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Association of Insulin Resistance, Plasma
Glucose Level, and Serum Insulin Level
With Hypertension in a Population With
Different Stages of Impaired Glucose
Metabolism

Nobuo Sasaki “*, MD; Ryoji Ozono, MD; Yukihito Higashi, MD; Ryo Maeda, MD; Yasuki Kihara, MD

BACKGROUND: The interrelationships among the different stages of impaired glucose metabolism, insulin resistance,
and hypertension are not fully understood.

METHODS AND RESULTS: We investigated the impact of insulin resistance, plasma glucose, and serum immunoreactive insu-
lin levels on hypertension in 19 166 participants with different stages of impaired glucose metabolism (7114 normal fasting
glucose/normal glucose tolerance, 3543 isolated impaired fasting glucose [IFG], 2089 isolated impaired glucose tolerance,
2922 IFG plus impaired glucose tolerance, and 3498 diabetes mellitus]) determined by 75-g oral glucose tolerance tests.
Participants were recruited from examinees who finished a general health checkup for atomic bomb survivors between 1982
and 2017. The profiles of plasma glucose and immunoreactive insulin during oral glucose tolerance tests were assessed using
the total area under the curve. Insulin resistance was assessed using the homeostasis model assessment of insulin resist-
ance. The rate of hypertension increased from 36.3% in participants with normal fasting glucose/normal glucose tolerance
to 50.1%, 50.8%, 58.3%, and 63.8% in participants with isolated IFG, isolated impaired glucose tolerance, IFG plus impaired
glucose tolerance, and diabetes mellitus, respectively. Homeostasis model assessment of insulin resistance was associated
with hypertension regardless of the presence and the degree of impaired glucose metabolism. Furthermore, fasting plasma
glucose and serum immunoreactive insulin levels and areas under the curve for plasma glucose and immunoreactive insulin
during oral glucose tolerance tests were associated with hypertension in normal fasting glucose/normal glucose tolerance and
isolated IFG, but such a relationship was diminished in other types of prediabetes and diabetes mellitus.

CONCLUSIONS: The prevalence of hypertension increases with worsening stages of impaired glucose metabolism; however,
hyperglycemia and hyperinsulinemia are significant contributors to the presence of hypertension only in the early stages of
impaired insulin metabolism.

Key Words: diabetes mellitus ® hyperglycemia m hyperinsulinemia ® hypertension ® insulin resistance

t is well recognized that diabetes mellitus (DM) and manifests as hyperglycemia and compensative hyper-
hypertension often coexist,' and insulin resistance insulinemia.® Hyperglycemia causes fluid shift from the
is the key mechanism that connects these condi- intracellular to the extracellular compartment, resulting
tions.* Insulin resistance is a condition in blunted re- in plasma volume expansion and blood pressure (BP)
sponse to insulin stimulation of target tissues,® and it elevation.'® Hyperinsulinemia directly increases sodium

Correspondence to: Nobuo Sasaki, MD, Health Management and Promotion Center, Hiroshima Atomic Bomb Casualty Council, 3-8-6, Senda-machi, Naka-ku,
Hiroshima 730-0052, Japan. E-mail: nb7ssk7@sd6.so-net.ne.jp

Supplementary material for this article is available at https://www.ahajournals.org/doi/suppl/10.1161/JAHA.119.015546
For Sources of Funding and Disclosures, see page 11.

© 2020 The Authors. Published on behalf of the American Heart Association, Inc., by Wiley. This is an open access article under the terms of the Creative
Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided the original work is properly cited, the use
is non-commercial and no modifications or adaptations are made.

JAHA is available at: www.ahajournals.org/journal/jaha

J Am Heart Assoc. 2020;9:e015546. DOI: 10.1161/JAHA.119.015546 1


https://orcid.org/0000-0002-8577-7737
mailto:nb7ssk7@sd6.so-net.ne.jp
https://www.ahajournals.org/doi/suppl/10.1161/JAHA.119.015546
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
https://www.ahajournals.org/journal/jaha

Sasaki et al

CLINICAL PERSPECTIVE
What Is New?

The prevalence of hypertension increased with
progressing stages of impaired glucose metabo-
lism in the order of isolated impaired fasting glu-
cose or isolated impaired glucose tolerance, which
were comparable; impaired fasting glucose and
impaired glucose tolerance; and diabetes mellitus.

e Plasma glucose and serum immunoreactive in-
sulin levels were associated with the prevalence
of hypertension before the onset of impaired
glucose metabolism.

* The associations of hyperglycemia and hyperin-
sulinemia with hypertension diminished with the
progression of impaired glucose metabolism.

What Are the Clinical Implications?

e Impaired fasting glucose and impaired glucose
tolerance have additive effects on blood pres-
sure that lead to high prevalence of hyperten-
sion in the advanced stage of impaired glucose
metabolism.

e Before the onset or early stage, but not ad-
vanced stage, of impaired glucose metabolism,
plasma glucose level may play a significant role
in blood pressure control.

Nonstandard Abbreviations and Acronyms

AUCglu area under the glucose curve

AUCins area under the insulin curve

BP blood pressure

CvD cardiovascular disease

DM diabetes mellitus

FPG fasting plasma glucose

HOMA-IR homeostasis model assessment of
insulin resistance

IFG impaired fasting glucose

IGT impaired glucose tolerance

IRI immunoreactive insulin

NFG normal fasting glucose

NGT normal glucose tolerance

OGTTs oral glucose tolerance tests

ORs odds ratios

SBP Systolic blood pressure

reabsorption from renal tubules, renin excretion, and
sympathetic nervous activity, all of which could lead
to BP elevation."" Chronically, both insulin resistance
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and hyperglycemia cause vascular damage through
several intermediate pathways, including increased
advanced glycation end products, oxidative stress,
and inflammation,'? leading to increased arterial stiff-
ness and BP elevation. Impaired fasting glucose (IFG),
a type of prediabetes, is characterized by a marked
increase in hepatic insulin resistance and is identified
simply by elevated fasting glucose levels. Meanwhile,
impaired glucose tolerance (IGT), another type of pre-
diabetes, is characterized by a marked increase in
insulin resistance of skeletal muscle and is identified
by elevated postprandial glucose levels.'®'* These dis-
tinct pathways within the pathophysiology of predia-
betes may have different impacts on resistant vessels
and BP. However, the different mechanisms whereby
hypertension develops in each type of prediabetes
have yet to be well understood. Little is known about
whether the impact of insulin resistance, hyperglyce-
mia, and hyperinsulinemia on hypertension changes
during the progression of the stages from healthy to
prediabetes and DM.

