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OBJECTIVE — To examine the effect of rosiglitazone on insulin resistance and blood pres-
sure in patients with essential hypertension, classified based on abnormalities of their renin-
angiotensin system.

RESEARCH DESIGN AND METHODS — A total of 24 hypertensive nondiabetic pa-
tients (age 58 � 6 years, BMI 30 � 5 kg/m2) were studied before and after rosiglitazone
treatment. After 2 weeks off antihypertensive medication, subjects received a euglycemic-
hyperinsulinemic clamp (40 mU � m�2 � min�1) with 6,6-[2H2]glucose infusion, ambulatory
blood pressure monitoring, and blood tests for cardiovascular risk factors. Subjects were then
placed on rosiglitazone (4 mg orally b.i.d.) and their usual antihypertensive medications (but not
ACE inhibitors) for 16 weeks, and baseline tests were repeated.

RESULTS — There was no change in fasting plasma glucose (83 � 2 vs. 82 � 2 mg/dl, P �
0.60), but fasting insulin decreased (16.1 � 1.4 vs. 12.5 � 0.9 �U/ml, P � 0.01). Total glucose
disposal during the clamp increased (5.0 � 0.4 vs. 5.9 � 0.5 mg � kg�1 � min�1, P � 0.001), with
no change in suppression of hepatic glucose output. There were significant decreases in mean
24-h systolic (138 � 2 vs. 134 � 2 mmHg, P � 0.02) and diastolic (85 � 2 vs. 80 � 2 mmHg,
P � 0.0001) blood pressure, and the decline in systolic blood pressure was correlated with the
improvement in insulin sensitivity (r � 0.59, P � 0.005). Triglycerides (135 � 16 vs. 89 � 8
mg/dl, P � 0.01), LDL cholesterol (129 � 6 vs. 122 � 8 mg/dl, P � 0.18), and HDL cholesterol
(51 � 3 vs. 46 � 3 mg/dl, P � 0.02) all decreased, with no change in the LDL-to-HDL ratio.
Plasminogen activator inhibitor-1 and C-reactive protein also declined significantly.

CONCLUSIONS — Rosiglitazone treatment of nondiabetic hypertensive patients improves
insulin sensitivity, reduces systolic and diastolic blood pressure, and induces favorable changes
in markers of cardiovascular risk. Insulin sensitizers may provide cardiovascular benefits when
used in the treatment of patients with hypertension.
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The insulin resistance syndrome is a
heterogeneous disorder character-
ized by the presence of hyperinsu-

linemia, impaired glucose tolerance or
type 2 diabetes, essential hypertension,
dyslipidemia, visceral adiposity, and/or
hypercoagulability (1–3). This clustering

of cardiovascular risk factors leads to a
high rate of coronary events and increased
mortality in this population (4,5). Thia-
zolidinediones (TZDs) are insulin sensi-
tizers that reduce insulin resistance in
muscle and adipose tissue by modifying
key pathophysiological defects in type 2

diabetes. TZDs may provide therapeutic
benefits for the insulin resistance syn-
drome beyond improving glycemic con-
trol and have been shown in smaller
studies to have beneficial effects on blood
pressure and dyslipidemia in vivo and to
exhibit vasorelaxant activity in vitro (6–9).

Hyperinsulinemia and insulin resis-
tance occur in both obese and nonobese
patients with essential hypertension, al-
though the pathophysiological basis for
this association is poorly understood
(10,11). Potential mechanisms include
sodium retention, increased sympathetic
activity, or impaired vasorelaxation
(12,13). It is not well established whether
insulin resistance is present in all patients
with essential hypertension or whether it
is more characteristic of certain identifi-
able subgroups of patients.

Previous studies by our group have
demonstrated that a particular subset of
salt-sensitive essential hypertensive pa-
tients is more insulin resistant than indi-
viduals with low-renin (LR) hypertension
(14,15). This subset comprises �30% of
the hypertensive population and has been
termed “nonmodulators” (NMs) because
of an inability to appropriately regulate
their blood pressure, renal plasma flow,
and responsiveness to angiotensin II during
transition from a high-salt to a low-salt diet
(16,17).

The primary purpose of this study was
to determine whether treatment of nondia-
betic hypertensive patients with the TZD
rosiglitazone would improve insulin sensi-
tivity and reduce blood pressure. On the
basis of our previous findings, we hypoth-
esized that the NM subgroup would ex-
perience a greater improvement in insulin
sensitivity and a greater reduction in
blood pressure than the LR group. A sec-
ondary goal of the study was to evaluate
the effect of rosiglitazone on cardiovascu-
lar risk factors.

