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OBJECTIVE — Pioglitazone, a peroxisome proliferator–activated receptor agonist and glipi-
zide, an insulin secretagogue, are commonly used to treat type 2 diabetes. Our study was
designed to examine the effects of pioglitazone versus glipizide on body water, body composi-
tion, and hemodynamic parameters in the presence of comparable glycemic control between
groups.

RESEARCH DESIGN AND METHODS — We studied 19 diabetic subjects randomly
assigned to either 45 mg pioglitazone (n � 8) or 10 mg (median dose) glipizide (n � 11) for 12
weeks. Body water content was measured with deuterated water, body composition by dual-
energy X-ray absorptiometry and computed tomography, and cardiac output and systemic
vascular resistance by acetylene rebreathing technique both before and after therapy.

RESULTS — Pioglitazone increased (P � 0.001 from baseline) total body water (�2.4 �
0.5 l) accounting for 75% of the total weight gain (�3.1 � 2.0 kg) but did not alter vascular
endothelial growth factor concentrations. Total abdominal (�32.2 � 19 cm2) and visceral fat
area (�16.1 � 8 cm2) tended to decrease with pioglitazone but increased (P � 0.02 for differ-
ences between groups) with glipizide (�38.4 � 17 cm2 abdominal; �19.1 � 9 cm2 visceral).
Pioglitazone tended to reduce (P � 0.05) diastolic (�8.4 � 4 mmHg) and mean (�9.5 � 5
mmHg; P � 0.08) blood pressure and reduced (P � 0.001) systemic vascular resistance
(2,785 � 336 vs. 2,227 � 136 dynes/s per m2), while there were no differences in these
parameters with glipizide. Neither therapy altered circulating catecholamine concentrations.

CONCLUSIONS — When pioglitazone and glipizide are given in doses sufficient to achieve
equivalent glycemic control in people with type 2 diabetes, pioglitazone increases total body
water, thereby accounting for the majority of weight gain, tended to decrease visceral and
abdominal fat content and blood pressure, and reduces systemic vascular resistance.
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Thiazolidinediones are widely used to
treat type 2 diabetes. These agents
work through activation of the nu-

clear receptor peroxisome proliferator–
activated receptor � (PPAR)�, which is a
ligand-dependent transcription factor ex-
pressed predominantly in adipose tissue
(1). Treatment with a thiazolidinedione
results in an increase in insulin action in

adipose tissue, muscle (2), and perhaps
liver (3). However, in addition to im-
proved glycemic control, these agents
cause weight gain, edema, and redistribu-
tion of body fat in individuals with type 2
diabetes (4–6). Scarce animal and human
data have suggested that renal sodium re-
tention could be a causal factor for the
development of fluid retention (7,8). Vas-

cular endothelial growth factor (VEGF)
also has been implicated as a causal factor
in thiazolidinedione-induced edema (9).
Furthermore, although there have been
several reports (10–12) of favorable ef-
fects of thiazolidinediones on endothelial
function and blood pressure, information
on global effects of these agents on sys-
temic vascular resistance, cardiac output,
and cardiac index have been scant. Also,
the effects of these agents on body water
content in humans are unknown.

The present experiments were under-
taken to address these questions. Body
composition, total body water, blood
pressure, systemic vascular resistance,
cardiac index, plasma VEGF, and cate-
cholamine concentrations were measured
in people with type 2 diabetes before and
after 3 months of treatment with the
PPAR� agonist pioglitazone. To avoid the
confounding effects of differences in gly-
cemic control, results were compared
with those observed when a comparable
level of glycemic control was achieved
with the sulfonylurea glipizide.

RESEARCH DESIGN AND
METHODS — After approval from the
Mayo Clinic Institutional Review Board,
21 participants (7 women and 14 men)
with type 2 diabetes between the ages of
30 and 75 years were enrolled (7 were
previously treated with dietary and life-
style changes alone, 7 with metformin
alone, 2 with sulfonylureas alone, and the
remaining 5 with a combination of met-
formin and sulfonylurea agents). Table 1
provides the demographic characteristics
of the subjects at baseline.