In this study, we investigated the prevalence of
hypertension in different stages of impaired glucose
metabolism in a large-scale Japanese population, as-
sessing the profiles of glucose metabolism by 75-g
oral glucose tolerance tests (OGTTs) with complete
data of plasma glucose and serum immunoreactive
insulin (IRIS) levels, which reveal all types of predia-
betes, including isolated IFG, isolated IGT, and their
combination (IFG plus IGT), and DM. Furthermore, we
evaluated the homeostasis model assessment of insu-
lin resistance (MOHAIR) as a marker of hepatic insu-
lin resistance'®'® and the Matsuda index as a marker
of whole-body insulin resistance, including skeletal
muscle.”” In the present study, analyzing the complete
data set carrying all information on the components of
glucose and insulin metabolism, we investigated the
association of these insulin resistance indexes, hyper-
glycemia, and hyperinsulinemia with hypertension in
the different stages of impaired glucose metabolism.

METHODS

The data that support the findings of this study are
available from the corresponding author on reason-
able request.

Participants

We collected data from Hiroshima GMCVD (Hiroshima
Study on Glucose Metabolism and Cardiovascular
Diseases), which was a cross-sectional and lon-
gitudinal study that examined the interrelationship
among impaired glucose metabolism, BP, and car-
diovascular outcomes. The participants were re-
cruited from examinees who finished a general
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health checkup provided as a governmental service
for atomic bomb survivors in Hiroshima City at the
Health Management and Promotion Center of the
Hiroshima Atomic Bomb Casualty Council between
January 1982 and November 2017. Furthermore,
the examinees were considered to be eligible to
participate in the study if (1) they had no history of
antidiabetic medications; (2) they had suspicious im-
paired glucose metabolism based on the screening
of fasting plasma glucose >100 mg/dL, postprandial
1-hour plasma glucose >155 mg/dL, postprandial
2-hour plasma glucose >140 mg/dL, or postprandial
3-hour plasma glucose >120 mg/dL; and (3) they
agreed to undergo the 75-g OGTTs. Informed con-
sent forms were obtained from all participants during
their health examinations. During the general health
checkup, all participants were asked about their
regular medications and medical histories, includ-
ing treatment for hypertension, dyslipidemia, and
cardiovascular disease (CVD), and their drinking and
smoking habits. Subsequently, each participant un-
derwent 75-g OGTTs within 1 month after the gen-
eral health checkup. A total of 19 248 participants
who had complete data sets of 75-g OGTTs under-
gone between January 1982 and December 2017
were enrolled in the Hiroshima GMCVD. Among the
19 248 participants, 82 were excluded for lack of
serum insulin measurements from the present analy-
sis. Ethics approval for this study was obtained from
the Hiroshima Atomic Bomb Casualty Council com-
mittee on the ethics of human research. This study
was registered under the University Hospital Medical
Information Network protocol registration system (ID:
UMINO00036648).

Covariate and Outcome Definitions
Hypertension was defined as the use of antihyper-
tensive medications and/or a measured systolic
BP (SBP) of >140 mm Hg and/or diastolic BP of
>90 mm Hg.'® Dyslipidemia was defined as the use
of antihyperlipidemic medications. We further ex-
plain the selection of this definition of dyslipidemia
in Tables S1 and S2. CVD was defined as coronary
heart disease or stroke. Regarding the participants’
habits, a current smoker was defined as a partici-
pant with a current smoking habit, regardless of the
number of cigarettes smoked per day, and a habitual
drinker was defined as a participant who drank >20 g
alcohol per day.

Measurements

After an overnight fast, the 75-g OGTT was con-
ducted in the morning. For measurements of plasma
glucose and serum IRl levels, the samples were
drawn just before and 30, 60, and 120 minutes after
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glucose ingestion. Plasma glucose was measured
in all participants using the hexokinase/glucose-6-
phosphate dehydrogenase method at our institution.
Serum IRI concentrations were measured using a ra-
dioimmunoassay at the SRL Laboratories (SRL Inc.,
Tokyo, Japan) between January 1982 and March
2003 and using a chemiluminescent immunoassay
and the Beckman Coulter Unicell DXI at our insti-
tution between April 2003 and December 2017. In
this study, we further analyzed insulin resistance, in-
cluding the HOMA-IR and the Matsuda index, only
in 12 378 participants who underwent serum IRI as-
sessment using the radioimmunoassay (Table 1) be-
cause we found significant differences in the serum
IRI values produced by the 2 methods. We present
the serum IRl values, total areas under the insu-
lin curves, and insulin resistance indexes assessed
using chemiluminescent enzyme immunoassays be-
tween April 2003 and December 2017 in Table S3.
We divided the participants into 5 groups according
to their glycemic status, as defined by the American
Diabetes Association criteria'®: (1) normal fasting glu-
cose (NFG)/normal glucose tolerance (NGT), defined
as fasting plasma glucose (FPG) <100 mg/dL and 2-
hour postload glucose <140 mg/dL; (2) isolated IFG,
defined as FPG 100 to 125 mg/dL and 2-hour post-
load glucose <140 mg/dL; (3) isolated IGT, defined as
FPG <100 mg/dL and 2-hour postload glucose 140
to 199 mg/dL; (4) IFG plus IGT, defined as FPG 100
to 125 mg/dL and 2-hour postload glucose 140 to
199 mg/dL; and (5) DM, defined as FPG >126 mg/dL
and/or 2-hour postload glucose >200 mg/dL.

