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Abstract

Hypertension and glucose intolerance, determined in a random
population sample (n = 2,475), showed a highly significant (P
< 0.001) association from the mildest levels of both conditions,
independent of the confounding effects of age, sex, obesity, and
antihypertensive medications. Summary rate ratios for hyper-
tension were 1.48 (1.18-1.87) in abnormal tolerance and 2.26
(1.69-2.84) in diabetes compared with normal tolerance. Al-
together, 83.4% of the hypertensives were either glucose-
intolerant or obese—both established insulin-resistant condi-
tions. Fasting and post-load insulin levels in a representative
subgroup (n = 1,241) were significantly elevated in hypertension
independent of obesity, glucose intolerance, age, and antihy-
pertensive medications. The mean increment in summed 1- and
2-h insulin levels (milliunits per liter) compared with non-
obese normotensives with normal tolerance was 12 for hyper-
tension alone, 47 for obesity alone, 52 for abnormal tolerance
alone, and 124 when all three conditions were present. The
prevalence of concentrations (milliequivalents per liter) of
erythrocyte Na* = 7.0, K* < 92.5, and plasma K* = 4.5 in a
subsample of 59 individuals with all combinations of abnormal
tolerance obesity and hypertension was compared with those
in 30 individuals free of these conditions. Altogether, 88.1% of
the former vs. 40.0% of the latter group presented at least one
of these three markers of internal cation imbalance (P < 0.001).
We conclude that insulin resistance and/or hyperinsulinemia
(a) are present in the majority of hypertensives, (b) constitute
a common pathophysiologic feature of obesity, glucose intol-
erance, and hypertension, possibly explaining their ubiquitous
association, and (c) may be linked to the increased peripheral
vascular resistance of hypertension, which is putatively related
to elevated intracellular sodium concentration.

Introduction

Hypertension, obesity, and glucose intolerance (impaired glu-
cose tolerance and noninsulin-dependent diabetes) are so com-
monly associated (1-9) as to suggest common pathogenetic
mechanisms. Impaired glucose tolerance and obesity are char-
acterized by hyperinsulinemia, which reflects peripheral insulin
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resistance. Noninsulin-dependent diabetes is also an insulin-
resistant state, although insulin response may be in the normal
range or lower (10-14). Although there are not many direct
studies of insulin response in hypertension (2), hyperinsulinemia
has been ascribed a pathogenetic role in obese hypertension
via increased renal sodium retention (15). Abnormalities of
cell membrane cation transport were demonstrated in obesity
and hypertension (elevated intracellular sodium) (16-21) and
in insulin-dependent diabetes (reduced intracellular and elevated
plasma potassium concentrations) (22, 23). These, as well as
the obligatory linkage of cellular sodium efflux and potassium
influx (24) and the regulatory role of insulin in cell membrane
cation transport (22, 25), raise the possibility that such shifts
in internal cation distribution are associated with insulin
resistance and/or hyperinsulinemia (23).

These data suggest that nonobese hypertension might also
be an insulin-resistant state, and insulin resistance and/or
hyperinsulinemia might be a common pathophysiological
mechanism linking glucose intolerance, obesity, and hyperten-
sion, the latter through changes in internal cation distribution.
To test this hypothesis we studied a large representative sample
of the adult Jewish population in Israel, a population with
high prevalence of diabetes and glucose intolerance (4-6, 26)
to determine a) the prevalence of hypertension, from its
mildest level, in the entire spectrum of glucose tolerance, and
of glucose intolerance from its mildest degree, in the full range
of blood pressure, allowing for the effects of obesity, age, and
antihypertensive medications, which are the major confounders
of this association (4, 6, 27-30), b) the independent association
of hypertension with insulin response, singly and combined
with obesity and glucose intolerance, and c¢) plasma and
erythrocyte sodium and potassium concentrations and their
correlation with insulin response in all combinations of obesity,
hypertension, and glucose intolerance.