None of the diabetic subjects had
been on thiazolidinediones. The partici-
pants were in good health and did not
have any complications apart from mild
background retinopathy. None of the par-
ticipants engaged in regular vigorous
physical activity. Apart from oral hypo-
glycemic agents and stable thyroid hor-
mone therapy, none of the participants
were on any other medications at the time
of screening. No participants had a his-
tory of edema, cardiac, hepatic, or renal
problems at the time of enrollment. At the
time of screening, body composition (in-
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cluding fat-free mass and total fat mass)
was measured using dual-energy X-ray
absorptiometry (DPX-IQ scanner, Smart-
Scan Version 4.6C; Lunar, Madison, WI).
A single-cut computed tomography scan
of the abdomen was also performed at the
L2–L3 level to estimate visceral fat and ab-
dominal subcutaneous fat contents as
previously described (13,14). Total body
water was measured using deuterated
(D2) water technique as previously de-
scribed (15). Before measurement, each
subject was placed on a controlled so-
dium (3 g salt/day) diet for 72 h to ensure
avoidance of acute changes in total body
water content. Subjects ingested 1 ml
99.7% pure 2H2O (Cambridge Isotopes,
Andover, MA) diluted in 10 ml distilled
water. Baseline and 3- and 4-h urine sam-
ples were collected for measurement of
2H2O enrichment using isotope ratio
mass spectrometry. During this time pe-
riod, the patient was not allowed to con-
sume food or fluids.

After the screening visit, all oral hy-
poglycemic agents were discontinued for
3 weeks before the study. All participants
were instructed to follow a weight-
maintaining diet containing 55% carbo-
hydrate, 30% fat, and 15% protein for at
least 3 days before the study. The partic-
ipants were admitted at 1700 on the
evening before the study day, and a stan-
dard 10 cal/kg meal (55% carbohydrate,
30% fat, and 15% protein) was consumed
at 1800. The subjects remained nil per
mouth except water till the morning of
the study.

On the morning of the study, resting
blood pressure with the participant lying
relaxed in bed was measured on three oc-
casions 5 min apart. Baseline blood sam-
ples were drawn for catecholamine and

VEGF concentrations an hour after line
placements. Subsequently, a mixed-meal
test was performed (starting at 0800) as
part of another study to measure carbo-
hydrate and fat metabolism. A light lunch
was served at 1400, and subjects were
then fed a standard meal at 1800 and kept
NPO except water overnight.

On the following morning, cardiac
output and systemic vascular resistance
were measured using the acetylene up-
take method as previously described (16).
Briefly, subjects breathed a gas mixture
containing 0.7% acetylene, 9.0% helium,
20.9% O2, and balance N2 for seven to ten
breaths. During the wash-in phase,
breath-by-breath acetylene and helium
uptakes were measured. Since uptake of
acetylene is proportional to pulmonary
blood flow, it also is proportional to car-
diac output. An automatic three-way slid-
ing-valve (Hans Rudolph, Kansas City,
MO) on the inspiratory side allowed mea-
surement of cardiac output without inter-
ruption of the subject’s normal breathing
pattern. Systemic vascular resistance was
estimated by: [(MBP � 10)/CI] � 80, where
MBP is the mean blood pressure and CI
the cardiac index.

