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These studies were designed to assess the effects of pioglitazone, a new oral antidiabetic agent that acts by improving insulin 
sensitivity, on blood pressure, plasma and tissue lipids, and insulin resistance in the Dahl salt-sensitive (DahI-S) rat. Reaven et 
al had reported that male DahI-S rats are moderately hyperinsulinemic and insulin-resistant. This was of particular interest 
since these rats are not obese but are hypertriglyceridemic, and on a high-salt diet they become hypertensive. In the current 
study, male Sprague-Dawley control and DahI-S rats were compared when fed standard chow or high-fat, high-sucrose (HFHS) 
diets with or without pioglitazone (20 mg/kg body weight/d) for 3 weeks. On the standard chow diet, DahI-S rats were 
hypertriglyceridemic and had high tissue levels of malonyl coenzyme A ([CoA] DahI-S 5.0 v control 3.3 nmol/g in muscle, and 
DahI-S 15.6 v control 10.7 nmol/g in liver); however, they were not hyperinsulinemic. Pioglitazone therapy decreased both 
malonyl CoA and plasma triglycerides toward control values, but had no effect on plasma insulin levels. On the HFHS diet, both 
groups became glucose-intolerant and hyperinsulinemic; however, the hyperinsulinemia was greater and more sustained in 
DahI-S rats. In addition, the HFHS diet appeared to increase the mass of retroperitoneal fat in the DahI-S but not in the control 
group. Treatment with pioglitazone decreased retroperitoneal fat, but as reported previously, it increased the mass of the 
epididymal fat pad. The results suggest that the hypertriglyceridemia of the DahI-S rat is associated with an increase in the 
concentration of malonyl CoA in both liver and muscle. They also show that pioglitazone reverses both of these abnormalities 
independently of its effect on plasma insulin. Whether these high levels of malonyl CoA predispose the DahI-S rat to 
hyperinsulinemia and possibly obesity when placed on a HFHS diet remains to be determined. 
Copyright © 1996 by W.B. Saunders Company 

T H E  D A H L  salt-sensitive (Dahl-S) rat has long been 
used as a model  to study salt-induced hypertension. 1,2 

Recent  studies suggest that although it is not obese, it is 
hypertriglyceridemic and moderately hyperinsulinemic and 
insulin-resistant. 3 Thus, the Dahl-S rat is normal-weight,  
but has many of the characteristics of  the insulin-resistance 
syndrome found in some humans with premature  coronary 
heart  disease, 4"6 essential hypertension, 46 and non-insulin-  
dependent  diabetes. 6,7 Such insulin resistance in normal-  
weight individuals has also been  found in people  at risk for 
these disorders. 8,9 

Piogli tazone is a member  of a new class of thiazolidinedi- 
one oral antidiabetic agents that act by increasing insulin 
sensitivity. 1° Our  initial objective was to determine  whether  
piogli tazone increases insulin sensitivity in the Dahl-S rat 
and, if so, whether  it concurrently decreases plasma triglyc- 
eride levels and blood pressure. In addition, we wanted to 
assess whether  an increase in insulin sensitivity is mediated 
through an effect on malonyl coenzyme A (CoA) and 
diacylglycerol (DAG)  concentrat ions in liver and muscle. In 
earlier studies, we observed that piogli tazone dramatically 
alters the levels of  these metaboli tes when it enhances 
insulin sensitivity and decreases plasma glucose and triglyc- 
eride concentrat ions in obese hyperinsulinemic KKAy 
mice. 11 Toward these ends, male Sprague-Dawley control 
and Dahl-S rats were compared when fed Purina chow diets 
with or  without piogli tazone (20 mg/kg  body weight /d)  for 
3 weeks. In addition, a second study was per formed in 
which rats were  fed a diet high in fat and sucrose (HFHS)  to 
create hyperinsulinemia and insulin resistance. 

MATERIALS AND METHODS 

Experimental Animals  

Male Dahl-S (Rapp) and control Sprague-Dawley rats weighing 
150 to 175 g were obtained from Harlan-Sprague-Dawley (India- 
napolis, IN). Rats were randomly placed for 3 weeks on either 
standard rat chow or chow with pioglitazone added to obtain a drug 

dose of approximately 20 mg/kg body weight/d. A second group of 
Dahl-S and Sprague-Dawley rats weighing 60 to 85 g were placed 
on one of three diets for 3 weeks: (1) standard rat chow, (2) 35% fat 
+ 22% sucrose (HFHS), and (3) HFHS + pioglitazone. The diets 
differed in that 35% of the total energy of the HFHS diet was 
derived from fat and 45% from carbohydrate, in contrast to the 
chow diet, which derived 15% of energy from fat and 65% from 
carbohydrate. Protein accounted for 20% of the total energy in 
both diets. Diets were obtained from Harlan Teklad (Madison, 
WI) and contained vitamin and mineral supplements. Pioglitazone 
was kindly supplied by The Upjohn Company (Kalamazoo, MI). 
All animals were fed ad libitum unless otherwise indicated, and 
were allowed free access to water. They were housed in individual 
cages in a temperature-controlled room (19 ° to 21°C) with a 
12-hour light/dark cycle. 