Methods

FParticipants and clinical procedures. The current report addresses a
subgroup of the Israel Study of Glucose Intolerance, Obesity, and
Hypertension. This is an ongoing nationwide longitudinal study of a
sample of 5,711 individuals whose names were drawn from the Israel
Central Population registry, born between 1912 and 1941 (26).
Between 1977 and 1982, 2,769 participants, a representative group
of the original sample, attended regional medical centers after having
blood pressure and regular use of medications (verified by inspection
of drug receptacles) recorded at home. Blood pressure (millimeters of
mercury) was measured with a standard mercury sphygmomanometer
in the sitting position. Four blood pressure measurements were obtained,
two before and two after the interview. Weight, height, and fasting
plasma glucose were determined at the medical center. If participants
were not known to be diabetic, they were asked to undergo an oral
glucose tolerance test. From 1979 to 1982, determination of insulin
response to the oral glucose load was added to the protocol (26).
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Laboratory procedures

Plasma glucose and serum creatinine levels (milligrams per deciliter)
were measured by routine automated Autoanalyzer II (Technicon
Instruments Corp., Tarrytown, NY), glucose based on potassium
ferricyanide reduction and creatinine on the picric acid method.
Plasma insulin (milliunits per liter) was determined in duplicate by
Phadebas Radioimmunoassay (Pharmacia Inc., Piscataway, NJ), the
within-assay coefficient of variation being 4%, and the between-assay
coefficient, 8%. Plasma and erythrocyte cation concentrations as markers
of membrane cation transport activity (31) were determined by atomic
absorption spectrophotometer (18). Within-assay coefficient of variation
was <0.7% for all cation determinations. Between-assay coefficients of
variation for potassium at 5 and 100 meq/liter were 1.7 and 1.3%,
respectively, and for sodium at 7 and 140 meq/liter, were 3.3 and
1.9%. The laboratory staff was unaware of the clinical condition of the
examinees at the time of determination.

Definitions

Age. Age groups were defined by decade of year of birth, since the
original sample was obtained by sampling separately from each of the
three population strata; 1932-1941, 1922-1931, and 1912-1921. Par-
ticipant ages at the time of examination ranged between 35 and 70
years.

Qbesity. Categories included nonobese, body mass index (weight/
height?, kg/m?) <25 (satisfactory weight or mild overweight); and
obese, body mass index =25 (moderate to severe overweight) (29).

Blood pressure. Categories included untreated hypertension, at least
two of the four measurements with either systolic >145 or diastolic
>93; treated hypertension, reported use of antihypertensive drugs,
including diuretics; and normotensive, all remaining individuals.

Glucose tolerance. Glucose tolerance was classified according to the
National Diabetes Data Group criteria (29) into normal, borderline
(intermediate combinations between normal and impaired tolerance;
the nondiagnostic group by these criteria), and impaired, as well as
diabetic. The diabetes group included newly found cases by the glucose
tolerance test and previously known, treated diabetics. We defined
glucose intolerance as the whole group with non-normal tolerance,
and abnormal tolerance as the group including only borderline and
impaired glucose tolerance. A 100-g oral glucose load was used instead
of the recommended 75 g for its greater stimulation of insulin response
(32). The difference between loads had little effect on blood glucose
levels (29).

Hyperinsulinemia. Hyperinsulinemia was defined as fasting or sum
of insulin levels 60 and 120 min post load (sum insulin) above the
75th percentile of the sum insulin distribution in the reference group,
namely nonobese normotensives with normal tolerance (PNys).

Sampling of subjects for cation measurements

The nondiabetics among individuals in whom insulin was determined
were classified into eight categories; a reference group and seven
diagnostic strata representing all possible combinations of obesity,
hypertension, and abnormal tolerance. Lists of consecutive patients
belonging to each of the eight strata were compiled with the aim of
recruiting 30 individuals of the reference group, and 70 individuals
equally distributed among the other seven strata.

Data analysis

Association of hypertension and glucose intolerance. Univariate testing
of the increasing rate of all categories of glucose intolerance in the
three blood pressure categories was done by the x? test for linear
trends. Multivariate analysis allowing for confounding variables of the
association of glucose intolerance and blood pressure level was performed
in two ways: (@) analysis of covariance (Biomedical Computer Programs,
University of California, 1981 program 2V): dependent variables—
systolic and diastolic blood pressure, respectively; grouping factors—
sex and glucose tolerance (in three categories—normal, abnormal, and
diabetes, both untreated and treated); continuous covariates—accounting
for the linear effect of age and body mass index, and (b) Mantel-
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Haenszel statistic with test based 95% confidence limits (33) comparing

* the ratio of the rate of hypertensives in the abnormal tolerance group

with that in the normal tolerance group, and the same ratio in the
diabetics to that in the normal tolerance group. Both analyses were
done in strata by age and body mass index, testing for homogeneity
of risks across all strata.