After completion of the baseline stud-
ies, subjects were randomly assigned to
receive either 45 mg pioglitazone once
daily (n � 10) or 5 mg glipizide once daily
(n � 11) for 12 weeks, following which
the baseline studies were repeated. Dur-
ing therapies, subjects were asked to
maintain a diary of self-monitored blood
glucose twice daily. The dose of glipizide
was titrated to a max of 20 mg daily in an
effort to reduce fasting and presupper
self-monitored glucose values to �8
mmol/l. The median dose of glipizide at
the end of the study was 10 mg once daily.
Two of the subjects (both male) on pio-
glitazone dropped out of the study since
they left the area for employment reasons
and could not return for completion of
the protocol. Hence, they were excluded
from analyses. These two subjects did not
differ from the rest of the group at base-
line. During this 12-week period, the sub-
jects were reviewed every 4 weeks for pill
count, vital signs, review of records of
self-monitoring of blood glucose, and any
new signs and symptoms. At each outpa-
tient visit, the study medications were
provided for the next 4 weeks. Pill counts
performed at each outpatient visit indi-
cated that two subjects on glipizide and
one on pioglitazone missed their medica-
tions for a total of 3 days each during the
12-week period of the study.

Statistical analysis
All results are expressed as means � SE.
Between-group comparisons were per-
formed by nonpaired Student’s t test,
while within-group comparisons were
done by paired t tests. All t tests were two
tailed. P � 0.05 was considered statisti-
cally significant.

RESULTS

Fasting plasma glucose and HbA1c
concentrations
There were no differences in fasting glu-
cose or HbA1c (A1C) concentrations ei-
ther before or following 12 weeks of
treatment with pioglitazone or glipizide,
respectively (Table 2). While both param-
eters tended to increase in both groups,
these changes were not significant, en-
abling assessment of the effects of these
agents on body composition and vascular
function to be evaluated independent of
significant changes in glycemic control.

Body weight, lean body mass, and
body fat distribution
The increment in total body weight dur-
ing the 12 weeks of study tended to be
greater (P � 0.09) following treatment
with pioglitazone compared with glipiz-
ide (Table 2). The increment in total body
fat did not differ (P � 0.2) following treat-
ment with either pioglitazone or glipizide.
Total abdominal fat and visceral fat
tended (P � 0.06) to decrease on piogli-
tazone and increased (P � 0.05) on glipi-
zide, resulting in a greater (P � 0.02)
increment in both following treatment
with glipizide compared with pioglita-
zone. Leg fat content remained un-
changed following treatment with either
pioglitazone or glipizide (data not tabu-
lated).

Body water and plasma VEGF
concentrations
Total body water increased (P � 0.001)
during treatment with pioglitazone but
did not change (P � 0.9) during treat-
ment with glipizide (Table 2). The ratio of
total body water to fat-free mass increased
(P � 0.01) with pioglitazone, while there
were no changes with glipizide, implying
that pioglitazone but not glipizide in-
creased the proportion of total body water
content that is contained within the extra-
cellular space. Of note, two of the eight
subjects on pioglitazone developed new-
onset pitting leg edema that subsided
within a few weeks after completion of the
study. However, the magnitude of the in-

Table 1—Baseline demographic characteris-
tics of diabetic subjects

Pioglitazone Glipizide

Age (years) 56 � 2 58 � 4
Weight (kg) 92 � 7 87 � 5
BMI (kg/m2) 32 � 2 31 � 2
Fat-free mass (kg) 56 � 4 51 � 3
Total abdominal fat

(cm2)
500 � 80 412 � 47

Visceral fat (cm2) 217 � 48 180 � 32
% Body fat 39 � 6 36 � 4
A1C (%) 6.9 � 0.3 6.5 � 0.3
Fasting plasma

glucose (mmol/l)
8.4 � 0.7 8.0 � 0.8

Data are means � SE.
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crease in total body water in these two
subjects did not differ in the other six
subjects who did not develop edema. The
increase in total body water in the six sub-
jects who did not develop edema (�2.7
� 0.6 l) did not differ from the entire pio-
glitazone-treated cohort (�2.4 � 0.5 l).

