
Insulin action on heart and skeletal muscle glucose uptake in
essential hypertension.

P Nuutila, … , A Jula, V A Koivisto

J Clin Invest. 1995;96(2):1003-1009. https://doi.org/10.1172/JCI118085.

Essential hypertension is characterized by skeletal muscle insulin resistance but it is unknown whether insulin resistance
also affects heart glucose uptake. We quantitated whole body (euglycemic insulin clamp) and heart and skeletal muscle
(positron emission tomography and 18F-fluoro-2-deoxy-D-glucose) glucose uptake rates in 10 mild essential hypertensive
(age 33 +/- 1 yr, body mass index 23.7 +/- 0.8 kg/m2, blood pressure 146 +/- 3/97 +/- 3 mmHg, VO2max 37 +/- 3 ml/kg
per min) and 14 normal subjects (29 +/- 2 yr, 22.5 +/- 0.5 kg/m2, 118 +/- 4/69 +/- 3 mmHg, 43 +/- 2 ml/kg per min). Left
ventricular mass was similar in the hypertensive (155 +/- 15 g) and the normotensive (164 +/- 13 g) subjects. In the
hypertensives, both whole body (28 +/- 3 vs 44 +/- 3 mumol/kg per min, P < 0.01) and femoral (64 +/- 11 vs 94 +/- 8
mumol/kg muscle per min, P < 0.05) glucose uptake rates were decreased compared to the controls. In contrast, heart
glucose uptake was 33% increased in the hypertensives (939 +/- 51 vs 707 +/- 46 mumol/kg muscle per min, P < 0.005),
and correlated with systolic blood pressure (r = 0.66, P < 0.001) and the minute work index (r = 0.48, P < 0.05). We
conclude that insulin-stimulated glucose uptake is decreased in skeletal muscle […]

Research Article

Find the latest version:

https://jci.me/118085/pdf

http://www.jci.org
http://www.jci.org/96/2?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://doi.org/10.1172/JCI118085
http://www.jci.org/tags/51?utm_campaign=cover-page&utm_medium=pdf&utm_source=content
https://jci.me/118085/pdf
https://jci.me/118085/pdf?utm_content=qrcode


Insulin Action on Heart and Skeletal Muscle Glucose Uptake
in Essential Hypertension
Pirjo Nuutila,* Maija MWUI,* Hanna Laine,* M. Juhani Knuuti,* Ulla Ruotsalainen,ll Matti Luotolahti,' Merja Haaparanta,11
Olof SoWing Antti Jula,** Veikko A. Koivisto,* Uisa-Maria Voipio-Pulkki,* and Hannele Yki-JArvinenff
*Department of Medicine, *Department of Clinical Physiology, Department of Nuclear Medicine, IlTurku University Cyclotron/PET
Center, University of Turku, lAccelerator Laboratory, Abo Akademi, FIN-20520 Turku, Finland, * *The Rehabilitation Research Centre
of Social Insurance Institution, FIN-20720 Turku, ttSecond and 55Third Department of Medicine, University of Helsinki,
FIN-00190 Helsinki, Finland

Abstract

Essential hypertension is characterized by skeletal muscle
insulin resistance but it is unknown whether insulin resis-
tance also affects heart glucose uptake. We quantitated
whole body (euglycemic insulin clamp) and heart and skele-
tal muscle (positron emission tomography and 18F-fluoro-2-
deoxy-D-glucose) glucose uptake rates in 10 mild essential
hypertensive (age 33±1 yr, body mass index 23.7±0.8 kg/
mI, blood pressure 146±3/97±3 mmHg, Vo2, v 37±3 ml/
kg per min) and 14 normal subjects (29±2 yr, 22.5±0.5
kg/M2, 118±4/69±3 mmHg, 43±2 ml/kg per min). Left
ventricular mass was similar in the hypertensive (155±15
g) and the normotensive (164±13 g) subjects. In the hyper-
tensives, both whole body (28±3 vs 44±3 jamol/kg per mim
P < 0.01) and femoral (64±11 vs 94±8 ,umol/kg muscle
per min, P < 0.05) glucose uptake rates were decreased
compared to the controls. In contrast, heart glucose uptake
was 33% increased in the hypertensives (939±51 vs 707±46
jzmol/kg muscle per min, P < 0.005), and correlated with
systolic blood pressure (r = 0.66, P < 0.001) and the minute
work index (r = 0.48, P < 0.05). Weconclude that insulin-
stimulated glucose uptake is decreased in skeletal muscle
but increased in proportion to cardiac work in essential
hypertension. The increase in heart glucose uptake in mild
essential hypertensives with a normal left ventricular mass
may reflect increased oxygen consumption and represent an
early signal which precedes the development of left ventricu-
lar hypertrophy. (J. Clin. Invest. 1995. 96:1003-1009.) Key
words: insulin resistance * hypertrophy lleft ventricle
tomography