Effect of hypertension on insulin response. This effect was analyzed
in the insulin subset in two ways: (@) analysis of covariance: dependent
variables—log transformed values of fasting insulin level and of sum
insulin, respectively; grouping factors—blood pressure level (in three
categories) and glucose tolerance (in three categories as above, but
including only newly found diabetics, as previously known diabetics
did not undergo glucose tolerance testing); covariates—age and body
mass index; and (b) Mantel-Haenszel statistic analyzing the ratio of
the rates of persons with fasting or sum insulin =PN,s among hyper-
tensives and normotensives in strata by glucose tolerance level and
body mass index as above.

All analyses in the total study group and the insulin subset were
performed twice; first on all persons, and again excluding persons
receiving antihypertensive drugs. The analyses of covariance included
all first-order interaction terms, testing the homogeneity of the associ-
ation of the dependent variable with each of the grouping factors
across all strata defined by the other grouping factors. Test based 95%
confidence limits for summary rate ratios (33) appear in brackets
following the rate ratios throughout the text.

Analysis of internal cation distribution. The distributions of plasma
and erythrocyte sodium and potassium concentrations were dichoto-
mized by cutoff points selected to maximize the discrimination between
the reference group and diagnostic strata. Differences in these distri-
butions between individuals composing the reference group and those
in the diagnostic strata were analyzed by Fisher’s exact test for 2 X 2
tables.

Results

General. In 294 of the 2,769 participants, glucose tolerance
remained undetermined due to refusals or technical problems.
The remaining 2,475 persons (total study group) included 191
previously known diabetics and 2,284 who underwent a full
oral glucose tolerance test. Among the latter, insulin response
was determined in 1,241 cases.

Of the total study group, 966 (39.0%) were glucose intol-
erant, including 616 (24.9%) with abnormal glucose tolerance
and 350 (14.1%) with overt diabetes, 159 of whom were
unaware of this condition before the study. Of the previously
known diabetics, 135 were receiving medication, namely oral
hypoglycemic drugs (86%) or insulin (14%), and the rest were
treated by diet alone. Altogether, 97% of the 191 previously
known diabetics were noninsulin dependent. Cases classified
as hypertensive numbered 1,105 (44.6%). Of these, 711 were
untreated while 394 reported regular use of antihypertensive
medications as follows: thiazide diuretics, 31%; betadrenergic
blocking agents, 33%; combinations of the two, 16%; and other
drugs, 20%. Obesity was found in 58.5%. There was a strong
association between hypertension, glucose intolerance, and
obesity with considerable overlap between the three populations.
Of the 966 glucose intolerant, 60.6% were hypertensive, while
52.9% of the hypertensives were glucose intolerant. Obesity
was present in 69.0% of the hypertensives compared with
50.0% of the normotensives, and altogether 83.4% of the
hypertensives were either glucose intolerant or obese.

Association of glucose intolerance and hypertension. Glucose
intolerance and hypertension were strongly associated from
their mildest levels in the total study group (Table I). The
total rate of all categories of glucose intolerance increased



Table I. Distribution of Glucose Tolerance by Blood Pressure Categories in the Total Study Group

Total Normotensives Untreated hypertensives Treated hypertensives
No. No. % No. % No. %
Total 2,475 1,370 100.0 711 100.0 394 100.0
Normal tolerance 1,509 989 72.2 369 51.9 151 38.3
Glucose intolerance: total 966 381 27.8 342 48.1 243 61.7
Abnormal tolerance: total 616 281 20.6 198 279 137 34.7
Borderline tolerance 445 209 15.3 137 19.3 99 25.1
Impaired tolerance 171 72 53 61 8.6 38 9.6
Diabetes: total 350 100 7.2 144 20.2 106 27.0
Newly found 159 47 34 70 9.8 42 10.7
Previously known 191 53 38 74 10.4 64 16.3
Percent diabetics among the glucose
intolerant 26.2 42.1 43.6
Mean+SD blood pressure*
Systolic 119.1+11.9 147.7+18.3 152.6+23.3
Diastolic 78.1£7.2 91.5£10.1 93.3+13.0

* The large SD in the hypertensives reflects the distribution’s skew toward high values. In addition, some cases were defined as hypertensive on

the basis of elevated systolic with normal diastolic pressure and vice versa.

