basal blood glucose 

(mg/dL) 89 ± 3 99 -+ 8* 101 ± 11" 
Basal plasma insulin 

(pU/mL) 12 ± 2 27 _+ 81- 18 ± 4*$ 
FFA (IJEq/L) 845 ± 112 1,130 +_ 180f 807 2 1435 
Triglyceride (mg/dL) 105 _+ 8 145 ± 201- 101 ± 165 
Blood pressure 

(mm Hg) 110 -+ 5 109 ± 5 111 -+ 6 

NOTE. Data are expressed as the mean _~ SD. 
*P < .05, I-P < .01, significantly different from control. 
SP < .05, significantly different from fructose. 

RESULTS 

C h a r a c t e r i s t i c s  o f  t h e  Ra t  

As  shown in Table I ,  fast ing b lood glucose and insul in 

concentrat ions in the fructose group (99 + 8 mg /d£  and 27 _+ 8 

~U/rnL) and the pioglitazone group (101 _+ 11 mg/dL and 
18 + 4 ~U/mL) were significantly (P < .05) higher than that in 

the control group (89 -+ 3 mg/dL and 12 _+ 2 gU/mL). Fasting 
plasma insulin concentration in the pioglitazone group was 

significantly (P < .05) lower than that in the fructose group. 
Fasting plasma triglyceride and free fatty acids (FFA) concenUa- 

tions in the fructose group (145 -+ 20 mg/dL and 1,130 _+ 180 

gEq/L) were significantly (P < .01) higher than that in the 
control (105 + 8 mg/dL and 845 _+ 112 pEq/L) and pioglitazone 
(101 _+ 16 mg/dL and 807 +- 143 pEq/L) groups, respectively. 

G l u c o s e  O u t p u t  by t h e  P e r f u s e d  Liver 

As shown in Fig 1, the glucagon-induced increment in 
glucose output in the fructose (57.1 + 9.1 ~rnol/g liver/30 rain) 
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Fig 1. Glucagon-induced increment in glucose output in perfused 
liver. Bars represent SD. The liver was stimulated by 200 pg/mL 
glucagon. *P < .01, * *P  < .001, significantly different from control. 
#P < .05, significantly different from fructose. 
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Insulin-mediated decrement in glucagon-induced glucose 
output in perfused liver. Bars represent SD. ([]) Control (n = 6); (11) 
fructose (n = 6); ([]) pioglitazone (n = 6). *P  < .05. * * P  < .02, 

and pioglitazone (44.7 _+ 10.1 gmol/g liver/30 min) groups was 
significantly (P < .01) higher than that in the control group 
(27.6 _+ 5.7 gmol/g liver/30 rain). In the pioglitazone group, it 
was significantly (P < .05) lower than that in the fructose 
group. 

As shown in Fig 2, in the presence of 100 or 500 ~tU/mL 
insulin, the insulin-mediated decrement in glucagon-induced 
glucose output in the fructose group (29.8 + 7.8 or 38.9 -+ 9.3 
Nnol/g liver/30 rain) was significantly (P < .05) lower than that 
in the control (45.8 + 14.2 or 54.5 _+ 8.5 larnol/g liver/30 min) 
and pioglitazone (44.4 -+ 9.2 or 56.2 -+ 10.8 lamol/g liver/30 
min) groups, respectively. 

G l u c o s e  U p t a k e  b y  t h e  P e r f u s e d  H i n d q u a r t e r  

As shown in Fig 3, in the absence of insulin, glucose uptake 
in the fructose group (8.2 +- 2.0 Mmol/g muscle/30 min) was 
significantly (P < .05) lower than that in the control (12.1 -+ 2.3 
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Fig 3. Glucose uptake in perfused hindquarter. Bars represent SD. 
(rT) Control (n = 6); (11) fructose, (n = 6}; ([]) pioglitazone (n = 6). 
*P  < .05. * * P  < .02, * * * P  < .01. 

lamol/g muscle/30 rain) and pioglitazone (11.8 + 3.1 gmol/g 
muscle/30 min) groups. 

In the presence of 100 or 500 laU/mL insulin, glucose uptake 
in the fructose group (12.0 + 5.2 or 17.4 + 3.0 gmol/g muscle/30 
rain) was significantly (P < .05) lower than that in the control 
(20.2 + 2.4 or 23.0 -+ 3.1 grnol/g muscle/30 rain) and pioglita- 
zone (17.8 -+ 2.4 or 20.7 + 2.0 gmol/g muscle/30 rain) groups, 
respectively. 

I n s u l i n  U p t a k e  b y  t h e  P e r f u s e d  L i v e r  a n d  H i n d q u a r t e r  

As shown in Table 2, insulin uptake by the liver and 
hindquarter perfused with 100 or 500 ~tU/mL insulin was not 
significantly different in the control (39% -+ 3% or 32% -+ 4% 
in the liver, and 22% -+ 5% or 27% -+ 4% in the hindquarter), 
fructose (38% + 5% or 33% -+ 6%, and 24% -+ 3% or 
28% + 5%), and pioglitazone (40% + 4% or 35% + 4%, and 
26% + 3% or 31% + 3%) groups. 