All deaths were induced between 12 noon and 3 PM. Rats fasted 
for 6 hours were anesthetized with sodium pentobarbital (6 mg/100 
g body weight intraperitoneally). Soleus muscles were quickly 
removed, blotted, and frozen in liquid nitrogen. Epididymal fat 
pads were then excised, quickly weighed, and frozen, as was the 
caudate lobe of the liver. After this, 4 mL of blood was then 
removed from the abdominal aorta. The heart and other organs 
and the remaining liver were then removed, rinsed free of blood, 
blotted, and weighed. In the second (HFHS diet) study, retroperi- 
toneal fat pads were also removed and weighed. All organs were 
trimmed of visible fat and connective tissue before weighing. 
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Oral Glucose Tolerance Test and Blood Pressure 
Measurement 

After 2 weeks on the diets, oral glucose tolerance tests were 
performed between 12 noon and 3 eM on rats from which food had 
been withheld for 6 hours. Glucose (1.7 g/kg body weight) was 
administered by gavage as a 35% glucose solution. Blood samples 
were taken from the tail vein before and at 15, 30, and 60 minutes 
after administration of the glucose load. Samples were collected in 
tubes containing EDTA and centrifuged, and the plasma was 
stored at -20°C until analyzed. 

Blood pressure was measured in conscious restrained rats 
indirectly by tail cuff as described by Kramsch et al. 12 Reported 
values are the mean of five determinations. 
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Assays 

Glucose level was measured by the hexokinase/glucose-6- 
phosphate dehydrogenase method, 13 and insulin was assayed by 
radioimmunoassay using a kit from Linco Research (St Louis, MO) 
and a rat insulin standard. Insulin measurements for the two 
studies were made in single but separate runs. Different standards 
were used for the two runs. We have recently learned that the 
standard used in the second study differed from previous standards 
provided by the supplier, and it yields insulin values approximately 
30% lower (R. Gingrich, Linco Research, personal communica- 
tion, August 1995). Plasma triglyceride (Sigma Chemical, St Louis, 
MO) and free fatty acids ([FFA] Wako BioProducts, Richmond, 
VA) were assayed with commercially available kits, and liver 
triglycerides were assayed by the method of Denton and Randle. 14 
DAG level was measured as described by Preiss et al, 15 and 
malonyl CoA by the method of McGarry et al. 16 

Statistics 

Values are expressed as the mean _+ SEM. Statistical differences 
between groups were determined by ANOVA followed by the 
Student-Neuman-Keuls multiple comparison test or by unpaired t 
test with Bonferroni modification. It should be noted that these 
studies were designed to examine the effects of pioglitazone on 
glucose tolerance, malonyl CoA, and plasma triglycerides, and the 
number of rats was chosen accordingly. As a result, unexpected 
changes and others that are expected (eg, the decrease in plasma 
FFA caused by pioglitazone), although relatively large in magni- 
tude, did not achieve statistical significance. 

RESULTS 

Rats on Standard Chow Diet 

Plasma glucose and insulin. Dahl-S rats used in this 
study had normal  circulating levels of insulin and glucose. 
Thus, when measured at 1 PM (5 hours after food removal)  
and during a glucose tolerance test, plasma glucose levels 
were nearly identical in Dahl-S and Sprague-Dawley groups. 
Likewise, plasma insulin levels, although slightly higher at 
each t ime point  of the glucose tolerance test in Dahl-S rats, 
were  not  significantly different from those of control rats 
(Fig 1). Trea tment  with pioglitazone did not alter glucose 
tolerance or  plasma insulin levels in ei ther group (data not  
shown). 

Plasma and tissue lipids. Plasma triglycerides were two- 
fold to threefold greater  in male Dahl-S than in control 
Sprague-Dawley rats, as repor ted  previously 3 (Table 1). 
Addit ion of  pioglitazone to the diet resulted in a 35% 
decrease in plasma triglycerides in the Dahl-S group, but 
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Fig 1. Plasma glucose and insulin response to an oral glucose load 
(1.7 g /kg body weight). Results are the mean _+ SEM for 8 rats per 
group, (11) Control rats; ([3) DahI-S rats, 

was without effect in control rats. Liver triglycerides were 
7.4 --- 0.9 (n = 5) and 8.2 _+ 0.6 ixmol/g (n = 7), respec- 
tively, in control and Dahl-S rats on a chow diet, and 5.5 - 
0.7 (n = 7) and 5.9 +- 0.6 (n = 6) when these rats were 
placed on pioglitazone. None of the differences were 
statistically significant. 