significantly from 27.8% in the normotensives to 48.1% in
untreated hypertensives and to 61.7% in the treated hyperten-
sives. This overall trend, evident in each of the intolerance
categories, was highly significant (P < 0.0001). Moreover,
glucose intolerance was not only more frequent but also more
severe among hypertensives. This is expressed by the marked
increase (P < 0.0001) in the proportion of diabetics among
the glucose-intolerant, which rose from 26.2% in the normo-
tensives to 42.1 and 43.6% in the untreated and treated
hypertensives, respectively. The difference in severity of glucose
intolerance between treated and untreated hypertensives was
not significant. Note that the association between glucose
intolerance and hypertension was evident even at the mildest
levels of both. Hypertension was mild among untreated hy-
pertensives (147.7/91.5 mean blood pressure), while the ratio
of the rates of abnormal tolerance in the untreated hypertensives
and in normotensives was 1.4, a highly significant difference
(P < 0.001).

The association of glucose intolerance and hypertension
was independent of the effect of age, obesity, and use of
antihypertensive medications. After excluding the 394 treated
hypertensives and stratifying the remaining untreated subset
by age and body mass index (Fig. 1), the means of the systolic
and diastolic blood pressure levels and the rate of hypertensives
were compared in three categories of glucose tolerance; normal,
abnormal, and diabetes, both newly found and previously
known. In addition to the expected increase with increasing
age (P < 0.0001) and body mass index (P < 0.0001), both
systolic and diastolic pressures increased consistently with
increasing glucose intolerance in all but one of the strata. This
effect of glucose intolerance was highly significant (P < 0.0001)
for both pressures, and was present in both sexes. When only
the normal and abnormal tolerance groups were compared,
diabetics excluded, differences were still significant for systolic
(P < 0.0001) and diastolic (P < 0.001) pressures. In comparing
the diabetic and abnormal tolerance groups, there was a

significant difference in systolic (P < 0.0001) but not in diastolic
pressure (P = 0.15). Findings were similar with respect to the
rate of categorically defined hypertension, which increased
appreciably from the normal to the abnormal tolerance and
from the latter to the diabetic group, in all age and body mass
index strata.

The degree of increase in risk of hypertension with increasing
glucose intolerance was expressed in all age and body mass
index strata by the ratios of the rates of hypertension in the
abnormal tolerance and in the diabetics to those in the normal
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Figure 1. Mean systolic and diastolic blood pressure and rate of
hypertensives by body mass index (BMI), age by birth year, and
glucose tolerance in the untreated subset (normotensives and un-
treated hypertensives). Open bars, normal tolerance; hatched bars,
abnormal tolerance; stippled bars, diabetes (both newly found and
previously known). The figure does not include 42 individuals of the
untreated subset whose body mass index was not recorded.
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Table 1. Ratio of Rate of Hypertensives in Abnormal Tolerance and in Diabetes to That in Normal Tolerance,
by Age and Body Mass Index in the Total Study Group and Untreated Subset (Normotensives and Untreated Hypertensives)

BMI* < 25.0 BMI 25.0+
Year of birth Group Abnormal tolerance Diabetes Abnormal tolerance Diabetes
1932-1941 Total 2.29 3.23 1.28 2.03
Untreated 2.89 443 1.40 241
1922-1931 Total 1.41 2.02 1.23 1.59
Untreated 1.21 1.95 1.14 1.69
1912-1921 Total 1.24 1.65 1.28 1.37
Untreated 1.16 1.62 1.21 1.35

* BMI, body mass index.