DISCUSSION 

Fructose feeding for 2 weeks led to the impairment of insulin 
ability to suppress hepatic glucose output and to enhance 
muscular glucose uptake in the present study. In these experimen- 
tally induced insulin-resistant rats, pioglitazone treatment ameri- 
olated the elevated levels of plasma insulin, triglyceride, and 
FFA in vivo and also normalized both the increased glucagon- 
induced hepatic glucose output and the decreased insulin- 
mediated muscular glucose uptake, suggesting that pioglitazone 
improves an environmentally induced, nongenetic form of 
insulin resistance. The present results were consistent with the 
report by Lee et al5 in that troglitazone, a thiazolidinedione 
compound that is related chemically to pioglitazone, improved 
hyperinsulinemia and glucose disposal in fructose-induced 
insulin resistant rats. Tobey et a115 have reported that the insulin 
resistance resulting from chronic fructose feeding is due to the 
diminished ability of insulin to suppress hepatic glucose output, 
and not to a decrease in insulin-stimulated glucose uptake by the 
muscles. However, in their study, the rats were fed high fructose 
for only 7 days. The mechanisms of peripheral insulin resis- 
tance caused by this dietary regimen remain incompletely 
defined. Decreased insulin receptor binding 16 and postreceptor 
defects 17,18 have previously been reported. Although insulin 
uptake by the perfused organs is not likely to be a good index of 
insulin bindings by the organ insulin receptors, insulin uptake 
by the perfused liver and hindquarter was not significantly 
different between the fructose group and control group in the 
present study. 

Table 2. Insulin Uptake by Perfused Liver and Hindquarter 

Insulin (100 MU/mL) Insulin (500 IJU/mL) 
Variable Uptake (%) Uptake (%) 

Liver 
Control(n = 6) 39 -+ 3 32 + 4 
Fructose (n = 6) 38 -+ 5 33 -+ 6 
Pioglitazone (n = 6) 40 _+ 4 35 -+ 4 

Hindquarter 
Control (n = 6) 22 -+ 5 27 ,+ 4 
Fructose (n = 6) 24 -+ 3 28 -+ 5 
Pioglitazone (n = 6) 26 _+ 3 31 _+ 3 

NOTE. Data are expressed as the mean _+ SD. 
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The mechanisms by which pioglitazone normalized the 

increased glucagon-induced hepatic glucose output and de- 
creased muscular glucose uptake remains to be elucidated. In 
the present study, pioglitazone treatment did not increase the 
insulin uptake in the perfused liver and hindquarter, suggesting 
that the ameriolating effect of pioglitazone on insulin ability 
may not be due to the increase in insulin uptake. 

Inoue et a119 have reported that troglitazone administration 
enhanced glycogen synthetase activity in high-fructose-fed 
rats. In the present study, pioglitazone suppressed the glucagon- 
induced glucose output from the perfused liver. Hepatic glucose 
output is assumed to equal hepatic glycogenolysis because of 
the absence of gluconeogenic precursors in the perfusion 
medium. These results indicate that thiazolidinediones may 
improve hepatic insulin resistance by ameriolating insulin's 
ability to enhance glycogen synthesis and to inhibit glycogenol- 
ysis. 

Thiazolidinediones are known to be insulin-sensitizing agents. 
In the present study, pioglitazone administration ameriolated 
the decreased muscular glucose disposal in vitro in the absence 
of insulin. These results indicate that pioglitazone influences 
non-insulin-mediated glucose uptake in the hindquarter. Oknno 
et al 2° reported that troglitazone did not directly elicit glucose 

uptake in the perfused hindquarter in the absence of insulin. 
Pioglitazone probably enhanced non-insulin-mediated glucose 
uptake through some secondary effect such as a metabolic 
influence. 

Fructose-induced insulin resistance is related to alterations in 
fat metabolism and increases in FFA, triglycerides, and other 
fats, and several investigators have shown that elevation of 
plasma FFA decreases glucose utilization by muscles. 2~-23 The 
decrease in FFA concentrations in vivo may be partly involved 
in the present results. Pioglitazone has been reported to correct 
the insulin signaling defects of Wistar fatty rats. 24 Pioglitazone 
might have ameriolated the insulin signaling in high-fructose- 
fed rats. The relationship of clinical insulin resistance to 
fructose-induced insulin resistance is unknown. Further studies 
are necessary to clarify the mechanisms by which pioglitazone 
improves insulin resistance in high-fructose-fed rats. 

In summary, we conclude that pioglitazone improves in- 
creased glucagon-induced hepatic glucose output and decreased 
insulin-induced muscular glucose uptake without the alteration 
of insulin uptake in high-fructose-fed insulin-resistant rats. 

ACKNOWLEDGMENT 

We thank Takeda Chemical Industries for supplying pioglitazone. 