Previous studies have suggested that
an increase in VEGF may contribute to
thiazolidinedione-induced fluid retention
and edema (9). Plasma VEGF concentra-
tions did not change following treatment
with pioglitazone and decreased (P �
0.08) slightly but nonsignificantly with
glipizide. Of interest, there was no corre-
lation between changes in plasma VEGF
concentrations and body water content
either in the entire cohort (r � 0.16; P �
0.5) or in the glipizide (r � 0.01; P �
0.98) treatment group. However, there
appeared to be trend (r � 0.6; P � 0.1)
between changes in plasma VEGF con-
centrations and total body water in the
pioglitazone treatment group.

Effect on hemodynamic parameters
Treatment with pioglitazone tended to
decrease diastolic blood pressure (P �
0.05) and mean blood pressure (P �
0.08), while there were no changes with
glipizide on diastolic or mean blood pres-
sure. The decrement in diastolic blood
pressure tended to be lower (P � 0.05)
with pioglitazone than glipizide treat-
ment. Systolic blood pressure did not dif-
fer with either therapy.

Pioglitazone resulted in (P � 0.001)
reduction of systemic vascular resistance,
whereas there was no change following

treatment with glipizide. Cardiac output
and cardiac index did not change follow-
ing treatment with pioglitazone or with
glipizide.

Plasma norepinephrine (0.84 � 0.1
vs. 0.9 � 0.1 pmol/ml), epinephrine
(0.07 � 0.02 vs. 0.07 � 0.01 pmol/ml),
or dopamine (0.3 � 0.15 vs. 0.07 � 0.01
pmol/ml) concentrations did not change
during treatment with pioglitazone. Like-
wise, plasma norepinephrine (1.0 � 0.1
vs. 1.05 � 0.1 pmol/ml), epinephrine
(0.1 � 0.03 vs. 0.07 � 0.01 pmol/ml), or
dopamine (0.16 � 0.05 vs. 0.25 � 0.07
pmol/ml) concentrations also did not
change during treatment with glipizide.

CONCLUSIONS — Most (4 – 6,17),
but not all, studies have shown that treat-
ment with the PPAR� agonists pioglita-
zone or rosiglitazone causes an increase in
body weight with the magnitude of the
increase generally being inversely corre-
lated with the resultant decrease in A1C
concentration (6,18). It therefore has
been difficult to disassociate the effects of
these agents on body composition and
vascular function from those due to
weight gain and improved glycemic con-
trol. The present experiments circum-
vented these problems by studying
individuals whose antecedent diabetes
programs resulted in a degree of glycemic
control that was essentially equivalent to
that observed during treatment with pio-
glitazone or glipizide as evident by the
lack of change in A1C over the 12 weeks
of study. In addition, results obtained

during treatment with pioglitazone were
compared with those observed during
treatment with the active comparator
glipizide. The increases in total body
weight with either therapy were not sta-
tistically significant. This is likely due to
the relatively short duration of study.
However, it is noteworthy that the �3-kg
increase in weight on pioglitazone was
primarily due to the 2.4-l increase in total
body water. Thus, the increase in body
water accounted for �75% of the total
weight gain. Consistent with previous re-
ports (4–6,19,20), there also was redis-
tribution within body fat compartments
with pioglitazone therapy, causing a ten-
dency to decrease in both abdominal and
visceral fat, whereas both tended to in-
crease following treatment with glipizide.
We presume that variability of measure-
ment and/or offsetting decreases in other
unmeasured compartments accounts for
the lack of statistically significant changes
in total body weight.