tolerance group. All ratios were considerably >1 (Table II).
The effect of glucose intolerance was strongest in the nonover-
weight youngest age group in which the rate of hypertension
rose more than twofold in individuals with abnormal tolerance
and more than threefold in diabetics. In the other age and
body mass index groups, the rate of hypertension was increased
by 20-40% in abnormal tolerance and by 40-100% in the
diabetics. The differences in risks between the age-body mass
index strata, however, were not significant for impaired toler-
ance (P > 0.20) and diabetes (P > 0.30). Treated hypertensives
excluded, the summary rate ratio of hypertension in abnormal
as compared with normal tolerance was 1.48 (1.18-1.87), and
in diabetics as compared with the normal group was 2.26
(1.69-2.84). The diabetics also differed significantly from the
abnormal tolerance group (P < 0.001) with a summary rate
ratio of 1.93 (1.39-2.69). The pattern in the total study group
was practically the same as in the untreated subset.
Hypertension and plasma insulin. Hypertension was found
to be independently associated with hyperinsulinemia (Fig. 2).
In all but one of the glucose tolerance and body mass index
strata, mean sum insulin and the percentage of individuals
with sum insulin =PN,s were greater among the hypertensives.
The only exceptions were the hypertensive overweight diabetics,
whose values were lower than the respective normotensive
group. As expected, obesity and abnormal tolerance were also
associated with increased insulin response. Moreover, the
effects of hypertension, abnormal tolerance, and obesity on
sum insulin seemed to be linearly additive. Thus, the mean
increment in sum insulin above the reference group was 12
mU/liter for hypertension alone, 47 mUy/liter for obesity alone,
52 mU/liter for abnormal tolerance alone, and 124 mU/liter
for the combination of all three. This linear additivity was
present in all combinations of two conditions as well. Analysis
of covariance of the total study group showed a significant
independent effect of hypertension on sum insulin (P < 0.01)
when the effect of body mass index, age, sex, and glucose
tolerance were taken into account. Glucose tolerance and body
mass index each also had a highly significant effect on sum
insulin (P < 0.001). Age and sex had no effect (P > 0.20). The
interaction term between glucose tolerance and blood pressure
level was significant (P = 0.03), reflecting the reversal of the
trend in the overweight diabetics. Similar results were obtained
for fasting insulin. A significant independent increase was
associated with hypertension (P = 0.04), with a significant
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interaction (P = 0.02) between glucose tolerance and blood
pressure level, the expected highly significant increase due to
overweight and glucose intolerance (P < 0.0001) and no effect
of age or sex (P > 0.30). Results for the untreated subset for
sum and fasting insulin were essentially the same.

The effect of hypertension was strongest in the normal
tolerance group as demonstrated by comparing the ratio of
rates of persons with sum insulin =PNjs in hypertensives with
those in normotensives in all body mass index and glucose
tolerance strata (Table III). Thus, the rate of sum insulin
>PN,s was increased almost 1.5-fold in the nonoverweight,
and 1.2-fold in the overweight with normal tolerance. The
effect was smaller in abnormal tolerance and was reversed in

insulin 929
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Figure 2. Comparison of rate of individuals with sum insulin =PNs
and of mean sum insulin in hypertensives and normotensives by
body mass index and glucose tolerance. Open bars, normotensives;
hatched bars, hypertensives. Only newly found diabetics are included.
(Lack of bar for normotensive diabetics with body mass index (BMI)
< 25 reflects zero rate).



Table III. Ratio of Rates of Sum Insulin and Fasting Insulin = PN;s in Hypertensives to That in Normotensives by Body
Mass Index and Glucose Tolerance in the Total Group and Untreated Subset (Normotensives and Untreated Hypertensives)

Normal tolerance Abnormal tolerance Diabetes*
<25 25+ <25 25+ 25+
Sum insulin = PNy
Total 1.45 1.21 1.11 1.04 0.71
Untreated 1.41 1.19 1.06 1.00 0.67
Fasting insulin = PNjs
Total 1.00 1.38 1.46 0.90 091
Untreated 1.15 1.42 1.31 0.77 0.84

* Only newly found diabetics are included here since in known diabetics glucose tolerance was not tested. As there were only six diabetics with

body mass index <25, rate ratios were not computed.

the overweight untreated diabetics. The overall higher rate of
sum insulin =PNj;s in hypertensives as compared with nor-
motensives was significant (P = 0.03). To exclude the effect of
the reversal of the trend in the diabetics, analysis was repeated
without them. The excess of persons with sum insulin >=PN;s
in hypertensives continued to be significant (P < 0.01). This
excess was not due to persons on antihypertensive drugs, since
trends were practically identical when they were excluded from
the analysis (Table III). The effect of hypertension on the rate
of fasting insulin =PNj;s in the various strata was similar to
that on sum insulin, although weaker in the non-overweight
with normal tolerance. While the overall effect of hypertension
on this rate was not significant (P = 0.13), upon reanalysis
excluding the diabetics, it approached significance (P = 0.06).
Results of analysis of covariance are summarized in Table IV.