RESEARCH DESIGN AND
METHODS

Subjects
Twelve NM and 12 LR hypertensive pa-
tients were studied. Subjects had previ-
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ously been classified into normal/high-
renin and LR groups based on a plasma
renin activity �2.4 ng � ml�1 � h�1 after
90–120 min of upright posture after 5
days on a low-sodium diet (10 mEq/day).
The normal/high-renin group was further
classified into two subsets termed “mod-
ulators” and “nonmodulators” based on
the adrenal response to a 3 ng � kg�1 �
min�1 angiotensin II infusion for 30 min
on a 10 mEq/day sodium intake. Non-
modulators NMs were defined as those
subjects who had an increase in aldoste-
rone of �15 ng/dl, with basal aldosterone
levels of �30 ng/dl (16,17). The subjects
who responded normally to the angioten-
sin II infusion (�15 ng/dl increment in
aldosterone) were classified as modula-
tors. All 24 subjects had normal fasting
plasma glucose levels, although 8 had a
family history of type 2 diabetes. The
study was approved by the institutional
review board at Brigham and Women’s
Hospital, and voluntary informed written
consent was obtained from each subject.

Study protocol
Subjects initially were seen at the outpa-
tient General Clinic Research Center
(GCRC) for a screening physical exam
and blood tests including fasting glucose
and insulin, lipid profile, blood urea ni-
trogen, creatinine, serum electrolytes,
and liver function. Subjects were ex-
cluded if they had diabetes, coronary ar-
tery disease, congestive heart failure,
renal disease, or liver disease. Because
ACE inhibitors can change the nonmodu-
lator phenotype (18) and decrease insulin
resistance (19,20), the 12 subjects who
had been on ACE inhibitors were
switched to a calcium-channel blocker
(5–10 mg/day amlodipine and, in one pa-
tient, 180 mg/day diltiazem, as per pa-
tient ’s request), plus a diuretic if
necessary, for 10 weeks.

Two weeks before the inpatient phys-
iological evaluation described below, all
antihypertensive medications were dis-
continued. During the last 5 days of this
period, subjects were placed on a low-salt
diet (10 mEq sodium/day), and during
the last 3 days, subjects were also placed
on a 200- to 300-g carbohydrate diet to
prepare for the insulin clamp study. The
24-h ambulatory blood pressure (de-
scribed below) was recorded during the
final day before admission.

Patients were admitted to the GCRC
and, after an overnight fast, had insulin

sensitivity determined by the euglycemic-
hyperinsulinemic clamp technique, as de-
scribed below. During this admission,
subjects had their waist-to-hip ratio mea-
sured and body composition estimated by
bioelectric impedance (21). Fasting blood
samples were drawn for plasminogen ac-
tivator inhibitor 1 (PAI-1) and C-reactive
protein (CRP).

After completion of these tests, sub-
jects were placed on rosiglitazone (4 mg
orally per day titrated to 4 mg orally b.i.d.
after 2 weeks) for 16 weeks. Baseline an-
tihypertensive medications were resumed
for 14 weeks and were discontinued for
the last 2 weeks, after which all of the
baseline tests were repeated. Liver func-
tion tests were monitored at baseline and
at 4-week intervals during the study pe-
riod, and subjects were asked to report
any untoward side effects, including leg
edema or shortness of breath.

Procedures
Ambulatory blood pressure monitor-
ing. Ambulatory blood pressure moni-
tors (Spacelabs 90207, Redmond, WA)
were used to measure blood pressure be-
fore each euglycemic-hyperinsulinemic
clamp. The ambulatory blood pressure
monitors were preprogrammed to record
the blood pressure every 30 min during
the day (0600–2300) and once hourly at
night (2300 – 0600). Each subject was
asked to record activities throughout the
day. If �30% of the measurements were
artifacts or missing, readings were not
used for analysis. Mean blood pressures
were calculated for daytime, nighttime,
and the overall 24-h period to determine
whether the normal nocturnal fall in
blood pressure (�10 mmHg) was present
at baseline and whether it changed after
rosiglitazone treatment. As part of a post
hoc analysis, we subdivided the patients
into “dippers” and “nondippers” based on
the blood pressure fall from daytime to
nighttime. Patients with a �10 mmHg
drop in systolic blood pressure during the
first ambulatory blood pressure monitor-
ing (ABPM) were classified as dippers,
and the rest were classified as nondippers.
Euglycemic-hyperinsulinemic clamp
technique. Insulin sensitivity was mea-
sured as previously described (22,23). Af-
ter an overnight fast, intravenous lines
were placed into an antecubital vein for
administration of test substances and into
a heated (70°C) hand vein of the same
arm for blood sampling (24). After basal

samples were obtained, a primed-
continuous infusion of insulin was ad-
ministered at 40 mU � m�2 � min�1 for
2 h. the plasma glucose concentration was
measured at 5-min intervals and main-
tained at the basal level by a variable in-
fusion of 20% dextrose.

To determine the site of insulin resis-
tance, endogenous glucose production
was measured using stable tracer methods
as previously described (23). A primed-
continuous infusion of 6,6-[2H2]glucose
was administered at 0.03 mg � kg�1 �
min�1 starting 2 h before the insulin in-
fusion and continued until the comple-
tion of the study (total of 4 h). Blood
samples for 6,6-[2H2]glucose atoms per-
cent excess were taken at times �15,
�10, �5, and 0 min to determine base-
line enrichment and at 105, 110, 115, and
120 min to measure enrichment during
steady-state hyperinsulinemia. To mini-
mize the fluctuation of plasma 6,6-
[2H2]glucose enrichment during the
clamp, the glucose tracer was added to the
exogenous glucose infusate at a concen-
tration of 2.73 mg/ml (25).