Introduction

Insulin resistance characterizes patients with essential hyperten-
sion (1-3). When glucose uptake is measured during insulin
stimulation, the majority (70-80%) of glucose is taken up by
skeletal muscles in normal subjects (4) and patients with essen-
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tial hypertension (5). Thus, whole body insulin resistance can
be attributed to diminished glucose uptake by skeletal muscles
in these patients (5). However, the heart rather than skeletal
muscle is the organ ultimately adversely affected by hyperten-
sion. Physiological insulin concentrations increase glucose up-
take in the heart in normal subjects by about eightfold under
normoglycemic conditions (6, 7). It is unknown whether this
action of insulin is altered in essential hypertension.

In rats, induction of cardiac hyperfunction by interventions
such as aortic constriction (8) or atrial pacing (9), increases
oxygen and energy consumption per unit mass of myocardium
in proportion to the degree of hyperfunction. Aortic constriction
also increases glucose uptake in the rat heart (8). In the latter
study, the increase in glucose uptake was attributed to doubling
of blood glucose concentrations due to the stress of aortic con-
striction, and an increase in plasma norepinephrine concentra-
tions. In hearts of severely hypertensive fed rats, Yonekura et
al. (10) found increased glucose uptake but in this study the
concentration of circulating substrates and hormones was not
determined. Long-term systemic hypertension induces left ven-
tricular pressure and volume overload, and ultimately cardiac
hypertrophy (11) . Under such conditions, oxygen consumption
is generally normal per unit mass of myocardium, although
total heart oxygen consumption is increased (8). It is unclear,
however, whether these data are pertinent for understanding the
effect of hypertension on heart glucose metabolism in humans.
The present study was therefore undertaken to determine,
whether and how glucose utilization in the mildly hypertensive
heart is altered during insulin stimulation. We also examined
whether poor physical fitness is associated with insulin resis-
tance in patients with mild essential hypertension. Heart and
muscle glucose uptake rates were determined during insulin
stimulation in essential hypertensives and normal subjects using
positron emission tomography (PET)' derived 15F-fluoro-2-
deoxy-D-glucose (18FDG) kinetics. Whole body insulin sensi-
tivity was determined simultaneously but independent of the
regional measurements using the euglycemic insulin clamp
technique.

Methods

Subjects. The study group consisted of 10 ambulatory patients with
untreated mild essential hypertension (Table I). The diagnosis was made
when diastolic blood pressure equaled or exceeded 100 mmHgon at
least three occasions, with the patient in supine position. A complete
medical workup was carried out to exclude secondary forms of hyperten-

1. Abbreviations used in this paper: 18FDG, 18F-fluoro-2-deoxy-D-glu-
cose; PET, positron emission tomography.
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Table I. Subject Characteristics

Hypertensives Controls P

Age (yr) 33±1 29±2 NS
Male/Female 4/6 8/6 NS
Body mass index (kg/M2) 23.7±0.8 22.5±0.5 NS
Vo2max (ml/kg per min) 37±3 43±2 NS
Blood pressure

systolic (mmHg) 146±3 118±4 < 0.001
diastolic (mmHg) 97±3 69±3 < 0.001

Heart rate (1/min) 69±3 65±2 NS
Rate-pressure product

(mmHg/min) 10120±458 7608±433 < 0.001
Left ventricular mass (g) 155± 15 164±13 NS
Left ventricular mass index (g/m2) 88±6 87±6 NS
Ejection fraction 64±1 62±1 NS
Minute work per myocardial mass

(mmHg x liter/min x g) 5.4±0.5 3.9±0.4 < 0.02
Minute work index (mmHg x

liter/min X m2) 457±37 338±39 < 0.05

sion. Renal, liver, and endocrine function tests were normal, and none
of the subjects had any signs or symptoms of ischemic heart disease or
other disease. 14 normotensive healthy subjects matched for age, gender,
and body mass index formed the control group (Table I). None of the
normal subjects or hypertensives used any medications.