PPAR� agonists can cause peripheral
edema. The prevalence appears to vary
from �5% during treatment with a
PPAR� agonist alone to �15% when
combined with insulin (21–23). The
mechanism of edema is currently an area
of active investigation. Previous studies
(9) have suggested the PPAR� agonist in-
creases plasma VEGF concentrations,
which in turn could increase vascular per-
meability. This proposed relationship was
not confirmed in the present studies since
plasma VEGF concentrations did not in-
crease following treatment with pioglita-
zone and did not differ from those

Table 2—Outcome variables before and after pioglitazone or glipizide therapies for 12 weeks

Pioglitazone Glipizide

Before After 	 Before After 	

Fasting plasma glucose (mmol/l) 8.4 � 0.7 8.8 � 0.9 �0.4 8.0 � 0.8 8.4 � 0.7 �0.4
A1C (%) 6.9 � 0.3 7.5 � 0.8 �0.6 6.5 � 0.3 6.9 � 0.8 �0.4
Weight (kg) 92.1 � 7 95.2 � 9 �3.1 87.4 � 5 87.9 � 5 �0.5
Body fat (kg) 38.3 � 5 39.2 � 6 �0.9 30.5 � 4 30.3 � 4 �0.2
Total abdominal fat (cm2) 500 � 80 468 � 67 �32 412 � 47 450 � 58 �38*†
Visceral fat (cm2) 217 � 48 201 � 43 �16 180 � 32 199 � 31 �19*†
Body water (l) 47.6 � 3.6 50 � 3.3 �2.4* 42.9 � 3 43.4 � 4 �0.5
Body water/fat-free mass 0.84 � 0.02 0.88 � 0.02 �0.04* 0.83 � 0.06 0.82 � 0.06 �0.01
VEGF (pmol/l) 6.2 � 1.3 7.0 � 1.4 �0.8 3.9 � 0.8 3.0 � 0.7 �0.9
Diastolic blood pressure (mmHg) 84.2 � 4 75.8 � 4 �8.4 75.8 � 3 75.5 � 3 �0.3
Mean blood pressure (mmHg) 102 � 5 92.5 � 5 �9.5 92.7 � 4 92 � 4 �0.7
Systemic vascular resistance

(dynes/s per m2)
2,785 � 336 2,227 � 136 �561* 2,556 � 205 2,446 � 223 �110

Cardian output (l/min) 6.2 � 0.4 6.7 � 0.4 �0.5 5.3 � 0.4 5.6 � 0.4 �0.3
Cardiac index (l per m2/min) 2.8 � 0.2 3.0 � 0.2 �0.2 2.7 � 0.2 2.9 � 0.2 �0.2

Data are means � SE. *Denotes P � 0.05 from baseline. †Denotes P � 0.05 for difference between therapies.
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observed during treatment with glipizide.
However, although there was no correla-
tion between changes in total body water
content and plasma VEGF concentrations
in the cohort as a whole, there was a sug-
gestion of a correlation in the pioglitazone
treatment cohort.

PPAR� agonists have been reported to
decrease urinary sodium excretion and to
increase plasma renin activity (8). This is
thought to be mediated by an increase in
the abundance of aquaporins 2 and 3
within the renal tubules (7). Further-
more, a recent study (24) using selective
gene targeting of PPAR� in collecting
ducts of mice revealed epithelial sodium
channel–mediated renal salt absorption
as the principal cause of water retention
induced by both pioglitazone and rosigli-
tazone. The present studies suggest an ad-
ditional mechanism. Treatment with
pioglitazone resulted in a decrease in vas-
cular resistance in the absence of a com-
pensatory increase in cardiac output or
plasma catecholamine concentrations.
This presumably resulted in a decrease in
renal perfusion pressure, which would be
anticipated to enhance sodium and fluid
retention. A decrease in systemic vascular
resistance also could explain why diuret-
ics are relatively ineffective (23) in treat-
ing PPAR� agonist–induced peripheral
edema, since the increase in body water is
a compensatory response to a relative de-
crease in intravascular volume.

Like any other experiment, our study
also has limitations. The sample size is
relatively small with a wide age range
(42–74 years). Therefore, the trends to-
ward an increase in total body weight or
decrease in blood pressures may have be-
come statistically significant if a larger
number of patients were studied for a
longer period of time. If so, this could
have further strengthened our conclusion
that pioglitazone has a greater effect on
these parameters than does glipizide. A
Bonferroni correction was not performed
for multiple comparisons. This adds to
the limitations of this study. Furthermore,
although the distribution of diabetes
management strategies of the subjects
preenrollment were similar between
groups, this could have been a limiting
factor as well since only a third in each
group were antidiabetes drug naı̈ve at the
time of enrollment.