We also assessed insulin resistance as following
2 parameters: (1) HOMA-IR, which was calculated
as insulin (MIU/L) times glucose (mg/dL) divided by
405,'® and (2) the Matsuda index as a measure of
whole-body insulin resistance, which was calculated
as 10 000 divided by the square root of FPGxfasting
IRIx2-hour postload glucosex2-hour postload IRI.%20
Post—glucose-load insulin secretion and plasma glu-
cose level were estimated through total area under the
insulin curve (AUCins) and the total area under the glu-
cose curve (AUCglu) during 0 to 120 minutes of the
75-g OGTTs, respectively. The trapezoidal method
was used to calculate AUCins and AUCglu during
the OGTT. Insulin resistance and the plasma glucose
and serum IRl levels are closely linked to worsening of
glucose metabolism, and stages of impaired glucose
metabolism are distinguished by marked differences
in these parameters. Consequently, to investigate the
impact of insulin resistance on hypertension in partic-
ipants at different stages of impaired glucose metab-
olism, we defined high HOMA-IR as a value above the
median and a low Matsuda index as a value below the
median in each category of impaired glucose metabo-
lism. Similarly, we defined high FPG, high AUCglu, high
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fasting IRI, and high AUCins as a value above the me-
dian in each category of impaired glucose metabolism.
BP was measured with participants seated in a chair
with back support and their arm supported at heart level
after a >5-minute rest when they received health exam-
inations. A mercury sphygmomanometer was used for
BP measurements before 2012, and a digital automatic
BP-measuring instrument was used after 2013.

Statistical Analysis
Continuous variables are expressed as mean+SD, and
normality of continuous variables was examined using
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the Kolmogorov—-Smirnov test. The differences among
the 5 groups (ie, NFG/NGT, isolated IFG, isolated
IGT, IFG plus IGT, and DM) were analyzed using the
Kruskal-Wallis test, and the Steel-Dwass post hoc test
was used for multiple-comparison testing. Categorical
variables were summarized as percentages and were
analyzed using the x? test. Moreover, the significance
of trends in the proportion of hypertension in the order
of participants with NFG/NGT, with isolated IFG, with
isolated IGT, with IFG plus IGT, and with DM was ex-
amined using the Cochran—Armitage trend test. The
unadjusted and adjusted odds ratios (ORs) of hyper-
tension based on the impaired glucose metabolism

Table 1. Clinical Characteristics of Participants With Impaired Glucose Metabolism

Variables NFG/NGT Isolated IFG Isolated IGT IFG Plus IGT Diabetes Mellitus P Value
n 7114 3543 2089 2922 3498
Age, y, mean+SD 66.8+8.0 66.0+8.4 67.7£7.7 66.3+8.3 64.8+8.7 <0.001
Female, n (%) 4109 (58) 1644 (46) 1039 (50) 1337 (46) 1637 (47) <0.001
BMI, kg/m?, mean+SD 22.3+2.9 23.2+3.1 23.2+3.2 24.0+3.2 24.4+3.4 <0.001
Smoker, n (%) <0.001
Never 4881 (69) 2224 (63) 1327 (64) 1823 (62) 2138 (61)
Current 1163 (16) 652 (18) 368 (18) 542 (19) 833 (24)
Former 1070 (15) 667 (19) 394 (19) 557 (19) 527 (15)
Habitual drinker, n (%) 1253 (18) 899 (25) 446 (21) 745 (26) 823 (20) <0.001
Dyslipidemia, n (%) 1237 (17) 526 (15) 388 (19) 510 (17) 466 (13) <0.001
History of CVD, n (%) 715 (10) 368 (10) 264 (13) 331 (11) 430 (12) <0.001
Plasma glucose, mg/dL, mean+SD
0 min 91.7+5.2 106.3+5.7° 93.2+5.7° 108.8+6.6'M* 132.8+29.2°118 <0.001
30 min 146.8+27.2 173.5+£29.2 163.1+23.3 184.8+26.1 223.5+42.5 <0.001
60 min 137.8+36.6 168.8+41.4 177.4+36.7 203.1+39.5 268.4+55.7 <0.001
120 min 106.8+20.0 112.4+19.3 169.6+156.5 166.1+17.0 2571+71.7 <0.001
AUCglu, mg/dL:h 253.1+41.5 296.1+44.3 317.7+38.8* 354.5+43.2'1% 474.8+95.8'14 <0.001
SBP, mm Hg 129417 135+18° 135+18° 137181 1414197148 <0.001
DBP, mm Hg 75+10 78«11 77+10° 791171+ 8111148 <0.001
Antihypertensive medication, n (%) 1023 (14) 735 (21) 482 (23) 761 (26) 933 (27) <0.001
Serum IRI, pU/mL, mean+SD
n 3878 2285 1267 2021 2927
0 min 5.9+3.3 744,01 6.7+3.5° 8.4+4.6'M 10.0+6.2'1#8 <0.001
30 min 38.8+27.8 38.8+27.3 35.9+24.6 36.0+24.4 27.7+19.5 <0.001
60 min 46.4+35.8 59.2+431 46.5+32.4 54.3+38.0 451+33.4 <0.001
120 min 32.0+£22.2 38.7+27.3 58.1£39.5 62.5+43.1 57.5+42.4 <0.001
AUCins, uU/mL:h 71.7£43.3 85.0+50.7 83.6+51.5 92.1+56.4'1* 78.9+52.1148 <0.001
HOMA-IR 1.33+0.75 1.96+1.09" 1.54+0.81 2.28+1.27"1 3.41+2.40148 <0.001
Matsuda index 9.98+5.97 7.33+4.36' 5.48+2.79 4.29+2.21'1* 3.23+2.01# <0.001

Serum IR levels were obtained from the participants between January 1982 and March 2003. P values were calculated using the Kruskal-Wallis or x? test.
The Steel-Dwass post hoc test was used for multiple comparison testing. AUCglu indicates total area under the glucose curve; AUCins, total area under
the insulin curve; BMI, body mass index; CVD, cardiovascular disease; DBP, diastolic blood pressure; HOMA-IR, homeostasis model assessment of insulin
resistance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; IRI, immunoreactive insulin; NFG, normal fasting glucose; NGT, normal glucose
tolerance; and SBP, systolic blood pressure.