Plasma and erythrocyte sodium and potassium concentra-
tions. Cation concentrations were determined in 89 individuals
of the insulin subset, 30 belonging to the reference group and
59 drawn from the diagnostic strata. The distributions of
sodium and potassium concentrations in both erythrocyte and
plasma were significantly altered in the group of 59 persons of
the diagnostic strata (total hyperinsulinemic group), as com-
pared with the reference group (Table V). A higher proportion

Table IV. Significance Levels: Analysis of Covariance

of erythrocyte sodium concentrations was in the high range
(=7.0, P = 0.02), while those of potassium were shifted toward
the low range (<92.5, P = 0.05). In plasma a higher proportion
of concentrations was in the high range for both potassium
(=4.5, P <0.001) and sodium (=140, P = 0.04). Since eryth-
rocyte concentrations of sodium and potassium and plasma
concentrations of potassium are known to be affected by
insulin, the three respective high concentration ranges, discrim-
inating between the hyperinsulinemic and reference groups,
were termed markers of internal cation imbalance. Altogether,
52 of 59 individuals (88.1%) in the hyperinsulinemic group
presented at least one marker as compared with 12 of 30
(40%) in the reference group (P < 0.0001). Findings were
essentially the same in 45 persons not receiving medications.
In each of the seven diagnostic strata almost all individuals
presented at least one marker. The differences from the reference
group were significant in virtually all strata. Note that six out
of seven individuals with glucose intolerance alone had at least
one marker, differing significantly in themselves from the
reference group (P = 0.037). In all, 31 out of 34 hypertensives
(P < 0.001), 29 out of 34 glucose-intolerant individuals (P
< 0.001), and 37 out of 42 overweight individuals (P < 0.001)
presented at least one marker, differing highly significantly

Dependent variable

Sum insulin Fasting insulin
Total group Untreated subset Total group Untreated subset
Grouping factors
Sex 0.21 0.07 0.38 0.31
Hypertension <0.01 0.02 0.04 0.11
Glucose intolerance <0.0001 <0.0001 <0.01 <0.01
Hypertension-glucose intolerance interaction* 0.03 <0.01 0.02 0.06
Covariates
Body mass index <0.0001 <0.0001 <0.0001 <0.0001
Age ’ 0.37 0.33 0.55 0.70

* This interaction term tests whether the association of hypertension with insulin response is similar in all glucose tolerance strata. The signifi-
cant probability reflects the reversal of the trend in obese diabetics, in whom insulin response is lower in hypertensives.
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Table V. Distribution of Cases Presenting Markers of Internal Cation Imbalance in the Reference Group and Diagnostic Strata

Markers
Erythrocyte Plasma
Tolal‘ At least one P vs.
examined Na* > 7 K* <925 K* =45 marker present reference group

Reference group

Number 30 5 8 6 12

Percent 100.0 16.7 26.7 20.0 40.0
Total hyperinsulinemic group

Number 59 26 28 30 52

Percent 100.0 44.1 47.5 50.8 88.1 <0.001
Hyperinsulinemic group excluding

treated hypertensives

Number 45 20 20 25 40

Percent 100.0 444 444 55.6 88.8 <0.001
Hypertension 6 3 4 2 5 0.067
Overweight 8 4 2 5 7 0.021
Glucose intolerance 7 4 3 4 6 0.037
Hypertension plus overweight 11 5 6 7 11 0.001
Hypertension plus intolerance 4 3 2 2 4 0.039
Overweight plus intolerance 10 2 4 5 8 0.003
All three risk conditions 13 5 7 5 11 0.008

from the reference group. These changes in internal cation
distribution could not be ascribed to differences in glomerular
filtration rate, as serum creatinine >1.3 mg/dl was found in
20% of the reference group and in 14.3% of the hyperinsulin-
emic strata group (P = 0.50).

Discussion

Our findings demonstrate a considerable degree of overlap of
the hypertensive and glucose intolerant populations, identify
an association of hypertension with hyperinsulinemia, suggest
that insulin resistance is a common pathophysiologic feature
of obesity, glucose intolerance, and hypertension, explaining
their ubiquitous association, and indicate that altered membrane
cation transport is a marker of insulin resistance.