At least 3 d before the study, the subjects consumed a weight-
maintaining diet containing at least 200 g of carbohydrate and avoided
participation in any physical training. The nature, purpose, and potential
risks of the study were explained to all subjects before they gave their
voluntary consent to participate. The study was approved by the Ethical
Committee of the Turku University Hospital, Turku, Finland.

Study design. In each subject whole body glucose uptake was mea-
sured using the euglycemic insulin clamp technique and regional (heart
and femoral muscle) glucose uptake using PET and '8FDG. In addition,
VO2ma, and left ventricular structure were determined using a standard
incremental bicycle ergometer test and M-mode echocardiography, re-
spectively. The study consisted of a 120-min hyperinsulinemic period
(Fig. 1). Between 0 and 120 min, whole body glucose uptake was
measured under normoglycemic hyperinsulinemic conditions using the
euglycemic insulin clamp technique. For measurement of heart and
skeletal muscle glucose uptake, '8FDG was injected at 60 min, and
dynamic scanning was started (Fig. 1). Blood samples for the measure-
ment of plasma glucose, serum insulin, FFA concentrations, and '8FDG
radioactivity were taken as detailed below.

Whole body glucose uptake. Whole body glucose uptake was deter-
mined using the euglycemic insulin clamp technique (12). All studies
were performed starting at 8:00 a.m. after a 10-12-h overnight fast.
Two catheters were inserted, one in an antecubital vein for infusions of
glucose and insulin and injection of '8FDG, and one in a heated (70'C)
hand vein for sampling of arterialized venous blood.

At 0 min, serum insulin was increased for 120 min using a primed-
continuous infusion of insulin (Actrapid; Novo Nordisk A/S, Copenha-
gen, Denmark). The rate of the continuous insulin infusion was 1 mU
(6 pmol)/kg per min. Normoglycemia was maintained using a variable
rate infusion of 20% glucose. The rate of the glucose infusion was
adjusted according to the plasma glucose concentration, which was mea-
sured every 5 min from arterialized venous blood using the glucose
oxidase method (13). Hepatic glucose production is completely sup-
pressed under these conditions (14). The rate of whole body glucose
uptake was calculated during the time of PET scanning (60-120 min).
Blood samples were taken at 20-30-min intervals for measurement of
serum insulin (15) and EFA (16) concentrations.
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Figure 1. Design of the study. The arrow indicates the time of the
"8FDG injection. After the injection, dynamic PET scanning of the tho-
racic and femoral regions was performed to quantitate regional glucose
uptake rates. Whole body glucose uptake was measured using the eugly-
cemic insulin clamp technique (insulin infusion rate 1 mU/kg per min).

Regional glucose uptake by heart and skeletal muscles. These mea-
surements were performed using positron emission tomography as pre-
viously described (6). The method included the following procedures.

Preparation of "8FDG. "8FDG was synthesized with an automatic
apparatus essentially described by Hamacher et al. (17). The specific
radioactivity at the end of the synthesis was 2 Ci/pmol and the
radiochemical purity exceeded 98%.

Image acquisition. A 15 slice ECAT931/08-tomograph (Siemens/
CTI Corp., Knoxville, TN) was used. The device has a measured axial
resolution of 6.7 mmand resolution of 6.5 mmin plane (18). The
subject was positioned in the tomograph first with arms on sides so that
the heart was within the gantry. Thereafter images were obtained from
femoral regions. Before emission scanning, a transmission scan for cor-
rection of attenuation in the body was performed for 20-30 min. In
each plane 15-30 X 106 counts were obtained.

1 h after starting the insulin infusion, 7-8 mCi of '8FDG was injected
intravenously over 20 s (Fig. 1). Dynamic scanning of the thoracic
region was started simultaneously and continued for 40 min (8 x 15
2 x 30, 2 x 120, 1 x 180, 6 x 300 s). Thereafter, five dynamic scans
of 180 s each were taken from the femoral region. Blood samples for
measurement of plasma radioactivity was withdrawn once during each
frame time to create the time activity curve.