Table 1. Characteristics of Control and DahI-S Rats Fed Chow or 
Chow + Pioglitazone 

Control DahI-S Control + Pz DahI-S + Pz 

Plasma triglycer- 

ides (mg/dL) 47 + 5 111 -+ 12" 47 -+ 4 73 +- 9t¢ 

Body weight(g) 2 8 7 + 9  290_+8 293-+6 292 -4-8 

Heart weight (g) 0,97 +- 0.03 0.99 -+ 0.03 1.08 ± 0.02 1.03 -+ 0.06 

Epididymal fat 

weight(g) 0.89_+0.09 0.87_+0.06 1.44+_0.06" 1.14+_0.11§ 

NOTE, Results are the mean -+ SEM for 8 rats per group. 

*P < .001 v chow-fed control rats. 
?P < .001 v chow + pioglitazone-fed control rats. 

1:P < .001 v chow-fed Dahl-S rats. 

§P < .05 v chow-fed control rats. 
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The concentration of malonyl CoA was 50% greater in 
both the soleus muscle and liver of Dahl-S rats than in 
control rats (Fig 2). Treatment with pioglitazone decreased 
malonyl CoA levels by 30% to 50% in Dahl-S rats, but was 
without effect in the controls. DAG mass was similar in the 
soleus muscle of the two groups (129 -+ 18 pmol/mg wet 
weight [control] v 152 + 22 [Dahl]) and was not altered by 
pioglitazone (134 _+ 15 pmol/mg wet weight [control] v 
145 + 26 [Dahl]). Similar findings were observed in liver 
(193 -+ 11 pmol /mg wet weight [control] v 211 -+ 22 
[Dahl-S]; 216 + 27 [control + pioglitazone] v 233 -+ 19 
[Dahl-S + pioglitazone]). 

Blood pressure. After 2 weeks of study (1 week before 
death), blood pressures were 129 - 4 (n = 8) mm Hg and 
120 _ 9 (n -- 8) mm Hg in control rats on standard diets 
and diets containing pioglitazone, respectively. Compa- 
rable blood pressures for the Dahl-S group were 138 - 7 
and 130 -+ 5. None of the differences were statistically 
significant. 
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Fig 2. Effects of pioglitazone on malonyl CoA concentrations in 
soleus muscle and liver of control (11} and DahI-S {~) rats. Results are 
the mean -+ SEM for 6 to 8 rats per group, Significantly different 
(P< .001) from: *chow-fed control rats, +chow-fed DahI-S rats. 
* *chow + pioglitazone-fed control rats, 

Organ and body weights. Treatment with pioglitazone 
had no effect on body weight (Table 1). In rats on the 
standard chow diet, pioglitazone caused a nearly 50% 
increase in the mass of the epididymal fat pad in Sprague- 
Dawley control rats (Table 1). Interestingly, it also in- 
creased epididymal fat pad mass in the Dahl-S group; 
however, the increase was only half as large. The weights of 
the liver and soleus muscle were not affected by piogl- 
itazone in either group (data not shown). Heart  weight 
tended to be increased in pioglitazone-treated rats (Table 1); 
however, the differences were not statistically significant. 

Rats on a HFHS Diet 

Plasma glucose and insulin. To determine whether hyper- 
insulinemia and glucose intolerance would develop more 
readily in Dahl-S rats than in Sprague-Dawley control rats 
when they were nutritionally stressed, the two groups 
(initial weight, ~ 50 g) were fed a diet containing 35% of 
calories as fat (v 10% in standard chow) and 22% as sucrose 
for 3 weeks. Nagy et at 17 have previously reported that rats 
fed such a diet for 5 weeks become obese, hyperinsulinemic, 
and glucose-intolerant. 

Both control and Dahl-S rats showed some impairment 
of glucose tolerance (Fig 3) and an increased plasma insulin 
response (Fig 4) after 3 weeks on the HFHS diet. Plasma 
insulin levels were greater in Dahl-S rats than in control 
rats at each time point of the glucose tolerance test; 
however, only at the 60-minute time point was the differ- 
ence statistically significant. Pioglitazone had no effect on 
either glucose tolerance or plasma insulin levels in Dahl-S 
rats on this diet. In the control group, for reasons unknown, 
it increased plasma insulin levels at the 60-minute time 
point of the glucose tolerance test. The low insulin levels in 
this study are in part attributable to the use of an insulin 
standard different from that used in the earlier study. 