Basal hepatic glucose production was
calculated by dividing the baseline tracer
infusion rate by the baseline steady-state
plasma enrichment. The rate of whole-
body glucose metabolism during the
clamp was calculated by dividing the total
tracer infusion rate (the sum of the ongo-
ing primed-continuous infusion plus the
tracer contained in the 20% dextrose in-
fusate) by the plasma enrichment during
the final 20 min of the study. The known
rate of exogenous glucose infusion was
subtracted from the calculated total rate
of glucose appearance to determine resid-
ual hepatic glucose production.
Biochemical analyses. Plasma glucose
was measured using a glucose reflectome-
ter (LifeScan, Mountain View, CA).
Plasma insulin levels were determined by
radioimmunoassay (Linco Research, St.
Louis, MO). Plasma samples were assayed
for PAI-1 antigen using a two-site en-
zyme-linked immunosorbent assay
(Biopool AB, Umea, Sweden; normal
range 4–43 ng/ml) and for CRP using a
latex-based immunoassay (Dade Behring,
Newark, DE). Lipid levels were measured
at the Brigham and Women’s Hospital
laboratory. Deuterated glucose analysis
was done using a Hewlett Packard gas
chromatograph mass spectrometer (Met-
abolic Solutions, Nashua, NH) (26).
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Statistical analysis. Power was deter-
mined using change in insulin sensitivity
and change in blood pressure as primary
end points. Baseline demographic data
are expressed as means � SD, whereas all
other summary data comparing the two
groups are expressed as means � SE. All
statistical analyses were performed using
the STATA statistical software version 7.0
(Stata Corporation, College Station, TX).
Standard statistical tests used to compare
the two groups included t tests for means,
Wilcoxon’s rank-sum test where ranks
were appropriate, and standard regres-
sion methods. Paired t test or appropriate
nonparametric tests were used to estimate
the effects of rosiglitazone on all the pri-
mary and secondary variables. All tests
were conducted using an � level of 0.05.

RESULTS — Baseline demographic
data are presented in Table 1. There was
no statistically significant difference be-
tween the LR and NM group in terms of
age, race, BMI, body composition, or
baseline systolic and diastolic blood pres-
sures, but there were more women in the
LR group than in the NM group. One sub-
ject in the NM group was unable to un-
dergo the second insulin clamp because
of difficulty with intravenous access, and
one subject in the LR group failed to com-
plete the second ABPM.

At the end of 16 weeks, rosiglitazone
treatment produced significant decreases
in the 24-h mean, nighttime, and daytime
systolic and diastolic blood pressure in
the entire group (Table 2). There were no
significant differences in the blood pres-
sure responses between the LR and NM
subsets (mean systolic blood pressure
change �5 � 2 vs. �2 � 2 mmHg, P �
0.2; mean diastolic blood pressure change
�6 � 1 vs. �4 � 1 mmHg, P � 0.1).

There was no change in fasting
plasma glucose (83 � 2 vs. 82 � 2 mg/dl),

but there was a significant decline in fast-
ing plasma insulin levels (16.1 � 1.4 vs.
12.5 � 0.9 �U/ml, P � 0.01). There was
no change in body composition (67 � 3
vs. 67 � 3% fat-free mass), but there was
a small but statistically significant in-
crease in weight after rosiglitazone treat-
ment (88 � 3 vs. 89 � 3 kg, P � 0.05).

Basal hepatic glucose production was
normal at baseline and remained un-
changed after 16 weeks of rosiglitazone
treatment (1.8 � 0.1 vs. 1.8 � 0.1 mg �
kg�1 � min�1). During the hyperinsuline-
mic clamp, whole-body glucose metabo-
lism improved from 5.0 � 0.4 mg � kg�1

� min�1 at baseline to 5.9 � 0.5 mg � kg�1

� min�1 after rosiglitazone treatment (P �
0.001). The improvement in insulin sen-
sitivity was almost entirely accounted for
by an increase in peripheral glucose dis-
posal with no change in residual hepatic
glucose production (Table 2). Although
the LR group exhibited a slightly greater
improvement in insulin sensitivity than
the NM group (1.2 � 0.3 vs. 0.5 � 0.3 mg
� kg�1 � min�1), the difference was not
statistically significant (P � 0.09).

There was a highly significant corre-
lation between the improvement in insu-
lin sensitivity and the decline in mean
24-h systolic blood pressure (r � 0.59,
P � 0.005), and a trend toward signifi-
cance in the mean 24-h diastolic blood
pressure (r � 0.36, P � 0.10). The corre-
lation was maintained in both hyperten-
sive groups as shown in Fig. 1.

Markers of cardiovascular risk in-
cluding triglycerides, PAI-1, and CRP de-
clined significantly in both groups after
rosiglitazone treatment (Table 2). Both
LDL and HDL cholesterol declined, re-
sulting in no change in the LDL-to-HDL
ratio.