*P<0.001 vs NFG/NGT.

P<0.001 vs isolated IGT.

#P<0.001 vs isolated IFG.

5P<0.001 vs IFG plus IGT.

J Am Heart Assoc. 2020;9:e015546. DOI: 10.1161/JAHA.119.015546 4



Sasaki et al

categories (NFG/NGT, isolated IFG, isolated IGT, IFG
plus IGT, and DM) were also evaluated using univari-
ate and multivariate logistic regression analyses with
the following 2 models: model 1 included age and sex,
and model 2 also included body mass index (kg/m?),
smoking (never smoker, current smoker, or former
smoker), habitual drinking (yes or no), presence of
dyslipidemia (yes or no), and history of CVD (yes or
no). Next, we stratified the participants into NFG/NGT,
isolated IFG, isolated IGT, IFG plus IGT, and DM, and
we evaluated the association of insulin resistance (high
HOMA-IR and low Matsuda index), plasma glucose
level (high FPG and high AUCglu), and serum IRl level
(high-fasting IRI and high AUCins) with hypertension
in each category using univariate and multivariate lo-
gistic regression analyses. Similarly, we investigated
the associations of insulin resistance, plasma glucose
level, and serum IRI level with high BP (defined as
SBP >140 mm Hg). For balancing the sample size and
variables between the NFG/NGT and DM groups, we
built a propensity score—matching model using mul-
tivariate logistic regression, including age, sex, body
mass index, smoking, drinking, dyslipidemia, and his-
tory of CVD. Thereafter, we investigated the associa-
tions of insulin resistance, plasma glucose level, and
serum IRI level with high BP and hypertension in the
propensity score—matched NFG/NGT and DM groups.
To exclude the influence of a change in BP measure-
ment, we also performed univariate and multivariate
logistic regression analyses to evaluate the unadjusted
and adjusted ORs of hypertension based on the cat-
egories of impaired glucose metabolism only in partici-
pants who underwent BP assessment using a mercury
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sphygmomanometer between January 1982 and
December 2012. We considered P<0.05 as statisti-
cally significant. All statistical analyses were performed
using the JMP 14.2 statistical software (SAS Institute).

RESULTS

A total of 19 166 participants (9400 men and 9766
women) with a mean age of 66.3+8.2 years and mean
body mass index of 23.2+3.2 were enrolled in the pre-
sent analysis. Of these participants, 9355 (49%) had
hypertension, 3107 (16%) had dyslipidemia, and 2108
(11%) had a history of CVD. Moreover, 3558 (19%) were
current smokers, 3215 (17%) were former smokers,
and 12 393 (64%) were never smokers, whereas 4166
(22%) were habitual drinkers. Table 1 summarizes the
clinical characteristics and the results of OGTTs in the
participants with NFG/NGT, isolated IFG, isolated IGT,
IFG plus IGT, and DM. Both FPG and fasting IRI lev-
els increased in the order of NFG/NGT, isolated IGT,
isolated IFG, IFG plus IGT, and DM. AUCglu increased
in the order of NFG/NGT, isolated IFG, isolated IGT,
IFG plus IGT, and DM. AUCins increased in isolated
IFG and isolated IGT to a similar extent compared with
NFG/NGT and further increased in IFG plus IGT com-
pared with the isolated IFG and isolated IGT; however,
AUCins decreased in DM to the level of NFG/NGT. The
HOMA-IR increased in the order of NFG/NGT, isolated
IGT, isolated IFG, IFG plus IGT, and DM, whereas the
Matsuda index decreased in the order of NFG/NGT,
isolated IFG, isolated IGT, IFG plus IGT, and DM. Both
SBP and diastolic BP measured during the patients’

( _
(%) 70 P for trend <0.001
65 - 63.8
60 - 58.3
Proportion of
- . 55 4
participants with 50.1 50.8
hypertension 50 -
45
40 1 563
30
NFG/NGT Isolated Isolated IFG plus Diabetes
IFG IGT IGT mellitus
Figure. Proportion of participants with hypertension in normal fasting glucose/normal glucose

tolerance (NFG/NGT), isolated impaired fasting glucose (IFG), isolated impaired glucose tolerance

(IGT), IFG plus IGT, and diabetes mellitus.
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Table 2. Univariate and Multivariate Logistic Regression Analyses for Hypertension (n=19 166)

Univariate Model 1 Model 2
Variables OR 95% ClI P Value OR 95% ClI P Value OR 95% ClI P Value
NFG/NGT 1 1 1
Isolated IFG 1.76 1.62-1.91 <0.001 1.74 1.60-1.89 <0.001 1.61 1.48-1.75 <0.001
Isolated IGT 1.81 1.64-2.00 <0.001 174 1.58-1.92 <0.001 1.62 1.46-1.79 <0.001
IFG plus IGT 2.45 2.24-2.67 <0.001 2.40 2.20-2.63 <0.001 2.08 1.90-2.28 <0.001
Diabetes mellitus 3.09 2.85-3.37 <0.001 317 2.91-3.46 <0.0001 2.66 2.44-2.91 <0.001

Model 1 included age and sex. Model 2 included age, sex, body mass index, smoking, drinking, dyslipidemia, and cardiovascular disease. Hypertension was
defined as taking antihypertensive medications and/or having systolic blood pressure >140 mm Hg and/or diastolic blood pressure =90 mm Hg. IFG indicates
impaired fasting glucose; IGT, impaired glucose tolerance; NFG, normal fasting glucose; NGT, normal glucose tolerance; and OR odds ratio.

health checkups were lowest in NFG/NGT, elevated in
isolated IFG and isolated IGT to a similar extent, and
elevated further in IFG plus IGT and DM, in this order.
The proportion of participants taking antinypertensive
medications increased in the order of NFG/NGT, iso-
lated IFG, isolated IGT, IFG plus IGT, and DM.