Plasma and tissue lipids. As in the earlier study in which 
older rats were used, plasma triglyceride concentration 
tended to be higher in Dahl-S rats than in Sprague-Dawley 
control rats, although the difference was not statistically 
significant (Table 2). Ingestion of the HFHS diet had no 
effect on plasma triglyceride levels in either group. Piogl- 
itazone tended to decrease plasma triglycerides and F F A  
levels in all groups studied (Table 2). 

Malonyl CoA levels in soleus muscle were increased in 
the younger Dahl-S rat compared with control rats (Fig 5) 
on the standard chow diet, in agreement with findings in 
older animals (Fig 2). Ingestion of the HFHS diet had no 
effect on the concentration of malonyl CoA in control rats. 
It significantly diminished the level in Dahl-S rats; however, 
malonyl CoA levels in these rats were still higher than in the 
control group. DAG concentrations in liver and soleus 
muscle were similar in control and Dahl-S rats on the chow 
diet, and were not altered by either the HFHS diet or 
pioglitazone (data not shown). 

Epididymal and retroperitoneal fat pads and body weights. 
The mass of the epididymal fat pad relative to total body 
weight was the same in control and Dahl-S rats and was not 
altered by the HFHS or chow diet. In contrast, the HFHS 
diet caused a 26% increase in the mass of the retroperito- 



522 KUROWSKI ET AL 

o 

14" 

13 

12 

11 

10 

9 

8 

7 

6" 

5'  

4 

Control 

| ! i i | 

0 15 30 45 60 

Time (min) 

o 

14" 

13 

12 

11 

10 

9 

8 

7 

6 

5 

4 

Dahl-S 

| i | i i 
0 15 30 45 60 

Time (min) 

Fig 3. Effects of HFHS diet on plasma glucose response to an oral 
glucose load (1.7 g/kg body weight) in control and DahI-S rats. 
Results are the mean -+ SEM for 8 rats per group. (0} Chow diet; (O) 
HFHS diet; (A) HFHS + pioglitazone. *Significantly different (P < .01} 
from chow-fed DahI-S rats. 

neal fat pad in Dahl-S but not in control rats (Fig 6). A 
larger mass of retroperitoneal fat (47%) was also seen in 
Dahl-S compared with control rats on this diet when they 
were treated with pioglitazone. Equally noteworthy, whereas 
pioglitazone increased the mass of the epididymal fat pad, it 
decreased the mass of the retroperitoneal fat pad, suggest- 
ing a differential effect on the two tissues. Total body weight 
was greater in rats on the HFHS diet versus the standard 
diet, with the increases possibly being larger in the Dahl-S 
groups (Table 2). Pioglitazone did not appear to have an 
independent effect on body weight or on the mass of the 
liver or soleus, although it tended to increase the weight of 
the heart relative to total body weight in Dahl-S rats fed the 
HFHS diet (Table 2). More rats need to be studied to 
determine whether this effect is significant. 

DISCUSSION 

The results were surprising in several respects. One of 
these was that inbred Dahl-S rats fed a standard chow diet 

were neither overtly hyperinsulinemic nor insulin-resistant. 
This contrasts with an earlier study by Reaven et al 3 in 
which moderate hyperinsulinemia (39 --- 2 v 27 --- 2 IxU/mL 
in control rats at 1 PM) and a 20% decrease in insulin 
stimulation of glucose transport into adipocytes were found 
in Dahl-S rats. Differences of this magnitude were possibly 
missed in the present study, due to the small number of rats 
used. In most respects, the two studies were similar. Rats 
weighing 200 and 290 g were evaluated in this study, and 
250-g rats by Reaven et al. 3 In both instances, insulin 
measurements were performed after 5 hours of food 
deprivation at approximately 1 PM. The two studies differed 
in that inbred Dahl-S rats were used here, and outbred rats 
in the earlier study. 

Conventional dogma holds that hypertriglyceridemia oc- 
curs in insulin-resistant rodents and humans because he- 
patic lipid synthesis remains sensitive to insulin at the same 
time hepatic and peripheral carbohydrate metabolism are 
insulin-resistant. 4,6 In the apparent absence of hyperinsulin- 
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Fig 4. Effects of HFHS diet on plasma insulin response to an oral 
glucose load (1.7 g/kg body weight) in control and DahI-S rats. 
Results are the mean +- SEM for 8 rats per group. (0)  Chow diet; (O) 
HFHS diet; (A) HFHS + pioglitazone. Significantly different (P < .05) 
from: +chow-fed DahI-S rats, *HFHS-fed control rats. 
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Table 2. Characteristics of Control and DahI-S Rats Fed Chow, HFHS, or HFHS + Pioglitazone 
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Control DahI-S Control + HFHS DahI-S + HFHS Control + HFHS + Pz DahI-S + HFHS + Pz 