Circadian disturbance in blood pres-

Table 1—Patient demographic characteristics

All patients LR group NM group

n 24 12 12
Age (years) 58 � 6 59 � 6 57 � 6
BMI (kg/m2) 30 � 5 29 � 4 32 � 5
Sex (M/F) 13/11 4/8 9/3
Race (white/black) 13/11 7/5 6/6
Fat mass (%) 33 � 12 34 � 12 31 � 13
Fat-free mass (%) 67 � 12 66 � 12 68 � 12

Data are means � SD.

Table 2—Blood pressure, insulin sensitivity, and cardiovascular risk factors before and after
rosiglitazone treatment

Week 0 Week 16 P value

24-h mean ABPM
Systolic blood pressure (mmHg) 138 � 2 134 � 2 �0.01
Diastolic blood pressure (mmHg) 85 � 2 80 � 2 �0.0001
Daytime ABPM (0600–2300)
Systolic blood pressure (mmHg) 141 � 2 137 � 2 �0.05
Diastolic blood pressure (mmHg) 87 � 2 83 � 2 �0.001
Nighttime ABPM (2300–0600)
Systolic blood pressure (mmHg) 131 � 3 126 � 3 �0.02
Diastolic blood pressure (mmHg) 80 � 2 73 � 2 �0.0001
Fasting glucose (mg/dl) 83 � 2 82 � 2 NS
Fasting insulin (units/ml) 16.1 � 1.4 12.5 � 0.9 �0.01
Basal hepatic glucose output

(mg � kg�1 � min�1)
1.8 � 0.1 1.8 � 0.1 NS

Insulin-stimulated glucose disposal
(mg � kg�1 � min�1)

5.0 � 0.4 5.9 � 0.5 �0.001

Residual hepatic glucose output
(mg � kg�1 � min�1)

0.7 � 0.1 0.7 � 0.1 NS

Total cholesterol (mg/dl) 207 � 7 187 � 8 �0.001
LDL cholesterol (mg/dl) 129 � 6 122 � 8 0.18
HDL cholesterol (mg/dl) 51 � 3 46 � 3 �0.05

Triglycerides (mg/dl) 134 � 16 89 � 8 �0.04
CRP (mg/dl) 0.27 � 0.05 0.15 � 0.04 �0.002
PAI-1 (ng/ml) 16.7 � 1.5 11.1 � 1.5 �0.009

Data are means � SE.
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sure has been reported with diabetes and
other insulin-resistant states, and the loss
of circadian variation has been associated
with increased mortality rate in both type
1 and type 2 diabetic patients (27). In our
patient sample, the 11 nondippers
showed a significant improvement in
their nocturnal blood pressure drop after
rosiglitazone treatment (�3 � 1 vs. �8 �
1 mmHg, P � 0.0009), whereas the 12
dippers had no significant change
(�16 � 1 vs. �14 � 2 mmHg, P � 0.4).

None of the subjects had significant
elevations (defined as twice their base-
line) in liver function tests nor had any
hypoglycemia. Two subjects complained
of leg edema but continued to be compli-
ant with the medication. Both of these
subjects had been switched from ACE in-
hibitors to calcium channel blockers for
the study period. The edema resolved
with discontinuation of rosiglitazone and
resumption of their original antihyperten-
sive medications.

CONCLUSIONS — Many previous
studies have determined that essential hy-
pertension is accompanied by insulin re-
sistance, dyslipidemia, diabetes, and
other cardiovascular risk factors (1–3).
However, it is not well established
whether certain identifiable subgroups of
hypertensive patients are more insulin re-

sistant than others or whether treatment
with an insulin sensitizer might effectively
lower blood pressure in those patients
who are most insulin resistant. Our group
previously demonstrated that a subset of
hypertensive patients termed “nonmodu-
lators” is more insulin resistant than the
LR group (15). The current study was de-
signed to determine whether the insulin
sensitizer rosiglitazone would improve
insulin sensitivity, lower blood pressure,
and improve other cardiovascular risk
factors, particularly in the NM subset of
patients.

Our results indicate that rosiglitazone
significantly improves insulin sensitivity
and lowers blood pressure in patients
with essential hypertension and that these
two physiological changes are closely cor-
related. Rosiglitazone also restored the
normal nocturnal decline in blood pres-
sure and produced improvements in sev-
eral cardiovascular risk factors, including
triglycerides, total cholesterol, PAI-1, and
CRP. However, we found no substantive
differences in the magnitude of these re-
sponses between the subsets of hyperten-
sive patients as we had originally
hypothesized.

TZDs have proven to be effective oral
medications in the treatment of insulin
resistance and type 2 diabetes (28). They
improve insulin sensitivity by interacting

with a family of nuclear receptors known
as peroxisome proliferator–activated re-
ceptors (PPARs), particularly PPAR-	.
TZDs are thought to enhance the actions
of insul in by increasing insul in-
dependent glucose disposal in muscle
and fat, to a lesser extent, which reduces
hepatic glucose production (29). The re-
sults of the current study demonstrate
that patients with essential hypertension
are insulin resistant and that significant
improvements in insulin action occur af-
ter rosiglitazone treatment. As has been
shown in other insulin-resistant states,
the physiological site of this improvement
is predominantly in peripheral tissues
such as muscle and adipose tissue.