Figure shows the proportion of participants hav-
ing hypertension in NFG/NGT, isolated IFG, isolated
IGT, IFG plus IGT, and DM. The rate of hypertension
was significantly increased in the order of NFG/NGT
(n=2584, 36.3%), isolated IFG (n=1775, 50.1%), isolated
IGT (n=1061, 50.8%), IFG plus IGT (n=1702, 58.3%),
and DM (n=2233, 63.8%; P<0.001 for trend).

Table 2 shows the unadjusted and adjusted ORs for
the presence of hypertension in the category groups of
impaired glucose metabolism. The presence of hyper-
tension was significantly associated with the presence
of isolated IFG (OR: 1.76; 95% ClI, 1.62-1.91; P<0.001),
isolated IGT (OR: 1.81; 95% ClI, 1.64-2.00; P<0.001),
IFG plus IGT (OR: 2.45; 95% ClI, 2.24-2.67; P<0.001),
and DM (OR: 3.09; 95% Cl, 2.85-3.37; P<0.001). After
adjusting for age, sex, body mass index smoking,
drinking, dyslipidemia, and CVD, the significant as-
sociation between the presence of hypertension and
the presence of impaired glucose metabolism in any
category persisted. Similar results were obtained from
an analysis that included only participants who under-
went BP assessment using a mercury sphygmoma-
nometer (Table S4).

Table 3 summarizes the results of univariate and
multivariate logistic regression analyses to determine
the contribution of insulin resistance, plasma glucose
level, and insulin secretion to hypertension in all cat-
egory groups of impaired glucose metabolism. After
adjusting for confounding factors, high HOMA-IR
was significantly associated with hypertension in all
categories from NFG/NGT (OR: 1.27; 95% Cl, 1.10-
1.47; P<0.001) to DM (OR: 1.25; 95% ClI, 1.06-1.48;
P=0.008). The Matsuda index was significantly associ-
ated with hypertension in NFG/NGT, isolated IFG, and
DM. However, high FPG was significantly associated
with hypertension only in NFG/NGT (OR: 1.30; 95%
Cl, 118-1.44; P<0.001) and isolated IFG (OR: 1.23;
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95% CI, 1.08-1.41; P=0.002) but not in isolated IGT,
IFG plus IGT, and DM. High AUCglu was significantly
associated with hypertension in NFG/NGT (OR: 1.40;
95% ClI, 1.26-1.54; P<0.001), isolated IFG (OR: 1.15;
95% Cl, 1.01-1.32; P=0.038), isolated IGT (OR: 1.21; 95%
Cl, 1.02-1.44; P=0.033), and IFG plus IGT (OR: 1.25;
95% Cl, 1.08-1.45; P=0.004) but not in DM. High fast-
ing IRI was significantly associated with hypertension
in NFG/NGT, isolated IFG, isolated IGT, and DM but
not in IFG plus IGT. Moreover, high AUCins was sig-
nificantly associated with hypertension in NFG/NGT,
isolated IFG, and IFG plus IGT but not in isolated IGT
and DM. Similar results were obtained in the analysis
for the category of SBP >140 mm Hg (Table 4).

The clinical characteristics of the NFG/NGT and DM
groups after propensity matching are shown in Table 5.
High FPG (OR: 1.35; 95% CI, 1.16-1.56; P<0.001) and
AUCglu levels (OR: 1.51; 95% ClI, 1.30-1.75; P<0.001)
were significantly associated with hypertension in
NFG/NGT but not in DM (Table 6). Similar results were
confirmed in the analysis for the category of SBP
>140 mm Hg (Table 7).

DISCUSSION

In this study, we investigated the interrelationships
among the stages of impaired glucose metabolism, in-
sulin resistance, plasma glucose level, serum IRl level,
and the prevalence of hypertension in a large-scale
Japanese population. First, our data provided strong
evidence confirming that the prevalence of hyperten-
sion increased with progressing stages of impaired
glucose metabolism in the order of isolated IFG or
isolated IGT (these 2 were comparable), IFG and IGT,
and DM, with the OR reaching =3 in DM. Second,
HOMA-IR was associated with hypertension in NFG/
NGT and all stages of impaired glucose metabolism,
indicating that insulin resistance has a significant im-
pact on BP throughout the stages of impaired glucose
metabolism, including the stage before its onset. Third,
the impact of plasma glucose and serum insulin levels
on BP control may decline in the course of the devel-
oping stages.
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Table 3. Univariate and Multivariate Logistic Regression Analyses for Hypertension in participants with different stages of
impaired glucose metabolism