In conclusion, the present data indi-
cate that compared with glipizide, treat-
ment with pioglitazone increases body
water and decreases systemic vascular re-
sistance and tended to decrease visceral

fat in people with type 2 diabetes. The
decrease in systemic vascular resistance
occurred in the absence of a change in
cardiac index or output. Pioglitazone-
induced increase in total body water ac-
counted for �75% of the total weight
gain, indicating that at least over the short
term thiazolidinediones increase body
weight primarily by increasing fluid re-
tention. The apparently favorable effects
of pioglitazone with regards to fat distri-
bution and systemic vascular resistance
on long-term micro- and macrovascular
complications of diabetes await further
study.

Acknowledgments— We thank Takeda
Pharmaceuticals for providing financial sup-
port for the studies.

The authors acknowledge the support of the
Mayo Clinic General Clinical Research Center;
Barb Norby, RN, and Jean Feehan, RN, for
execution of the studies; Betty Dicke, Robert
Rood, and Carol Siverling for performing the
assays; and Cathy Dvorak, RN, for coordina-
tion of the experiments. Of note, the concept,
experimental design, study conduct, data
analyses, and writing of the manuscript were
performed by the authors.

References
1. Kota BP, Huang TH, Roufogalis BD: An

overview on biological mechanisms of
PPARs. Pharmacol Res 51:85–94, 2005

2. Boden G, Homko C, Mozzoli M, Showe
LC, Nichols C, Cheung P: Thiazo-
lidinediones upregulate fatty acid uptake
and oxidation in adipose tissue of diabetic
patients. Diabetes 54:880–885, 2005

3. Tonelli J, Li W, Kishore P, Pajvani UB,
Kwon E, Weaver C, Scherer PE, Hawkins
M: Mechanisms of early insulin-sensitiz-
ing effects of thiazolidinediones in type 2
diabetes. Diabetes 53:1621–1629, 2004

4. Miyazaki Y, Mahankali A, Matsuda M,
Mahankali S, Hardies J, Cusi K, Man-
darino LJ, DeFronzo RA: Effect of piogli-
tazone on abdominal fat distribution and
insulin sensitivity in type 2 diabetic pa-
tients. J Clin Endocrinol Metab 87:2784–
2791, 2002

5. Carey DG, Cowin GJ, Galloway GJ, Jones
NP, Richards JC, Biswas N, Doddrell DM:
Effect of rosiglitazone on insulin sensitiv-
ity and body composition in type 2 dia-
betic patients. Obes Res 10:1008–1015,
2002

6. Chiquette E, Ramirez G, Defronzo R: A
meta-analysis comparing the effect of
thiazolidinediones on cardiovascular risk
factors. Arch Intern Med 164:2097–2104,
2004

7. Song J, Knepper MA, Hu X, Verbalis JG,
Ecelbarger CA: Rosiglitazone activates re-

nal sodium- and water-reabsorptive path-
ways and lowers blood pressure in normal
rats. J Pharmacol Exp Ther 308:426–433,
2004

8. Zanchi A, Chiolero A, Maillard M, Nuss-
berger J, Brunner HR, Burnier M: Effects
of the peroxisomal proliferator-activated
receptor-gamma agonist pioglitazone on
renal and hormonal responses to salt in
healthy men. J Clin Endocrinol Metab 89:
1140–1145, 2004

9. Baba T, Shimada K, Neugebauer S,
Yamada D, Hashimoto S, Watanabe T:
The oral insulin sensitizer, thiazolidinedi-
one, increases plasma vascular endothe-
lial growth factor in type 2 diabetic
patients. Diabetes Care 24:953–954, 2001