Recent major community-based studies have reconfirmed
older observations on the increased rate of hypertension in
overt diabetes. The association has been shown to be indepen-
dent of, and additive to, the one expected due to obesity and
age (4, 5, 7-9). Only one of the studies inspected this association
in untreated hypertensives (7) despite the known deleterious
effect of antihypertensive medication on glucose tolerance (29,
30, 34). While the association of impaired glucose tolerance
with hypertension can be indirectly inferred from a number
of epidemiological studies (35-37), the full range of this
association was described in only two large-scale community
studies (8, 9). Both showed a significant continuous rise in
mean systolic and diastolic blood pressure from normal through
abnormal tolerance to diabetes. None of the studies included
the complementary analysis, namely, comparison of levels of
glucose tolerance in categories of increasing hypertension.
Consequently, the continuity of progressive impairment of
glucose tolerance with increasing blood pressure from the
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mildest levels of both conditions, and the degree of overlap of
the hypertensive and glucose-intolerant populations were not
fully described. In addition, the effect of antihypertensive
medications was not accounted for. Our study shows extensive
overlap of the hypertensive and glucose-intolerant populations
from their mildest levels. These two conditions thus seem to
evolve concomitantly, independently of age, obesity, or anti-
hypertensive medications, strongly suggesting a common
pathogenetic mechanism. The higher rate of glucose intolerance
in our treated hypertensives can therefore be related not only
to the deleterious effect of thiazides and other antihypertensive
medications, but to the severity of hypertension as well.

Hypertension is also strongly associated with obesity (1-
3), and the latter with increased rates of impaired glucose
tolerance as well as of diabetes (3-6). Both obesity and
impaired tolerance are characterized by hyperinsulinemia. In
these hyperinsulinemic states tissue insulin resistance has been
demonstrated by clamp and receptor studies, and the level of
insulin response to oral glucose load has been shown to be
highly correlated to the level of resistance (10-14). Our finding
of an independent increase of insulin response in hypertension
suggests that hypertension itself is associated with insulin
resistance. The fact that this association was particularly evident
in hypertensives (both treated and untreated) with normal
tolerance, and was of the same order in the obese and non-
obese, underscores this inference.

Direct evidence of insulin resistance or hyperinsulinemia
in hypertension, independent of the expected association
through obesity and glucose intolerance, is sparse (2). We
found only one such report, showing significantly increased
insulin response to oral glucose load, in 19 non-obese moderate
hypertensives with normal glucose tolerance, 10 of whom were
receiving antihypertensive treatment, compared with 46 nor-



motensive controls (38). Indirect evidence is suggested by the
significant positive correlation of fasting insulin with blood
pressure independent of obesity in one study in adults (39),
and by the positive association of 1-h post load insulin levels
with blood pressure in two studies in children (40, 41). In
these three studies, a concomitant increase in blood glucose
was demonstrated but the level of glucose tolerance was not
referred to.

Our large-scale population-based study directly demonstrates
independently increased insulin response to oral glucose load
in hypertension and shows that it occurred even in mild
untreated hypertensives.

That insulin resistance could be a pathophysiologic factor
shared by obesity, glucose intolerance, and hypertension, is
also implied by what is known of the role of insulin in the
regulation of membrane cation transport. In vitro studies in a
variety of animal tissues have demonstrated the stimulating
effect of insulin on cell membrane sodium and potassium
transport, independent of its effect on glucose transport (22,
25, 42). Sodium transport mechanisms have been extensively
studied in hypertensive and obese human subjects (16-21).
Despite some inconsistency in results, most studies have
demonstrated transport abnormalities and increased intracel-
lular sodium concentrations in both conditions. The possible
role of insulin resistance in these changes was not addressed in
any of these studies. On the other hand, a considerable body
of evidence indicates the involvement of insulin in internal
potassium balance in humans. Insulin affects potassium uptake
by muscle and liver, while insulin deficiency is accompanied
by a reduction in intracellular potassium and a rise in its
extracellular concentration (23, 42-47). Cox et al. (23) reasoned
that insulin-resistant states would resemble insulin deficiency
in terms of internal potassium distribution. Note that the
studies on obesity and hypertension concentrated on sodium,
while those on diabetes emphasized potassium transport despite
the well established obligatory linkage of cellular sodium efflux
and potassium influx (24). The obvious inference is that in
the three insulin-resistant states, obesity, glucose intolerance,
and hypertension, the pattern of internal cation distribution
should be similar.