Small studies have suggested that the
TZDs may have therapeutic potential be-
yond glycemic control in diabetes (30).
Both troglitazone and rosiglitazone have
been reported to produce small, but often
statistically significant, reductions in
blood pressure in diabetic patients and
nondiabetic insulin-resistant patients
(7,9,31). All three TZDs also have been
shown to have a favorable effect on dys-
lipidemia and hypercoagulability in dia-
betes (30). Recent in vivo and in vitro
studies also suggest that TZDs enhance
vasorelaxation in vascular smooth muscle
(32–34). However, their potential clinical
application in nondiabetic insulin-
resistant states has not been widely
studied.

In this study, we found a substantial
and statistically significant reduction in
blood pressure of 4/5 mmHg after rosigli-
tazone treatment. Our ability to reliably
detect this effect is likely due to the use of
24-h ABPM, which generates a more re-
producible and clinically meaningful
measurement than the single random cuff
pressures that were used in most previous
studies (35). Also, by studying nondia-
betic individuals, we removed any poten-
tial confounding effects of changes in
blood glucose on sodium and water ho-
meostasis. Finally, we performed the
study on a low-salt diet that would tend to
enhance the antihypertensive effect. It is
not known whether a similarly large effect
would be seen on a more typical high-salt
diet.

The use of 24-h ABPM also enabled us
to examine changes in nocturnal and di-
urnal blood pressure. It is known that
many patients with essential hyperten-
sion or diabetes do not exhibit the normal
nighttime reduction in blood pressure.

Figure 1—Effect of rosiglitazone on the change in insulin sensitivity versus change in systolic
blood pressure in LR (circles) and NM (triangles) hypertensive patients (r � �0.59; P � 0.005).
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These individuals, often called “nondip-
pers,” tend to have greater end-organ
damage and increased mortality than nor-
mal “dippers” (27,36). In the present
study, we found that 11 of the 12 nondip-
pers exhibited restoration of the normal
circadian pattern after treatment with ros-
iglitazone. This may be another mecha-
nism by which the thiazolidinediones
help reduce cardiovascular morbidity or
mortality.

It is not clear why we did not observe
our hypothesized difference in response
between the NM and LR groups, but there
are several potential explanations. First,
in our previous studies demonstrating
differences in insulin sensitivity among
the subgroups, the differences were
greater on a high-salt diet (37). Because
the current study was performed on a
low-salt diet to more effectively assess the
antihypertensive effect of rosiglitazone,
the differences in insulin sensitivity be-
tween the subsets tended to be mini-
mized . A l so , s tud ies by other
investigators have suggested that all forms
of salt-sensitive hypertension (including
NM and LR groups) are more insulin re-
sistant than other forms of hypertension
(38,39). Finally, the subjects were mod-
erately overweight, which may explain
the increase in insulin resistance seen in
both groups. Further studies comparing
the effects on high- and low-salt diet in
nonobese individuals should help clarify
these questions. It should be noted, how-
ever, that the relationship between the
improvement in insulin sensitivity and re-
duction in blood pressure was similar in
the two groups, suggesting that the phys-
iological mechanisms underlying this re-
lationship are consistent across different
types of hypertensive patients. Thus, to
the degree that insulin resistance is con-
tributing to an elevation of blood pres-
sure, a given improvement in insulin
sensitivity will produce a certain reduc-
tion in blood pressure, independent of
other factors.

In addition to reducing blood pres-
sure, rosiglitazone had salutary effects on
other cardiovascular risk factors. Triglyc-
eride and total cholesterol levels both de-
creased, although the decrease in
cholesterol was the result of reductions in
both LDL and HDL, with no change in the
ratio (40,41). High PAI-1 levels are asso-
ciated with an increased cardiovascular
risk, including impaired fibrinolysis, that
often is observed in insulin-resistant

states such as obesity, impaired glucose
tolerance, and type 2 diabetes (42,43).
Treatment of obese and type 2 diabetic
patients with troglitazone can reverse
these abnormalities (44,45). In our
present study of nondiabetic hypertensive
subjects, treatment with rosiglitazone also
produced a significant fall in PAI-1. C-
reactive protein, a marker of inflamma-
tion, also has been identified as a cardio-
vascular disease risk factor in obesity,
type 2 diabetes, and other diseases asso-
ciated with insulin resistance (46–48).
Rosiglitazone produced a small but signif-
icant decrease in CRP in our study, con-
sistent with its beneficial effects on other
cardiovascular risk factors.

The patients in this study tolerated
the medication well with minimal adverse
effects. There was a small but statistically
significant weight gain of �1 kg. Weight
gain is known to occur with all of the
TZDs and often is much larger in diabetic
patients because of reduced glycosuria,
sodium retention, and the positive ana-
bolic effects associated with improved
glucose control. Two patients developed
trace pedal edema, which resolved when
the drug was discontinued at the end of
the study, and none of the patients expe-
rienced any significant increase in liver
function tests.