Univariate Model 1 Model 2
Variables OR ‘ 95% ClI ‘ P Value OR ‘ 95% ClI ‘ P Value OR ‘ 95% ClI ‘ P Value
NFG/NGT (n=7114)
High HOMA-IR* 1.41 1.24-1.60 <0.001 1.49 1.31-1.70 <0.001 1.27 1.10-1.47 <0.001
Low Matsuda index* 1.54 1.35-1.75 <0.001 1.61 1.41-1.84 <0.001 1.43 1.24-1.64 <0.001
High FPG 1.41 1.28-1.56 <0.001 1.36 1.24-1.51 <0.001 1.30 1.18-1.44 <0.001
High AUCglu 1.56 1.42-1.72 <0.001 1.49 1.35-1.64 <0.001 1.40 1.26-1.54 <0.001
High fasting IRI* 1.37 1.20-1.56 <0.001 1.47 1.29-1.67 <0.001 1.25 1.09-1.44 0.002
High AUCins* 1.43 1.25-1.62 <0.001 1.43 1.25-1.63 <0.001 1.31 1.14-1.50 <0.001
Isolated IFG (n=3543)
High HOMA-IRT 1.41 1.20-1.67 <0.001 1.53 1.29-1.81 <0.001 1.38 1.15-1.65 <0.001
Low Matsuda index’ 1.35 1.15-1.59 <0.001 1.46 1.23-1.73 <0.001 1.31 1.09-1.57 0.003
High FPG 1.23 1.08-1.41 0.002 1.25 1.09-1.42 0.001 1.23 1.08-1.41 0.002
High AUCglu 1.21 1.06-1.38 0.004 1.20 1.06-1.38 0.006 115 1.01-1.32 0.038
High fasting IRIT 1.40 1.19-1.65 <0.001 1.52 1.28-1.80 <0.001 1.37 1.14-1.64 <0.001
High AUCins' 1.47 1.25-1.74 <0.001 1.48 1.25-1.75 <0.001 1.39 1.17-1.65 <0.001
Isolated IGT (n=2089)
High HOMA-IR* 1.62 1.22-1.89 <0.001 1.59 1.27-2.00 <0.001 1.37 1.07-1.77 0.013
Low Matsuda index* 1.43 1.156-1.79 0.002 1.48 1.18-1.86 <0.001 1.26 0.98-1.62 0.067
High FPG 115 0.96-1.36 0.121 114 0.96-1.35 0.150 110 0.92-1.31 0.287
High AUCglu 1.23 1.04-1.46 0.017 1.23 1.03-1.46 0.020 1.21 1.02-1.44 0.033
High fasting IRI* 1.47 1.18-1.83 <0.001 1.55 1.23-1.94 0.002 1.33 1.04-1.71 0.026
High AUCins* 1.38 1.11-1.72 0.005 1.42 113-1.78 0.002 1.26 0.98-1.60 0.067
IFG plus IGT (n=2922)
High HOMA-IRS 1.47 1.23-1.76 <0.001 1.61 1.34-1.94 <0.001 1.34 1.09-1.63 0.004
Low Matsuda index® 1.33 1.11-1.59 0.002 1.43 1.19-1.71 <0.001 1.18 0.97-1.43 0.100
High FPG 1.07 0.92-1.24 0.387 1.09 0.94-1.27 0.240 1.05 0.90-1.22 0.521
High AUCglu 1.24 1.07-1.43 0.005 1.26 1.09-1.46 0.002 1.25 1.08-1.45 0.004
High fasting IRIS 1.31 1.10-1.57 0.003 1.42 1.19-1.71 <0.001 115 0.94-1.41 0.162
High AUCins® 1.39 1.16-1.64 <0.001 1.48 1.23-1.77 <0.001 1.24 1.02-1.50 0.034
Diabetes mellitus (n=3498)
High HOMA-IR" 1.29 1.11-1.50 0.001 1.41 1.21-1.65 <0.001 1.25 1.06-1.48 0.008
Low Matsuda index" 1.37 117-1.59 <0.001 1.44 1.24-1.68 <0.001 1.27 1.08-1.50 0.005
High FPG 0.93 0.81-1.07 0.34 1.00 0.86-1.15 0.955 0.98 0.85-1.14 0.811
High AUCglu 1.00 0.87-1.15 0.956 1.05 0.91-1.21 0.493 1.04 0.90-1.20 0.600
High fasting IRI" 1.37 117-1.59 <0.001 1.47 1.26-1.72 <0.001 1.28 1.08-1.51 0.005
High AUCins'" 1.31 112-1.52 <0.001 1.32 1.13-1.54 <0.001 117 0.99-1.37 0.061

Low Matsuda index was defined as the lower half based on the median. High HOMA-IR was defined as the higher half based on the median in each category
of impaired glucose metabolism. High FPG level, high AUCglu, high fasting IRl level, and high AUCins were defined as the higher half based on the median in
each category of impaired glucose metabolism. Model 1 included age and sex. Model 2 included age, sex, body mass index, smoking, drinking, dyslipidemia,
and cardiovascular disease. Hypertension was defined as taking antihypertensive medications and/or having systolic blood pressure >140 mm Hg and/or
diastolic blood pressure >90 mm Hg. AUCglu indicates total area under the glucose curve; AUCins, total area under the insulin curve; FPG, fasting plasma
glucose; HOMA-IR, homeostasis model assessment of insulin resistance; IFG, impaired fasting glucose; IGT, impaired glucose tolerance; IRI, immunoreactive
insulin; NFG, normal fasting glucose; NGT, normal glucose tolerance; and OR, odds ratio.

*n=3878.

fn=2285.

n=1267.

Sn=2021.

'h=2927.

Several studies have reported a significant associ- data have been available regarding the interrelationship
ation between prediabetes and hypertension?-2% and between each prediabetes category and hypertension.
between DM and hypertension.?*?> However, limited  In the present study, we divided the participants with
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Table 4. Univariate and Multivariate Logistic Regression Analyses for SBP >140 mm Hg