REFERENCES 

1. Ikeda H, Taketomi S, Sugiyama Y, et al: Effects of pioglitazone on 
glucose and lipid metabolism in normal and insulin resistant animals. 
Arzneim Forsch Drug Res 40:156-162, 1990 

2. Hoffman CA, Lorenz K, Colca JR: Glucose transport deficiency in 
diabetic animals is corrected by treatment with the oral antihyperglyce- 
mic agent piogtitazone. Endocrinology 129:1915-1925, 1991 

3. Sugiyama Y, Shimura Y, Ikeda H: Effects of pioglitazone on 
hepatic and peripheral insulin resistance in Wistar fatty rats. Arzneim 
Forsch Drug Res 40:436-440, 1990 

4. Oakes ND, Kennedy DC, Jenkins AB, et al: A new antidiabetic 
agent, BRL 49635, reduces lipid availability and improves insulin 
action and ghicoregulation in rats. Diabetes 43:1203-1210, 1994 

5. Lee MK, Miles PDG, Khoursheed M, et al: Metabolic effects of 
troglitazone on fructose-induced insulin resistance in the rat. Diabetes 
43:1435-1439, 1994 

6. Iwamoto Y, Kuzuya T, Matsuda A, et al: Effect of new oral 
antidiabetic agent CS-045 on glucose tolerance and insulin secretion in 
patients with NIDDM. Diabetes Care 14:1083-1086, 1991 

7. Suter SL, Nolan JJ, Wallace P, et al: Metabolic effects of new oral 
hypoglycemic agent CS-045 in N1DDM subjects. Diabetes Care 
15:193-203, 1992 

8. Nolan JJ, Ludvik B, Beerdsen P, et al: Improvement in glucose 
tolerance and insulin resistance in obese subjects treated with troglita- 
zone. N Engl J Med 331:1188-1193, 1994 

9. Ikeda T, Mokuda O, Tominaga M, et al: Glucose intolerance in 
thyrotoxic rats: Role of insulin, ghicagon, and epinephrine. Am J 
Physio1255:E843-E849, 1988 

10. Sugano T, Suda K, Shimada M, et al: Biochemical and ultrastruc- 
tural evaluation of isolated rat liver systems perfused with a hemoglobin- 
free medium. J Biochem 83:995-1007, 1978 

11. Ikeda T, Ishimura M, Terasawa H, et al: Uptake of ketone bodies 
in perfused hindquarter and kidney of starved, thyrotoxic, and diabetic 
rats. Proc Soc Exp Biol Med 203:55-59, 1993 

12. Ikeda T, Ohtani I, Fujiyama K, et aI: Uptake of [3-hydroxybutyr- 
ate in perfused hindquarter of starved and diabetic rats. Metabolism 
40:1287-1291, 1991 

13. Ruderman NB, Houghton CRS, Hems R: Evaluation of the 
isolated peffused rat hindquarter for the study of muscle metabolism. 
Biochem J 124:639-651, 1971 

14. Hugget A, Nixon DA: Use of glucose oxidase, peroxidase and 
D-dionisidine in determination of blood and urinary glucose. Lancet 
2:368-370, 1957 

15. Tobey TA, Mondon CE, Zavaroni I, et al: Mechanism of insulin 
resistance in fructose-fed rats. Metabolism 31:608-612, 1982 

16. Beck-Nielsen H, Pedersen O, Sorensen NS: Effects of diet on the 
cellular insulin binding and the insulin sensitivity in young healthy 
subjects. Diabetologia t5:289-296, 1978 

17. Blumenthal MD, Abrahams S, Chaikoff IL: Dietary control of 
liver glucokinase activity in the normal rat. Arch Biochem Biophys 
104:215-224, 1964 

18. Tuovinen CGR, Bender AE: Some metabolic effects of pro- 
longed feeding of starch, sucrose, fructose and carbohydrate-free diet in 
the rat. Nutr Metab 19:161-172, 1975 

19. Inoue I, Takahashi K, Katayama S, et al: Effect of troglitazone 
(CS-045) and bezafibrate on glucose tolerance, liver glycogen synthase 
activity, and [3-oxidation in fructose-fed rats. Metabolism 44:1626- 
1630, 1995 

20. Okuno A, Ikeda K, Shiota M, et al: Acute effect of troglitazone 
on glucose metabolism in the absence or presence of insulin in perfused 
rat hindlimb. Metabolism 46:716-721, 1997 

21. Randle PJ, Kerbey AL, Espinal J: Mechanisms decreasing 
glucose oxidation in diabetes and starvation: Rote of lipid fuels and 
hormones. Diabetes Metab Rev 4:623-638, 1988 

22. Wolfe BM, Klein S, Peters EJ, et al: Effect of elevated free fatty 
acids on glucose oxidation in normal humans. Metabolism 37:323-329, 
1988 

23. Kelly DE, Mokan M, Simoneau J, et al: Interaction between 
glucose and free fatty acid metabolism in human skeletal muscle. J Clin 
Invest 92:91-98, 1993 

24. Hayakawa T, Shiraki T, Morimoto T, et al: Pioglitazone improves 
insulin signaling defects in skeletal muscle from Wistar fatty (fa/fa) rats. 
Biochem Biophys Res Commun 223:439-444, 1996 