Several limitations of our study must
be acknowledged. First, only salt-
sensitive hypertensive subjects were stud-
ied. It is not known if other groups of
hypertensive patients may have the same
result. Second, our patients were mildly
obese, which would tend to make both
subgroups of patients more insulin resis-
tant. Whether a more lean insulin-
sensitive group would have responded
similarly is unknown. Thus, the relation
between rosiglitazone’s effect on insulin
sensitivity and blood pressure needs to be
interpreted cautiously. Accepting the lim-
itations of patient selection, the signifi-
cant blood pressure decrease in subjects
with essential hypertension, even on a
low-salt diet, points to the potential of
treating selected high-risk insulin-
resistant hypertensive subjects with insu-
lin sensitizers.

In summary, in nondiabetic hyper-
tensive patients, rosiglitazone treatment
leads to a significant increase in insulin
sensitivity, reduced blood pressure, and
improvements in several cardiovascular
disease risk factors. Although the mecha-
nism is not fully understood, the close re-

lationship between change in insulin
sensitivity and change in blood pressure
across different subgroups of hyperten-
sive patients indicates that there may be a
common physiological mechanism relat-
ing these two effects. Because our patients
were not diabetic and had no change in
fasting plasma glucose levels after treat-
ment, it appears that changes in glucose
level per se are not required to observe the
antihypertensive and other metabolic ef-
fects. The data also suggest that further
studies are indicated to pursue potential
clinical applications of the thiazo-
lidinediones in cardiovascular risk
reduction.

Acknowledgments— This study was sup-
ported in part by grants from the National In-
stitutes of Health (Specialized Center of
Research and Training Grant numbers
HL55000 and HL07609) and GlaxoSmithK-
line.

We would like to thank the staff at the
GCRC at Brigham and Women’s Hospital who
helped conduct the protocol.

References
1. Juhan-Vague I, Alessi MC: PAI-1, obesity,

insulin resistance and risk of cardiovascu-
lar events. Thromb Haemost 78:656–660,
1997

2. Reaven GM: Banting Lecture: role of insu-
lin resistance in human disease. Diabetes
37:1595–607, 1988

3. Hughes K, Aw TC, Kuperan P, Choo M:
Central obesity, insulin resistance, syn-
drome X, lipoprotein(a), and cardiovas-
cular risk in Indians, Malays, and Chinese
in Singapore. J Epidemiol Community
Health 51:394–399, 1997

4. Despres JP, Lamarche B, Mauriege P, Can-
tin B, Dagenais GR, Moorjani S, Lupien PJ:
Hyperinsulinemia as an independent risk
factor for ischemic heart disease. N Engl
J Med 334:952–957, 1996

5. Haffner SM, Mykkanen L, Festa A, Burke
JP, Stern MP: Insulin-resistant prediabetic
subjects have more atherogenic risk fac-
tors than insulin-sensitive prediabetic
subjects: implications for preventing cor-
onary heart disease during the prediabetic
state. Circulation 101:975–980, 2000

6. Yoshioka S, Nishino H, Shiraki T, Ikeda
K, Koike H, Okuno A, Wada M, Fujiwara
T, Horikoshi H: Antihypertensive effects
of CS-045 treatment in obese Zucker rats.
Metabolism 42:75–80, 1993

7. Sung BH, Izzo JL Jr, Dandona P, Wilson
MF: Vasodilatory effects of troglitazone
improve blood pressure at rest and during
mental stress in type 2 diabetes mellitus.

Rosiglitazone and hypertension

176 DIABETES CARE, VOLUME 26, NUMBER 1, JANUARY 2003

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/26/1/172/648116/dc0103000172.pdf by guest on 17 April 2024



Hypertension 34:83–88, 1999
8. Walker AB, Chattington PD, Buckingham

RE, Williams G: The thiazolidinedione
rosiglitazone (BRL-49653) lowers blood
pressure and protects against impairment
of endothelial function in Zucker fatty
rats. Diabetes 48:1448–1453, 1999

9. Ogihara T, Rakugi H, Ikegami H, Mikami
H, Masuo K: Enhancement of insulin sen-
sitivity by troglitazone lowers blood pres-
sure in diabetic hypertensives. Am J
Hypertens 8:316–320, 1995

10. Ferrannini E, Buzzigoli G, Bonadonna R,
Giorico MA, Oleggini M, Graziadei L,
Pedrinelli R, Brandi L, Bevilacqua S: Insu-
lin resistance in essential hypertension.
N Engl J Med 317:350–357, 1987

11. Modan M, Halkin H, Almog S, Lusky A,
Eshkol A, Shefi M, Shitrit A, Fuchs Z: Hy-
perinsulinemia: a link between hyperten-
sion obesity and glucose intolerance.
J Clin Invest 75:809–817, 1985

12. Landsberg L: Role of the sympathetic ad-
renal system in the pathogenesis of the
insulin resistance syndrome. Ann N Y
Acad Sci 892:84–90, 1999