Body weight  (g) 188 ± 7 175 ± 7 200 -+ 8 199 ± 10 206 ± 9 206 ± t0  

Heart we ight  (% body weight) 0.47 -+ 0.02 0.46 -+ 0.01 0.43 ± 0.02 0.43 -+ 0.02 0.49 _+ 0.02 0.49 -+ 0.01 

PlasmaTG (mg/dL)  75 -+ 9 159 ± 52 70 -+ 4 110 -+ 19 48 ± 3* 64-+ 4 

Plasma FFA (mmol /L)  0.39 -- 0.06 0.53 ± 0.12 0.37 ± 0.03 0.44 ± 0.04 0.20 ± 0.03 0.34 ± 0.05 

NOTE, Results are the mean -+ SEM for  5 to 10 rats per group. 

Abbreviat ions:  Pz, piogl i tazone; TG, triglycerides. 

*Signif icant ly di f ferent f rom HFHS-fed control rats (P < .05) by unpaired t test with Bonferroni modif icat ion. 

emia in the Dahl-S rat, one has to attribute its hypertriglyc- 
eridemia to hepatic overproduction or peripheral underuti- 
lization of very-low-density lipoprotein triglyceride due to 
other causes. Thus, the finding that malonyl CoA levels in 
liver are increased in the Dahl-S rat is of special interest. 
Malonyl CoA is an inhibitor of carnitine palmitoyl transfer- 
ase I, the enzyme that catalyzes the transfer of long-chain 
fatty awl  CoA (LCFA CoA) into the mitochondria, where 
they are oxidized. When the concentration of malonyl CoA 
is increased, LCFA CoA transport into the mitochondria 
diminishes and more LCFA CoA is available in the cytosol 
for glycerolipid synthesis. 18 In liver, this leads to an increase 
in the production of triglyceride, and secondarily of very- 
low-density lipoproteins. The observation that treatment 
with pioglitazone, which decreases plasma triglycerides 
(Table 1), also decreases hepatic malonyl CoA levels (Fig 2) 
is consistent with this notion. Less clear are why malonyl 
CoA levels are increased in the first place in the liver and 
muscle of the Dahl-S rat and how pioglitazone acts to 
decrease them. The possibilities of a primary abnormality in 
acetyl CoA carboxylase (ACC), the enzyme that catalyzes 
malonyl CoA formation, or of insulin resistance and hyper- 
insulinemia not detected by the glucose tolerance test 
should be evaluated. Also to be determined is why ingestion 
of the HFHS diet diminished malonyl CoA levels in muscle 
of the Dahl-S rat. Hypothetically, it could relate to inhibi- 
tion of ACC. Fatty acyl CoA, the concentration of which 
might be increased after the HFHS diet, I9 activates an 

adenosine monophosphate kinase that inhibits the 265-kD 
ACC in liver. It remains to be determined whether such 
increases in LCFA CoA have a similar effect in muscle. The 
concentration of malonyl CoA in liver is regulated princi- 
pally by a 265-kD ACC and in muscle by a 280-kD isozyme 
that appears to be different structurally from its hepatic 
counterpart. 2°,21 Possibly, these enzymes have a common 
regulatory control that is altered in the Dahl-S rat and is 
corrected by pioglitazone. 
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Fig 5. Effects of HFHS diet and HFHS + pioglitazone diet on soleus 
muscle malonyl CoA concentration in control and DahI-S rats. Results 
are the mean ± SEM for 8 to 10 rats per group. (11} Control rats; ([]} 
DahI-S rats. Significantly different from: **chow-fed control rats 
(P < .001), *chow-fed DahI-S rats (P < 0.01), ÷HFHS-fed control rats 
(P < .05}, ++HFHS + pioglitazone-fed control rats (P < .01). 
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Fig 6. Effects of HFHS diet and HFHS + pioglitazone diet on fat pad 
weight of control and DahI-S rats. Results are the mean ± SEM for 7 to 
10 rats per group and are expressed relative to body weight, due to 
the modest difference in weight of the different groups (Table 2). (11) 
Control rats; ([]) DahI-S rats. Significantly different from: *HFHS-fed 
control rats (P < .001}, +HFHS-fed DahI-S rats (P < .05), **HFHS + 
pioglitazone-fed control rats (P < .05). 
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Several other lipids examined in this study warrant 
mention. Plasma F F A  levels were not increased in the 
Dahl-S rat. Earlier reports 22 suggested that pioglitazone 
diminishes plasma F F A  in control and insulin-resistant 
rodents. It tended to do the same in this study; however, the 
decreases were not statistically significant, possibly because 
of the small number of rats studied. The absence of an 
abnormality in DAG content in muscle and liver of the 
Dahl-S rat is also noteworthy. High concentrations of DAG 
have been observed in liver and muscle of insulin-resistant 
KKAy mice 11 and in muscle in other insulin-resistant 
states. 23,24 In KKAY mice, pioglitazone paradoxically in- 
creased total DAG content at the same time it diminished 
insulin resistance. As suggested elsewhere, 11 there appear 
to be at least two biochemically distinct pools of DAG in 
muscle: one derived from phospholipid hydrolysis and the 
other synthesized de novo. These pools may respond 
differently to pioglitazone in these and non-insulin- 
resistant mice. The absence of such changes in the Dahl-S 
rat is in keeping with the apparent lack of insulin resistance 
in these animals. 