Image processing. All data were corrected for deadtime, decay, and
measured photon attenuation as previously described (6) and recon-
structed into a 256 X 256 matrix. For determination of myocardial
glucose uptake, elliptical regions of interest (ROIs) were placed on
seven different segments of the myocardium (19). Myocardial time
activity curves were corrected for partial volume and spillover effects
(20). In the femoral muscle, we used posterior, anterolateral, and ante-
romedial muscular compartments of the femoral region (four slices in
both legs). Their localization was verified by comparison with the posi-
tion observed in the transmission images. An example of the corrected
time activity curves in the plasma, heart, and femoral muscles is shown
in Fig. 2. Trapping of '8FDG in the heart was more intense in hyperten-
sive than the normal subjects, while 18FDG activity in the femoral mus-
cles was higher in the control than in hypertensive subjects.

Calculation of regional glucose uptake. The three compartment
model of 18FDG kinetics was used as previously described (6, 21).
Plasma and tissue time activity curves were analyzed graphically to
quantitate the fractional rate of tracer uptake and phosphorylation Ki
(22). Ki is equal to (k1 x k3lk2 + k3), where k, is the transfer coefficient
from vascular space into the tissue, k2 is the initial clearance and efflux
coefficient and k3 is the phosphorylation rate constant. The Patlak analy-
sis assumes that the rate of dephosphorylation (k4) is zero (22). As
shown in reference 23, at least in the heart k4 will become important
after 60 min. In the present study, the measurements were done within
65 min from the injection. If in the graphical analysis the plot is linear,
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Figure 2. Example of corrected time activity curves for plasma (m),
myocardium (*), and femoral muscle (A) in a control subject (A) and
in a hypertensive subject (B).

for some period, the underlying assumptions of the method are valid
for that period (22). In this study, the fitted plasma time activity curve
was used as the input function and a minimum of six time points were
used to determine the slope by linear regression for the thoracic study
and five points were used for the femoral study. The plots between the
points were linear (for myocardium r = 0.96±0.03; for skeletal muscle r
= 0.84±0.05) and the residuals of the regression lines were stocastically
scattered. Although the linear regression r value was lower for skeletal
muscle than for myocardium, the scanning period of 15 min was long
enough since both r values (0.84±0.05 vs 0.85±0.06 for five [15 min] vs
four [12 min] points and Ki values (0.0176±0.0042 vs 0.0177±0.0054)
remained unchanged when only four points (12 mmn) were used to
determine the slope.

The rate of glucose utilization is obtained by multiplying Ki by the
plasma glucose concentration [ Glc ]p divided by a lumped constant term
(LC): rGU = [Glc]pILC) X Ki(. The lumped constant accounts for
differences in the transport and phosphorylation rate of 18F1G and glu-
cose. Lumped constant values of 0.67 for the heart (6, 23, 24) and 1.0
for the skeletal muscle (6. 25) were used as previously described.

Left ventricular structure. M-mode and two-dimensional echocardi-
ography (Ac!sWn 128XP/5; Acuson Inc., Mountain View, CA) were
performed In- the hypertensives and control subjects to determine end-
diastolic and end-systolic left ventricular dimensions, and septal and
posterior fr-ee wall thicknesses. Left ventricular mass was calculated
according to the Penn convention (26). Minute work for the myocar-
dium was calculated according to the equation: mean blood pressure
x cardiac output (27). Minute work index was calculated by dividing

minute work by body surface area, and minute work per mass by divid-
ing minute work by left ventricular mass.

Maximal aerobic power (Vo2..) Vo2,. was determined in the study
subjects using an electrically braked cycle ergometer (Ergoline 800 S;
Mijnhardt, Bunnik, Netherlands) with a continuous incremental proto-
col. Direct respiratory measurements were made using an automated
system (Medikro 202; Medicro Oy, Kuopio, Finland). Subjects breathed
through a Daniel's valve, with expired gases directed to a mixing cham-
ber for paramagnetic 02 and infrared CO2 analysis (Datex Division;
Instrumentarium Corp., Helsinki, Finland). Outputs from these instru-
ments were directed to a computer for calculation of ventilation, 02
consumption (Vo2), CO2production (VCo2), and respiratory exchange
ratio (R) every 30 s. The Vo2,., test consisted of a short warm-up, after
which the load was increased from 100 Wby 30 Wevery 2 min until
exhaustion. The criteria used to establish the Vo2,n,,, were a plateau in
Vo2 with increasing exercise intensity and R> 1.10. Calibration against
standard gases (16% 02 and 4%C02), volume (3,000 ml), room tem-
perature, and barometric pressure was performed before and immedi-
ately after each test.