13. Yki-Jarvinen H, Westerbacka J: Vascular
actions of insulin in obesity. Int J Obes Re-
lat Metab Disord 24 (Suppl. 2):S25–S28,
2000

14. Ferri C, Bellini C, Desideri G, Valenti M,
De Mattia G, Santucci A, Hollenberg NK,
Williams GH: Relationship between
insulin resistance and nonmodulating hy-
pertension: linkage of metabolic abnor-
malities and cardiovascular risk. Diabetes
48:1623–1630, 1999

15. Raji A, Williams GH, Jeunemaitre X, Hop-
kins PN, Hunt SC, Hollenberg NK, Seely
EW: Insulin resistance in hypertensives:
effect of salt sensitivity, renin status and
sodium intake. J Hypertens 19:99–105,
2001

16. Shoback DM, Williams GH, Moore TJ,
Dluhy RG, Podolsky S, Hollenberg NK:
Defect in the sodium-modulated tissue re-
sponsiveness to angiotensin II in essential
hypertension. J Clin Invest 72:2115–2124,
1983

17. Williams GH, Hollenberg NK: Non-mod-
ulating essential hypertension: a subset
particularly responsive to converting en-
zyme inhibitors. J Hypertens (Suppl. 3):
S81–S87, 1985

18. Redgrave J, Rabinowe S, Hollenberg NK,
Williams GH: Correction of abnormal re-
nal blood flow response to angiotensin II
by converting enzyme inhibition in essen-
tial hypertensives. J Clin Invest 75:1285–
1290, 1985

19. Berne C, Pollare T, Lithell H: Effects of
antihypertensive treatment on insulin
sensitivity with special reference to ACE
inhibitors. Diabetes Care 14 (Suppl.
4):39–47, 1991

20. Nawano M, Anai M, Funaki M, Kobayashi

H, Kanda A, Fukushima Y, Inukai K, Ogi-
hara T, Sakoda H, Onishi Y, Kikuchi M,
Yazaki Y, Oka Y, Asano T: Imidapril, an
angiotensin-converting enzyme inhibitor,
improves insulin sensitivity by enhancing
signal transduction via insulin receptor
substrate proteins and improving vascu-
lar resistance in the Zucker fatty rat. Me-
tabolism 48:1248–1255, 1999

21. Lukaski HC, Bolonchuk WW, Hall CB,
Siders WA: Validation of tetrapolar bioel-
ectrical impedance method to assess hu-
man body composition. J Appl Physiol 60:
1327–1332, 1986

22. DeFronzo RA, Tobin JD, Andres R: Glu-
cose clamp technique: a method for quan-
tifying insulin secretion and resistance.
Am J Physiol 237:E214–E223, 1979

23. Finegood DT, Bergman RN, Vranic M: Es-
timation of endogenous glucose produc-
tion during hyperinsulinemic-euglycemic
glucose clamps: comparison of unlabeled
and labeled exogenous glucose infusates.
Diabetes 36:914–924, 1987

24. McGuire EAH, Helderman JH, Tobin JD,
Andres R, Berman M: Effects of arterial
versus venous sampling on analysis of
glucose kinetics in man. J Appl Physiol 41:
565–573, 1976

25. Rosenblatt J, Wolfe RR: Calculation of
substrate flux using stable isotopes. Am J
Physiol 254:E526–E531, 1988

26. Bier DM, Leake RD, Haymond MW, Ar-
nold KJ, Gruenke LD, Sperling MA, Kip-
nis DM: Measurement of “true” glucose
production rates in infancy and child-
hood with 6,6-dideuteroglucose. Diabetes
26:1016–1023, 1977

27. Sturrock ND, George E, Pound N, Steven-
son J, Peck GM, Sowter H: Non-dipping
circadian blood pressure and renal im-
pairment are associated with increased
mortality in diabetes mellitus. Diabet Med
17:360–364, 2000

28. Lebovitz HE, Banerji MA: Insulin resis-
tance and its treatment by thiazo-
lidinediones. Recent Prog Horm Res
56:265–294, 2001

29. Inzucchi SE, Maggs DG, Spollett GR, Page
SL, Rife FS, Walton V, Shulman GI: Effi-
cacy and metabolic effects of metformin
and troglitazone in type II diabetes melli-
tus. N Engl J Med 338:867–872, 1998

30. Parulkar AA, Pendergrass ML, Granda-
Ayala R, Lee TR, Fonseca VA: Nonhypo-
glycemic effects of thiazolidinediones.
Ann Intern Med 134:61–71, 2001

31. Bennett SMA, Jones NP, Agrawal A,
Elasha H, Walker M, Wilding J: Rosiglita-
zone improves insulin sensitivity and 24-
hour ambulatory blood pressure in
subjects with IGT. Diabetologia 44:770,
2001

32. Buchanan TA, Meehan WP, Jeng YY, Yang
D, Chan TM, Nadler JL, Scott S, Rude RK,
Hsueh WA: Blood pressure lowering by

pioglitazone: evidence for a direct vascu-
lar effect. J Clin Invest 96:354–360, 1995