HFHS diets cause hyperinsulinemia, insulin resistance, 
and obesity when fed to Sprague-Dawley rats for 5 weeks 17 
and C57BL/J6 mice for 16 weeks. 25 Diets high in fat alone 
produce a similar constellation of events in rats and mice, 
with the effects substantially greater in some strains (eg, 
Osborne-Mendel rat 26,27 and C57BL mice 25) than in others. 
The HFHS diet used here produced moderate hyperinsulin- 
emia and glucose intolerance in both control and Dahl-S 
rats, with the hyperinsulinemia more sustained in the latter 
(Fig 4). It did not significantly increase epididymal fat mass 
relative to total body weight in either group after 3 weeks 
(Fig 6), possibly reflecting their relatively short time on the 
diet. In contrast, it appeared to increase retroperitoneal fat 
in Dahl-S rats. Whether this increase in retroperitoneal fat 
reflects its greater sensitivity than epididymal fat to the 
hyperinsulinemia caused by the HFHS diet or to other 
factors remains to be established. 

The possible relation of the high concentration of malo- 
nyl CoA in liver and muscle of the Dahl-S rat to its 
propensity to obesity merits comment. It has been sug- 
gested that in many instances, obesity is a disorder of fat 
partitioning. 2s,29 According to this hypothesis, certain indi- 
viduals (and experimental animals) become more obese 
when placed on a high-fat diet because of an inability to 
oxidize dietary fat .  29,30 In keeping with this notion, a high 
respiratory quotient and other indicators of a low rate of 
fatty acid oxidation (eg, low ketone body levels) have been 
observed in non-obese humans s,31 and experimental ani- 
m a w  s predisposed to obesity. Also, an impaired ability to 
oxidize dietary fat 32 has been found in formerly obese 
women as compared with lean women. Malonyl CoA, and 

the enzyme that catalyzes its formation, ACC, have been 
shown to be components of a fuel-sensing mechanism that 
responds to changes in fuel supply and energy expenditure 
in muscle 33 and other cells that oxidize fatty acids. 34,35 Thus, 
high concentrations of malonyl CoA are found in these 
tissues when glucose is present in excess, whereas malonyl 
CoA levels decrease when they are glucose-deprived. A 
dysregulation of such a mechanism leading to a sustained 
increase in the concentration of malonyl CoA in muscle and 
liver 33 could explain why oxidation of ingested fat is 
impaired in individuals predisposed to obesity. If this 
hypothesis is correct, high levels of malonyl CoA will be 
found in muscle and other tissues of such individuals. Also, 
therapies aimed at decreasing malonyl CoA (eg, exercise or 
caloric restriction) should be especially efficacious in pre- 
venting obesity in these subjects. This hypothetical schema 
applies to humans predisposed to obesity who are not yet 
obese. Once they are obese, fatty acid oxidation appears to 
be increased, as judged by the finding that their respiratory 
quotient decreases to values similar to or less than those of 
non-obese subjects. 8,3x We believe this results from an 
increase in the cytosolic concentration of LCFA CoA due 
to high plasma F F A  levels and an increase in intracellular 
triglyeeride stores and turnover. Such increases in LCFA 
CoA could enhance fat oxidation both by inhibiting A C C  21'36 

and thereby decreasing the concentration of malonyl CoA 
and by diminishing malonyl CoA inhibition of CPT 1. 36 
However, direct proof of this is needed. 

An unexpected finding, which needs to be studied in 
other models, was that pioglitazone treatment decreased 
retroperitoneal fat pad mass in rats fed a HFHS diet at the 
same time it increased the mass of the epididymal fat pad. 
To our knowledge, this is the first report that an agent can 
differentially affect the mass and presumably the metabo- 
lism of these two adipose tissue depots. Whether defined 
genetic and/or  metabolic effects of pioglitazone on the fat 
cell (eg, its ability to diminish tumor necrosis factor 
mRNA 37) are also different in these two depots remains to 
be determined. If so, this could have bearing on the ability 
of the thiazolidinediones to enhance insulin sensitivity in 
insulin-resistant subjects. 38,39 Also of note is the finding that 
thiazolidinediones have been shown to interact with peroxi- 
some proliferator-activated receptor ,/.40 Activation of this 
family of genes induces enzymes involved in fatty acid 
oxidation. Such a mechanism of action could explain the 
effect of pioglitazone in this study. 