Statistical procedures. Statistical comparisons between hypertensive
subjects and controls were performed using the unpaired t test and
correlations were calculated using Pearson's correlation coefficients.
Analysis of covariance was used to study the influence of age and
Voqn on glucose uptake rates between the two groups using the Systat
statistical package (SYSTAT Inc., Evanston, IL). Data are expressed
as means±SE.

Results

Glucose, insulin, and FFA concentrations. Plasma glucose con-
centrations were similar in the hypertensive and control subjects
both in the basal state (5.2±0.1 vs 5.3±0.1 mmol/liter) and
during hyperinsulinemia (5.1±0.1 vs 4.8±0.1 mmol/liter). The
fasting serum insulin concentration in the hypertensives
(49±12) was slightly but not significantly higher than in the
normal subjects (34±6 pmol/liter). During hyperinsulinemia,
serum insulin concentrations were similar in the two groups
(418±24 vs 394±23 pmol/liter, respectively).

Fasting plasma FFA concentrations were higher in the hy-
pertensive than the normal subjects in the basal state (829±59
vs 544±51 ,smol/liter P < 0.001) and during hyperinsulinemia
(139±8 vs 96±9 pmol/liter, P < 0.01). The increased FFA
concentrations in the face of comparable insulin concentrations
suggest insulin resistance of antilipolysis in the hypertensives.

Whole body and skeletal muscle glucose uptake. The hyper-
tensive subjects were insulin resistant since the rate of whole
body glucose uptake was 36%lower than in the normal subjects
(28±3 vs 44±3 timol/kg per min, respectively, P < 0.01).

When individual PETderived images of `8FDG uptake rates
were scaled to the same nCi/pixel level, 18FDG uptake was
decreased in femoral muscles in the hypertensives subjects (Fig.
3). Femoral muscle glucose uptake averaged 64±11 /mol/kg
per min in the hypertensive subjects which was 32% lower than
in the normal subjects (94±8 Ismol/kg per min, P < 0.05, Fig.
4). There was a positive correlation between femoral muscle
and whole body glucose uptake both in the hypertensives (r
= 0.89, P < 0.001) and the normal subjects (r = 0.84, P
<0.001, Fig. 5).

Myocardial glucose uptake. When individual PET derived
images of '8FDG uptake rates were scaled to the same nCi/
pixel level, 18FDG uptake was increased in the heart of the
hypertensive subjects compared to the normal subjects (Fig. 3).
The actual rate of glucose uptake was 33% higher in the heart
of hypertensives (939±51) than the normal subjects (707±46
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,umol/kg heart muscle per min, P < 0.005, Fig. 4). In the
hypertensive subjects, the left ventricular mass was similar to
that in the normal subjects (Table I). The ejection fractions
were also comparable between the hypertensive and the normal
subjects (Table I).

Systolic and diastolic blood pressures, the rate pressure
product and myocardial minute work per left ventricular mass,
and minute work indexes during the insulin clamp were greater
in the hypertensive than the normal subjects (Table I). Heart
glucose uptake was correlated with systolic blood pressure (r
= 0.66, P < 0.001, Fig. 6), the rate pressure product (r = 0.62,
P < 0.002), minute work per myocardial mass (r = 0.48, P
< 0.05), and the minute work index (r = 0.48, P < 0.05).

Heart glucose uptake per muscle mass was 20+4-fold
greater than femoral muscle glucose uptake in the hypertensive
subjects, while the corresponding ratio in the normal subjects
was 8±1 (P < 0.05). The heart utilized 7.9±0.9% of whole
body glucose uptake in the hypertensives and 4.3±+0.6% in the
normal subjects. When the individual segments of the heart
were analyzed, glucose uptake was uniformly increased in the
hypertensive compared to the normal subjects (Fig. 7). Glucose
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Figure 4. The rate of glucose uptake at the level of the whole body, in
femoral muscles, and the heart. The values are expressed as Amol/kg
body weight (BW) for whole body glucose uptake and as umol/kg
muscle per min for skeletal and heart muscles. Open bars denote control
(Cont) and solid bars hypertensive (Htn) subjects. * P < 0.05, **P
< 0.01, * * * P < 0.001 for hypertensives vs control subjects.