Univariate Model 1 Model 2
Variables OR ‘ 95% ClI ‘ P Value OR ‘ 95% ClI ‘ P Value OR ‘ 95% Cl ‘ P Value
NFG/NGT (n=7114)
High HOMA-IR* 1.45 1.26-1.66 <0.001 1.52 1.33-1.75 <0.001 1.40 1.20-1.63 0.001
Low Matsuda index* 1.49 1.30-1.70 <0.001 1.55 1.35-1.78 <0.001 1.42 1.22-1.65 <0.001
High FPG 1.41 1.27-1.56 <0.001 1.35 1.22-1.50 <0.001 1.29 1.16-1.44 <0.001
High AUCglu 1.57 1.41-1.74 <0.001 1.48 1.33-1.65 <0.001 1.37 1.23-1.52 <0.001
High fasting IRI* 1.42 1.24-1.62 <0.001 1.51 1.31-1.73 <0.001 1.40 1.20-1.63 <0.001
High AUCins* 1.37 1.20-1.57 <0.001 1.36 1.19-1.56 <0.001 1.27 1.10-1.47 0.001
Isolated IFG (n=3543)
High HOMA-IRT 1.39 1.17-1.64 <0.001 1.49 1.26-1.76 <0.001 1.45 1.21-1.74 <0.001
Low Matsuda index’ 1.36 1.15-1.61 <0.001 1.46 1.23-1.73 <0.001 1.38 1.15-1.66 <0.001
High FPG 1.20 1.05-1.37 0.009 1.20 1.05-1.38 0.007 118 1.02-1.35 0.023
High AUCglu 1.23 1.07-1.41 0.003 1.28 112-1.47 <0.001 1.24 1.08-1.43 0.003
High fasting IRIt 1.41 1.20-1.67 <0.001 1.52 1.28-1.80 <0.001 1.48 1.23-1.78 <0.001
High AUCins' 1.45 1.23-1.71 <0.001 1.46 1.23-1.72 <0.001 1.41 1.18-1.69 <0.001
Isolated IGT (n=2089)
High HOMA-IR* 1.38 110-1.72 0.005 1.42 1.14-1.79 0.002 1.32 1.02-1.70 0.037
Low Matsuda index* 1.28 1.03-1.60 0.029 1.31 1.04-1.64 0.020 115 0.89-1.49 0.283
High FPG 1.21 1.02-1.44 0.032 1.20 1.01-1.44 0.039 1.21 1.00-1.45 0.044
High AUCglu 1.26 1.06-1.50 0.010 1.26 1.05-1.50 0.011 1.24 1.03-1.49 0.020
High fasting IRI* 1.32 1.05-1.65 0.016 1.36 1.09-1.71 0.007 1.26 0.98-1.63 0.077
High AUCins* 1.31 1.05-1.64 0.016 1.34 1.07-1.68 0.011 1.27 0.99-1.63 0.060
IFG plus IGT (n=2922)
High HOMA-IR® 1.33 1.11-1.58 0.002 1.41 1.18-1.68 <0.001 1.26 1.03-1.53 0.023
Low Matsuda index® 1.20 1.01-1.43 0.043 1.25 1.05-1.50 0.012 1.1 0.92-1.35 0.276
High FPG 1.11 0.96-1.28 0.162 111 0.96-1.29 0.154 110 0.94-1.27 0.237
High AUCglu 118 1.02-1.36 0.026 118 1.02-1.37 0.028 118 1.01-1.37 0.032
High fasting IRIS 117 0.98-1.39 0.079 1.23 1.03-1.47 0.022 1.07 0.88-1.30 0.512
High AUCins$ 1.24 1.04-1.48 0.015 1.29 1.08-1.54 0.005 117 0.97-1.40 0.093
Diabetes mellitus (n=3498)
High HOMA-IR" 1.35 117-1.57 <0.001 1.45 1.25-1.69 <0.001 1.37 1.16-1.62 <0.001
Low Matsuda index" 1.41 1.22-1.64 <0.001 1.46 1.26-1.70 <0.001 1.33 113-1.57 <0.001
High FPG 1.04 0.91-1.19 0.606 1.09 0.95-1.25 0.226 1.08 0.93-1.24 0.303
High AUCglu 112 0.98-1.28 0.102 116 1.01-1.33 0.033 113 0.99-1.30 0.079
High fasting IRI" 1.38 1.19-1.60 <0.001 1.46 1.26-1.70 <0.001 1.34 1.14-1.58 <0.001
High AUCins" 1.22 1.06-1.42 0.007 1.23 1.06-1.48 0.005 112 0.95-1.31 0.176

Low Matsuda index was defined as the lower half based on the median. High HOMA-IR was defined as the higher half based on the median in each category
of impaired glucose metabolism. High FPG level, high AUCglu, high-fasting IRI level, and high AUCins were defined as the higher half based on the median in
each category of impaired glucose metabolism. Model 1 included age and sex. Model 2 included age, sex, body mass index, smoking, drinking, and presence
of antihypertensive medication, dyslipidemia, and cardiovascular disease. AUCgIu indicates total area under the glucose curve; AUCins, total area under the
insulin curve; FPG, fasting plasma glucose; HOMA-IR, homeostasis model assessment of insulin resistance; IFG, impaired fasting glucose; IGT, impaired
glucose tolerance; IRI, immunoreactive insulin; NFG, normal fasting glucose; NGT, normal glucose tolerance; and OR, odds ratio.

*n=3878.
n=2285.
n=1267.
Sn=2021.
'n=2927.

prediabetes into 3 groups (ie, isolated IFG, isolated IGT,
and IFG plus IGT) based on 75-g OGTT results. The
proportion of participants with hypertension similarly in-
creased in isolated IFG and isolated IGT compared with
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NFG/NGT, and a further increased rate of hypertension
was observed in IFG plus IGT. These findings suggest
that the impact of IFG on BP may be similar to that of IGT
and that IFG and IGT may have additive effects on BP.
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Table 5. Balancing of Sample Size and Characteristics
After Propensity Matching