10. Fullert S, Schneider F, Haak E, Rau H,
Badenhoop K, Lubben G, Usadel KH,
Konrad T: Effects of pioglitazone in non-
diabetic patients with arterial hyperten-
sion: a double-blind, placebo-controlled
study. J Clin Endocrinol Metab 87:5503–
5506, 2002

11. Sarafidis PA, Lasaridis AN, Nilsson PM,
Pagkalos EM, Hitoglou-Makedou AD,
Pliakos CI, Kazakos KA, Yovos JG, Zebek-
akis PE, Tziolas IM, Tourkantonis AN:
Ambulatory blood pressure reduction af-
ter rosiglitazone treatment in patients
with type 2 diabetes and hypertension
correlates with insulin sensitivity in-
crease. J Hypertens 22:1769–1777, 2004

12. Natali A, Baldeweg S, Toschi E, Capaldo
B, Barbaro D, Gastaldelli A, Yudkin JS,
Ferrannini E: Vascular effects of improv-
ing metabolic control with metformin or
rosiglitazone in type 2 diabetes. Diabetes
Care 27:1349–1357, 2004

13. Potretzke AM, Schmitz KH, Jensen MD:
Preventing overestimation of pixels in
computed tomography assessment of vis-
ceral fat. Obes Res 12:1698–1701, 2004

14. Jensen MD, Kanaley JA, Reed JE, Sheedy
PF: Measurement of abdominal and vis-
ceral fat with computed tomography and
dual-energy x-ray absorptiometry. Am J
Clin Nutr 61:274–278, 1995

15. Thomas LD, Vander Velde D, Schloerb
PR: Optimum doses of deuterium oxide
and sodium bromide for the determina-
tion of total body water and extracellular
fluid. J Pharm Biomed Anal 9:581–584,
1991

16. Hansen S, Wendelboe O, Christensen P:
The non-invasive acetylene rebreathing
method for estimation of cardiac output:
influence of breath-by-breath variation.
Clin Physiol 17:193–202, 1997

17. Smith SR, De Jonge L, Volaufova J, Li Y,
Xie H, Bray GA: Effect of pioglitazone on
body composition and energy expendi-
ture: a randomized controlled trial. Me-
tabolism 54:24–32, 2005

18. Chilcott J, Tappenden P, Jones ML, Wight
JP: A systematic review of the clinical ef-
fectiveness of pioglitazone in the treat-
ment of type 2 diabetes mellitus. Clin Ther

Basu and Associates

DIABETES CARE, VOLUME 29, NUMBER 3, MARCH 2006 513
© 



23:1792–1823, 2001 (discussion p. 1791)
19. Cock TA, Houten SM, Auwerx J: Peroxi-

some proliferator-activated receptor-
gamma: too much of a good thing causes
harm. EMBO Rep 5:142–147, 2004

20. Larsen TM, Toubro S, Astrup A: PPAR-
gamma agonists in the treatment of type II
diabetes: is increased fatness commensu-

rate with long-term efficacy? Int J Obes Re-
lat Metab Disord 27:147–161, 2003

21. Kline S: Avandia (rosiglitazone) package
insert; SK, Philadelphia, PA, 2001

22. Takeda: Actos (pioglitazone) package in-
sert; Takeda, Lincolnshire, IL, 2000

23. Niemeyer NV, Janney LM: Thiazo-
lidinedione-induced edema. Pharmaco-

therapy 22:924–929, 2002
24. Guan Y, Hao C, Cha DR, Rao R, Lu W,

Kohan DE, Magnuson MA, Redha R,
Zhang Y, Breyer MD: Thiazolidinediones
expand body fluid volume through PPAR-
gamma stimulation of ENaC-mediated re-
nal salt absorption. Nat Med 11:861–866,
2005

Pioglitazone and body water

514 DIABETES CARE, VOLUME 29, NUMBER 3, MARCH 2006
© 