Figure 3. Examples of 18FDG images
scaled to the same nanocurie per pixel
level of the heart (top) and femoral
regions (bottom) as determined with
positron emission tomography in a
hypertensive and a normotensive sub-
ject.

uptake in the heart did not differ between the segments in hyper-
tensives but was slightly lower in the apical than the posterosep-
tal, posterobasilar, and inferior segments within the group of
normal subjects (Fig. 7).

Physical fitness, age, whole body, and skeletal muscle insu-
lin sensitivity. There was no significant difference in Vo2",
between the hypertensive (37±3) and the normal subjects
(43 ±2 ml/kg per min, Table I). The rate of whole body glucose
uptake was, however, positively correlated with Vo2,,, (r
= 0.58, P < 0.01). WhenVO2m was used as the covariate, the
difference in both femoral muscle and whole body glucose up-
take rates between hypertensives and normal subjects virtually
disappeared (P > 0.10). When age was used as the covariate,
the difference in both femoral and whole body glucose uptake
rates between the groups remained significant (r < 0.05 for
both).

Discussion

As in previous studies (2), we found insulin resistance of glu-
cose uptake at the level of the whole body in patients with
essential hypertension. Whenquantitated directly in muscle tis-
sue, this decrease was attributable to a decrease in glucose
uptake in skeletal muscles. In contrast to the 30% decrease in
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glucose uptake in skeletal muscle, insulin stimulated glucose
uptake was 30% increased in the myocardium. The increase in
myocardial glucose uptake in the hypertensives was observed
despite similar left ventricular masses in the two groups. The
normal size of the left ventricle is compatible with the mild
hypertension characterizing the present study subjects and sug-

gests a relatively short period or mild severity of pressure over-

load.
Regarding the mechanisms of the increased heart glucose

uptake, both a shift in fuel utilization, and a change in cardiac
work should be considered. The heart is able to derive energy

from a variety of sources including glucose, FFA, lactate, amino
acids, and ketone bodies (28). Postprandially and during brief
fasting, glucose and FFA are the predominant fuels. In humans,
the serum FFA concentrations and the arterial-coronary sinus
glucose differences (29) and glucose uptake (7) are closely
and inversely correlated after an overnight fast. Since serum

EFA concentrations were higher both basally and during hyper-
insulinemia in the hypertensive than the normal subjects, dimin-
ished FFA utilization is unlikely to explain the increase in heart
glucose uptake. This implies that factors other than a shift in

fuel preference was responsible for the increased heart glucose
uptake in the hypertensives.

Systolic blood pressure and rate pressure product, and mi-
nute work per heart mass and body surface area were all higher
in the hypertensives than the control subjects, suggesting an

increased need of energy per contractile unit. Heart glucose
uptake was also correlated with systolic blood pressure and

the rate pressure product and minute work. In animal studies,
immediately after a rise in myocardial tension, myocardial oxy-
gen consumption and thus energy production in the myocardium
increased in proportion to the increase in tension (8, 9). In
humans, cardiac hyperfunction induced by acute exercise (8)
and atrial pacing (9) is accompanied by considerable augmen-
tation of myocardial oxygen consumption per unit mass of myo-
cardium. During incremental atrial pacing after an overnight
fast, both oxygen consumption and glucose uptake rise linearly
(9). In perfused hearts of normal rats, acutely increasing cardiac
work by raising the perfusion pressure also induces parallel
increases in oxygen consumption and glucose in the absence of
insulin (30). The present finding of an increase in glucose
consumption per unit heart mass, which was proportional to
estimated cardiac work is therefore compatible with the idea
that the increase in glucose utilization reflected an increase in
oxygen consumption.

The present data are unlikely to be applicable to patients
with long-standing hypertension and left ventricular hypertro-
phy. In such patients, myocardial oxygen consumption and en-
ergy production per unit mass of myocardium are usually nor-
mal (8), although cardiac work load is increased. This apparent
paradox seems to be explained by distribution of myocardial
function throughout an increased mass. Thus, we interpret the
increased glucose uptake in patients with mild essential hyper-
tension and a normal left ventricular mass to represent an early
event which precedes the development of left ventricular hyper-
trophy. In rats, the increase in myocardial mass and accompa-
nying decrease in oxygen consumption per unit heart mass to-
wards normal, which is characteristic for the development of
left ventricular hypertrophy, is associated with a shift in myosin
isoenzymes from a faster (VI) to a slower (V3) enzymatic form,
a decrease in adenosinetriphosphatase activity, and increase in
connective tissue and a decrease in myocardial contractility (8,
31-33). Oxygen consumption of working hearts decreases
upon increasing V3 expression (34). These changes may reflect
an attempt of the myocardium to restore oxygen consumption
and energy production towards normal.