Indeed, our data show significantly increased erythrocyte
sodium, reduced erythrocyte potassium, and increased plasma
potassium concentrations not only in hypertension and obesity
but also in abnormal glucose tolerance. Note that our findings
pertaining to cation distributions did not change when patients
receiving antihypertensive drugs were excluded from analysis.
Moreover, recently published data indicate that such medica-
tions tend to shift erythrocyte sodium back toward normal
rather than accentuate the changes associated with hyperten-
sion (18). -

The sodium hypothesis of hypertension attributes increased
peripheral vascular resistance to elevated intracellular sodium
concentrations. Based on cross-cultural comparisons, this was
thought to be mainly due to increased dietary intake of sodium
in salt-sensitive individuals (16, 47-49). Within-culture studies
indicate, however, that dietary factors account for only a
minor segment of the hypertensive population (50, 51). Linking
the sodium hypothesis to hyperinsulinemia,” DeFronzo (15)
proposed that hypertension of the obese is caused by increased
renal sodium retention promoted by the obese hyperinsulin-
emia. In view of our findings, we propose that DeFronzo’s

contention may be extended to nonobese hypertension. More-
over, the evidence cited above suggests that tissue insulin
resistance may also play a key role by altering internal sodium
and potassium distribution in a direction that is presumably
associated with increased peripheral vascular resistance (16,
24, 52). An alternative mechanism that might be compatible
with this pattern is the hyperglycemia that invariably accom-
panies hyperinsulinemia. This in itself may increase peripheral
vascular resistance by increasing intracellular osmolality through
enhanced passive diffusion of glucose (40). Another possible
link is the stimulatory effect of insulin on the sympathetic
nervous system, with its attendant catecholamine excess leading
to hypertension and changes in internal cation distribution (8,
53, 54).

That insulin resistance precedes hypertension, rather than
being an outcome of hypertension, is supported by the fact
that studies showing that interventions known to improve
insulin sensitivity, namely weight reduction, physical activity,
and specific diets (mainly low fat and high fiber) (55-59), have
been shown in another set of studies to lead to blood pressure
reduction (60-65).

The significance of our findings is underscored by the fact
that they are based on distributions encompassing the whole
range of blood pressure and glucose tolerance in a random
population sample. While other mechanisms undoubtedly
contribute to the multifactorial etiology of hypertension, insulin
resistance is present in the great majority of hypertensives.
83.4% of our hypertensives were overweight and/or glucose-
intolerant, and the remaining 16.6% were significantly hyper-
insulinemic compared with controls. Extrapolation of our
conclusions to other populations is supported by the Health
and Nutrition Examination Survey study (51), in which 94.5%
of the explained variance of blood pressure were accounted
for by increasing age and obesity, which are strongly associated
with increasing insulin resistance (glucose intolerance was not
included in that analysis).

To reconcile the strong association of obesity, hypertension,
and glucose intolerance on the one hand and their separate
occurrence on the other, one must assume that each of the
three conditions is mediated by different facets of the insulin-
resistant state (14, 66). However, since insulin and its receptors
constitute a mutually regulating loop, it is believed that
regardless of the original abnormality, once initiated, insulin
resistance is self-compounding (13, 14). Accordingly, the de-
velopment of any one of the conditions could lead to the
others. The reversal of the trend of increasing hyperinsulinemia
with increasing insulin resistance in our obese hypertensive
diabetics is in line with the putative eventual 8 cell exhaustion
after prolonged hyperinsulinemia (10-12), believed to be the
reason for deterioration to noninsulin-dependent diabetes.

Finally, a link with atherosclerotic heart disease is clearly
suggested. Obesity, hypertension, and noninsulin-dependent
diabetes, as well as impaired glucose tolerance, are established
risk conditions for this disease (3, 4, 67, 68). Four recent large-
scale longitudinal studies in France, Australia, and Finland
(69-71) have identified increased insulin response as an inde-
pendent risk factor. Moreover, dietary and life style risk factors
implicated in the etiology of atherosclerotic heart disease—high
total caloric intake, reduced  fiber intake, increased fat con-
sumption, and reduced physical activity (72-78)—are also
associated with increased insulin resistance (55-59). We hope
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that future studies will elucidate to what extent the increased
risk for atherosclerotic diseases is due to the presumed athero-
genic effect of insulin itself, as claimed by some investigators
(79), or to other correlates of the insulin resistant state.
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