ACKNOWLEDGMENT 

The authors gratefully acknowledge the advice of Dr Herbert 
Kayne during preparation of the manuscript, and the technical 
assistance of Dr Cheryl Bliss, Jeanette Countryman, Chun Yang, 
Maryse Roudier, and John Friel. 

REFERENCES 

1. Brown DR, Morgan DA, Peuler JD, et al: 24-Hour blood 
pressure recordings in Dahl rats on high- and low-salt diets. Am J 
Physiol 257:R1225-R1231, 1989 

2. Rapp JP, Dene H: Development and characteristics of inbred 
strains of Dahl salt-sensitive and salt-resistant rats. Hypertension 
7:340-349, 1985 

3. Reaven GM, Twersky J, Chang H: Abnormalities of carbohy- 
drate and lipid metabolism in Dahl rats. Hypertension 18:630-635, 
1991 

4. Ferrannini E, Haffner SM, Mitchell BD, et al: Hyperinsulin- 
emia: The key feature of a cardiovascular and metabolic syndrome. 
Diabetologia 34:416-422, 1991 



MALONYL CoA, PIOGLITAZONE, AND OBESITY 525 

5. Fuh MM-T, Shieh S-M, Wu D-A, et al: Abnormalities of 
carbohydrate and lipid metabolism in patients with hypertension. 
Arch Intern Med 147:1035-1038, 1987 

6. Reaven GM: Insulin resistance and compensatory hyperinsu- 
linemia: Role in hypertension, dyslipidemia, and coronary heart 
disease. Am Heart J 121:1283-1288, 1991 

7. Reaven GM: Banting Lecture 1988. Role of insulin resistance 
in human diabetes. Diabetes 37:1595-1607, 1988 

8. Ruderman NB, Schneider SH, Berchtold P: The "metaboli- 
cally-obese," normal-weight individual. Am J Clin Nutr 34:1617- 
1621, 1981 

9. Vaag A, Henriksen JE, Beck-Nielsen H: Decreased insulin 
activation of glycogen synthase in skeletal muscles in young 
non-obese caucasian first degree relatives of patients with non- 
insulin dependent diabetes mellitus. J Clin Invest 89:782-788, 1992 

10. Colca JR, Morton DR: Antihyperglycemic thiazolidine- 
diones: Ciglitazone and its analogs, in Bailey C, Flatt P (ed): New 
Anti-Diabetic Drugs. London, UK, Smith-Gordon, 1990, pp 255- 
261 

11. Saha AK, Kurowski TG, Colca JR, et al: Lipid abnormalities 
in tissues of the KKA.Y mouse: Effects of pioglitazone on malonyl 
CoA and diacylglycerol. Am J Physio1267:E95-E101, 1994 

12. Kramsch DM, Aspen AJ, Apstein CS: Suppression of 
experimental atherosclerosis by the Ca + +-antagonist lanthanum. J 
Clin Invest 65:967-981, 1980 

13. Bergmeyer HU, Bernt E, Schmidt F, et al: D-Glucose: 
Determination with hexokinase and glucose-6-phosphate dehydro- 
genase, in Bergmeyer HU (ed): Methods of Enzymatic Analysis, 
vol 3. New York, NY, Academic, 1974, pp 1196-1201 

14. Denton RM, Randle PJ: Concentrations of glycerides and 
phospholipids in rat heart and gastrocnemius muscles: Effects of 
alloxan diabetes and perfusion. Biochem J 104:416-422, 1967 

15. Preiss J, Loomis CR, Bishop WR, et al: Quantitative 
measurement of sn-l,2-diacylglycerols present in platelets, hepato- 
cytes and ras- and sis-transformed normal rat kidney cells. J Biol 
Chem 261:8597-8600, 1986 

16. McGarry JD, Stark MJ, Foster DW: Hepatic malonyl CoA 
levels of fed, fasted and diabetic rats as measured using a simple 
radioisotopic assay. J Biol Chem 253:8291-8293, 1978 

17. Nagy K, Levy J, Grunberger G: High-fat feeding induces 
tissue-specific alteration in proportion of activated insulin recep- 
tors in rats. Acta Endocrinol (Copenh) 122:361-368, 1990 

18. McGarry JD, Mills SE, Long CS, et al: Observations on the 
affinity for carnitine, and malonyl-CoA sensitivity, of carnitine 
palmitoyltransferase I in animal and human tissues. Demonstra- 
tion of the presence of malonyl-CoA in non-hepatic tissues of the 
rat. Biochem J 214:21-28, 1983 