33. Koshiyama H, Shimono D, Kuwamura N,
Minamikawa J, Nakamura Y: Rapid com-
munication: inhibitory effect of pioglita-
zone on carotid arterial wall thickness in
type 2 diabetes. J Clin Endocrinol Metab
86:3452–3456, 2001

34. Plutzky J: Peroxisome proliferator-acti-
vated receptors in vascular biology and
atherosclerosis: emerging insights for
evolving paradigms. Curr Atheroscler Rep
2:327–335, 2000

35. van der Steen MS, Lenders JW, Graafsma
SJ, den Arend J, Thien T: Reproducibility
of ambulatory blood pressure monitoring
in daily practice. J Hum Hypertens
13:303–308, 1999

36. Cuspidi C, Macca G, Sampieri L, Fusi V,
Severgnini B, Michev I, Salerno M, Ma-
grini F, Zanchetti A: Target organ damage
and non-dipping pattern defined by two
sessions of ambulatory blood pressure
monitoring in recently diagnosed essen-
tial hypertensive patients. J Hypertens 19:
1539–1545, 2001

37. Gaboury CL, Hollenberg NK, Hopkins
PN, Williams R, Williams GH: Metabolic
derangements in nonmodulating hyper-
tension. Am J Hypertens 8:870–875, 1995

38. Giner V, Coca A, de la Sierra A: Increased
insulin resistance in salt sensitive essential
hypertension. J Hum Hypertens 15:481–
485, 2001

39. Rocchini AP: Obesity hypertension, salt
sensitivity and insulin resistance. Nutr
Metab Cardiovasc Dis 10:287–294, 2000

40. Boyle PJ, King AB, Olansky L, Marchetti
A, Lau H, Magar R, Martin J: Effects of
pioglitazone and rosiglitazone on blood
lipid levels and glycemic control in pa-
tients with type 2 diabetes mellitus: a ret-
rospective review of randomly selected
medical records. Clin Ther 24:378–396,
2002

41. Vestergaard H, Lund S, Pedersen O: Ros-
iglitazone treatment of patients with ex-
treme insulin resistance and diabetes
mellitus due to insulin receptor mutations
has no effects on glucose and lipid metab-
olism. J Intern Med 250:406–414, 2001

42. Heart Outcomes Prevention Evaluation
Study Investigators: Effects of ramipril on
cardiovascular and microvascular out-
comes in people with diabetes mellitus:
results of the HOPE study and MICRO-
HOPE substudy. Lancet 355:253–259,
2000

43. Meigs JB, Mittleman MA, Nathan DM,
Tofler GH, Singer DE, Murphy-Sheehy
PM, Lipinska I, D’Agostino RB, Wilson
PW: Hyperinsulinemia, hyperglycemia,
and impaired hemostasis: the Framing-
ham Offspring Study. JAMA 283:221–
228, 2000

44. Gomez-Perez FJ, Aguilar-Salinas CA,

Raji and Associates

DIABETES CARE, VOLUME 26, NUMBER 1, JANUARY 2003 177

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/26/1/172/648116/dc0103000172.pdf by guest on 17 April 2024



Vazquez-Chavez C, Fanghanel-Salmon
G, Gallegos-Martinez J, Gomez-Diaz RA,
Salinas-Orozco S, Chavira-Lopez IJ,
Sanchez-Reyes L, Torres-Acosta EM, Ta-
mez R, Lopez A, Guillen LE, Cesarman G:
Further insight on the hypoglycemic and
nonhypoglycemic effects of troglitazone
400 or 600 mg/d: effects on the very-low-
density and high-density lipoprotein par-
ticle distribution. Metabolism 51:44–51,
2002

45. Ehrmann DA, Schneider DJ, Sobel BE,

Cavaghan MK, Imperial J, Rosenfield RL,
Polonsky KS: Troglitazone improves de-
fects in insulin action, insulin secretion,
ovarian steroidogenesis, and fibrinolysis
in women with polycystic ovary syn-
drome. J Clin Endocrinol Metab 82:2108–
2116, 1997

46. Blake GJ, Ridker PM: High sensitivity C-
reactive protein for predicting cardiovas-
cular disease: an inflammatory hypothesis.
Eur Heart J 22:349–352, 2001

47. Frohlich M, Imhof A, Berg G, Hutchinson

WL, Pepys MB, Boeing H, Muche R, Bren-
ner H, Koenig W: Association between
C-reactive protein and features of the
metabolic syndrome: a population-based
study. Diabetes Care 23:1835–1839, 2000

48. Yudkin JS, Stehouwer CD, Emeis JJ, Cop-
pack SW: C-reactive protein in healthy
subjects: associations with obesity, insu-
lin resistance, and endothelial dysfunc-
tion: a potential role for cytokines origi-
nating from adipose tissue? Arterioscler
Thromb Vasc Biol 19:972–978, 1999

Rosiglitazone and hypertension

178 DIABETES CARE, VOLUME 26, NUMBER 1, JANUARY 2003

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/26/1/172/648116/dc0103000172.pdf by guest on 17 April 2024