Although glucose uptake per heart mass was increased dur-
ing hyperinsulinemia in the hypertensives, this finding does not
necessarily exclude the existence of insulin resistance in heart
muscle. As suggested by Lillioja and Bogardus (35), perhaps
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most accurate way to normalize metabolic data is to relate sub-
strate utilization rates to the basal metabolic rate of a tissue. As
we did not measure energy expenditure directly in the present
study, we cannot compare insulin-stimulated glucose uptake
rates adjusted for oxygen consumption between hypertensives
and normal subjects. However, heart glucose uptake and the
rate pressure product, a crude measure of cardiac work as well
as systolic blood pressure, were linearly correlated and seemed
to fall on the same regression line in both groups (Fig. 6).
This suggests that glucose uptake was not diminished in the
hypertensives even if it had been related to cardiac work, and
presumably oxygen consumption. Thus, the hypertensive heart
muscle seems neither insulin resistant nor abnormally sensitive
to insulin. This finding resembles that found in previous studies
in type 1 diabetic patients in which skeletal muscle insulin
resistance was not associated with insulin resistance in the heart
(36). The reason for these divergent responses of skeletal and
heart muscles is unknown but could be related to inherent differ-
ences in glucose metabolism between the two tissues. For exam-
ple, glucose transport is rate limiting in skeletal muscle under
euglycemic-hyperinsulinemic conditions (37) in contrast to
glucose phosphorylation which limits glucose utilization in the
heart (38, 39).

In patients with hypertrophic cardiomyopathy, in which the
septum is thicker than the lateral wall, a relative decrease in
septal flow, and glucose and free fatty acid uptake has been
shown by PET (40). Wedid not detect differences in glucose
uptake rates between anatomical regions in hypprtensives who
had no myocardial hypertrophy (Fig. 7). Yonekura et al. (10)
found accelerated '4C-deoxy-glucose uptake and decreased fatty
acid ('4C-beta-methyl heptadecanoid acid) extraction in se-
verely hypertensive rats. These changes were localized to the
subendocardial layer of the left ventricular wall in salt-sensitive
hypertensive rats, while in the study of Kagaya et al. "4C-deoxy-
glucose uptake was similar between the inner and outer halves
of the left ventricular wall (41). Our technique does not allow
quantitation of glucose uptake in different layers of the myocar-
dium (Fig. 3).

For glucose uptake calculations we assumed a lumped con-
stant (LC) of 0.67 for the heart and 1.0 for skeletal muscle in
both hypertensives and control subjects. The validity of 1.0 as
the lumped constant for skeletal muscle is supported by our
previous finding of similar glucose uptake rates measured with
15FDGand PET and the forearm balance technique under condi-
tions identical to those of the present study (6). Also, the close
correlation between whole body glucose uptake, measured si-
multaneously but independently of PET methodology with the
insulin clamp technique, and femoral glucose uptake, measured
with PET, supports the validity of the method (Fig. 5). A LC
of 0.67 is commonly used for the heart (23, 24). Previous
studies have shown that neither changes in the nutritional state
nor those in work load affect the LC for heart (42).

Previous studies have documented skeletal muscle insulin
sensitivity to be highly correlated with VO2ma,, and to increase
by physical training (43). In endurance-trained athletes, the
number of capillaries per fiber is increased (44) as is the percent
type 1, insulin-sensitive fibers (45, 46). In hypertensives, oppo-
site alterations in muscle fiber type distribution and the number
of capillaries per fiber have been described (47). Such changes
in muscle histology might explain the lower Vo2m, and insulin
sensitivity in the hypertensive than the normal subjects. How-
ever, in a cross-sectional analysis, it is not possible to determine

whether poor physical fitness causes insulin resistance in hyper-
tension or vice versa, or whether the correlation between VO2m.ax
is merely coincidental.

In conclusion, the present data demonstrate that insulin re-
sistance in patients with mild untreated essential hypertension
is localized to skeletal muscle. In these patients without cardiac
hypertrophy, myocardial glucose uptake is increased. It may
reflect increased myocardial oxygen consumption and be an
early signal for the development of left ventricular hypertrophy.
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