19. Chen M-T, Kaufman LN, Spennetta T, et al: Effects of 
high-fat feeding to rats on the interrelationship of body weight, 
plasma insulin, and fatty acyl-coenzyme A esters in liver and 
skeletal muscle. Metabolism 41:564-569, 1992 

20. Bianchi A, Evans JL, Nordlund A-C, et al: Acetyl-CoA 
carboxylase in Reuber hepatoma cells: Variation in enzyme activ- 
ity, insulin regulation, and cellular lipid content. J Cell Biochem 
48:86-97, 1992 

21. Thampy KG: Formation of malonyl coenzyme A in rat heart. 
J Biol Chem 264:17631-17634, 1989 

22. Kobayashi M, Iwanishi M, Egawa K, et al: Pioglitazone 
increases insulin sensitivity by activating insulin receptor kinase. 
Diabetes 41:476-483, 1992 

23. Heydrick S J, Ruderman NB, Kurowski TG, et al: Enhanced 
stimulation of diacylglycerol and lipid synthesis by insulin in 
denervated muscle: Altered protein kinase C activity and a possible 
link to insulin resistance. Diabetes 40:1707-1711, 1991 

24. Turinsky J, O'Sullivan DM, Bayly BP: 1,2-Diacylglycerol and 
ceramide levels in insulin-resistant tissues of the rat in vivo. J Biol 
Chem 265:16880-16885, t990 

25. Surwit RS, Feinglos MN, Rodin J, et al: Differential effects 
of fat and sucrose on the development of obesity and diabetes in 
C57BL/6J and A/J  mice. Metabolism 44:645-651, 1995 

26. Buchanan TA, Fisler JA, Underberger S, et al: Whole body 
insulin sensitivity in Osborne-Mendel and S 5B/P1 rats eating a 
low- or high-fat diet. Am J Physiol 263:R785-R789, 1992 

27. Schemmel R, Mickelsen O, Gill JL: Dietary obesity in rats: 
Body weight and fat accretion in seven strains of rats. J Nutr 
100:1041-1048, 1970 

28. Bray GA: Obesity: A disorder of nutrient partitioning. The 
MONA LISA hypothesis. J Nutr 121:1146-1162, 1991 

29. Flatt JP: Dietary fat, carbohydrate balance and weight 
maintenance. Ann NY Acad Sci 683:122-140, 1993 

30. Chang S, Graham B, Yakuba F, et al: Metabolic differences 
between obesity-prone and obesity-resistant rats. Am J Physiol 
259:R1103-R1110, 1990 

31. Froidevaux F, Schultz Y, Christin L, et al: Energy expendi- 
ture in obese women before and during weight loss, after feeding, 
and in the weight-relapse period. Am J Clin Nutr 57:35-42, 1993 

32. Astrup A, Benjamin B, Christensen NJ, et al: Failure to 
increase lipid oxidation in response to increasing dietary fat 
content in formerly obese women. Am J Physiol 266:E592-E599, 
1994 

33. Saha AK, Kurowski TG, Ruderman NB: A malonyl CoA 
fuel sensing mechanism in muscle: Effects of insulin, glucose and 
denervation. Am J Physiol 269:E283-E289, 1995 

34. Prentki M, Vischer S, Glennon MC, et al: Malonyl-CoA and 
long chain acyl-CoA esters as metabolic coupling factors in 
nutrient-induced insulin secretion. J Biol Chem 267:5802-5810, 
1992 

35. Corkey BE, Glennon MC, Chen KS, et al: A role for malonyl 
CoA in glucose stimulated insulin secretion from clonal pancreatic 
13-cells. J Biol Chem 264:21608-21612, 1989 

36. Sugden MC, Holness MJ: Interactive regulation of the 
pyruvate dehydrogenase complex and the carnitine palmitoyltrans- 
ferase system. FASEB J 8:54-61, 1994 

37. Hofmann C, Lorenz K, Braithwaite SS, et al: Altered gene 
expression for tumor necrosis factor-e~ and its receptor during drug 
and dietary modulation Of insulin resistance. Endocrinology 134:264- 
270, 1994 

38. Hotamisligil GS, Spiegelman BM: Tumor necrosis factor 
alpha: A key component of the obesity-diabetes link. Diabetes 
43:1271-1278, 1994 

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

40. Lehmann JM, Moore LB, Smith-Oliver TA, et al: An 
antidiabetic thiazolidinedione is a high affinity ligand for peroxi- 
some proliferator-activated receptor -/(PPAR-/). J Biol Chem 
270:12953-12956, 1995 