NFG/ Diabetes
Variables NGT Mellitus P Value
n 3124 3124
Age, y, mean+SD 65.4+8.3 65.3+8.5 0.423
Female, n (%) 1467 (47) 1498 (48) 0.432
BMI, kg/m?, mean+SD 23.8+2.9 23.8+3.0 0.840
Smoker, n (%) 0.983
Never 1927 (62) 1933 (62)
Current 700 (22) 699 (22)
Former 497 (16) 497 (16)
Habitual drinker, n (%) 736 (24) 707 (23) 0.384
Dyslipidemia, n (%) 434 (14) 421 (14) 0.632
History of CVD, n (%) 387 (12) 375 (12) 0.643
Participants between January 1982 and March 2003
n 2330 2330
Age, y, mean+SD 64.3+8.8 64.2+8.9 0.476
Female, n (%) 1172 (50) 1156 (50) 0.639
BMI, kg/m?, mean+SD 23.4+2.8 23.4+2.8 0.820
Smoker, n (%)
Never smoker 1515 (65) 1500 (64) 0.835
Current 562 (24) 565 (24)
Former 253 (11) 265 (11)
Habitual drinker, n (%) 496 (21) 500 (21) 0.886
Dyslipidemia, n (%) 254 (11) 244 (10) 0.635
History of CVD, n (%) 263 (11) 242 (11) 0.322

Differences between the 2 groups were compared using the Wilcoxon
rank sum or X2 test. BMI indicates body mass index; CVD, cardiovascular
disease; NFG, normal fasting glucose; and NGT, normal glucose tolerance.

Both IFG and IGT are manifestations of insulin resis-
tance, but the main organ of insulin resistance differs be-
tween the 2 prediabetes categories. IFG is characterized
by severe hepatic insulin resistance with slight insulin
resistance in the skeletal muscle, whereas IGT is charac-
terized by severe insulin resistance in the skeletal muscle
with modest hepatic insulin resistance.'®'* HOMA-IR,
estimated using the homeostasis model assessment,
represents hepatic insulin resistance,'®'® whereas the
Matsuda index reflects insulin resistance in the whole
body, including the skeletal muscle.'” In this study, we
confirmed higher HOMA-IR in isolated IFG compared
with isolated IGT, whereas a lower Matsuda index in
isolated IGT was compared with isolated IFG. The dif-
ference in the main site of insulin resistance between
IFG and IGT did not apparently make a difference in the
extent of contribution to hypertension; however, these
impairments had additive effects on BP in IFG plus IGT.

Insulin  resistance causes an increase in
both plasma glucose and serum insulin levels.®
Hyperglycemia causes hyperosmolarity, leading to
fluid shift from the intracellular compartment to the
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extracellular compartment, which results in plasma
volume expansion.'® Hyperinsulinemia causes an in-
crease of sodium reabsorption from renal tubules,
renin secretion, and sympathetic nervous activity."
Thus, elevated circulating levels of both glucose and
insulin themselves could be a direct mediator of BP
elevation in insulin resistance. In the present study,
an interesting observation is that elevated circulat-
ing levels of glucose and insulin, both in fasting and
post—glucose-loaded state, were statistically associ-
ated with hypertension only in the early stages (NFG/
NGT and isolated IFG). In the more advanced stages
(eg, isolated IGT, IFG plus IGT, and DM), the associ-
ation of hyperglycemia with hypertension gradually
diminished with the progression of impaired glu-
cose metabolism. The impact of hyperinsulinemia
on hypertension seemed to decline in the advanced
stages. This observation may support the specula-
tion that increases in the levels of circulating glucose
and/or insulin may play more prominent roles in the
initiation of hypertension in the early stages of al-
tered glucose metabolism than in the later stages.
However, it is still unclear why the statistical asso-
ciations between glucose/insulin and hypertension
were gradually lost with progression of impaired glu-
cose metabolism. The chronic elevation of plasma
glucose and insulin levels could promote atheroscle-
rosis and could cause resultant vascular resistance
through numerous pathways, including the formation
of advanced glycation end products, increases in
vascular oxidative stress and inflammation,'?26 a re-
duction of nitric oxide production, and an increase in
VCAM1 (vascular cell adhesion molecule 1) level.?"28
Therefore, a possible explanation is that in the ad-
vanced stage of impaired glucose metabolism, vas-
cular resistance may be a main contributor to BP
elevation, likely resulting in a diminished impact of
plasma glucose and serum insulin levels on BP.2°

Study Limitations

This study has several limitations. First, because of
a cross-sectional study design, a causal relationship
between impaired glucose metabolism and hyperten-
sion cannot be inferred. Second, in this study, NFG/
NGT results revealed participants who had suspi-
cious impaired glucose metabolism at the time of
their general health examinations. This selection bias
may limit the generalizability of our findings. Third,
hypertension was defined as taking antihypertensive
medications and/or having SBP >140 mm Hg and/
or diastolic BP >90 mm Hg based on a 1-time BP
measurement, although the current clinical guidelines
recommend the mean value of 2 measurements on at
least 2 different occasions.'® Fourth, the prevalence
of obesity and pathophysiology in DM showed ethnic
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Table 6. Univariate and Multivariate Logistic Regression Analyses for Hypertension in the Propensity Score-Matched
Groups

NFG/NGT (n=3124)
High HOMA-IR* 1.51 1.28-1.77 <0.001 1.58 1.33-1.87 <0.001 1.30 1.08-1.55 0.005
Low Matsuda index* 1.69 1.43-1.99 <0.001 1.76 1.49-2.08 <0.001 1.50 1.25-1.80 <0.001
High FPG 1.46 1.26-1.68 <0.001 1.41 1.22-1.63 <0.001 1.35 1.16-1.56 <0.001
High AUCglu 1.66 1.44-1.92 <0.001 1.61 1.39-1.86 <0.001 1.51 1.30-1.75 <0.001
High fasting IRI* 1.45 1.23-1.71 <0.001 1.62 1.29-1.80 <0.001 1.25 1.04-1.49 0.018
High AUCins* 1.52 1.29-1.79 <0.001 1.52 1.28-1.79 <0.001 1.35 1.14-1.61 <0.001

Diabetes mellitus (n=3124)
High HOMA-IR* 1.25 1.05-1.48 0.009 1.38 1.16-1.64 <0.001 1.25 1.04-1.50 0.018
Low Matsuda index* 1.36 1.15-1.61 <0.001 1.42 1.20-1.68 <0.001 1.28 1.07-1.54 0.008
High FPG 0.97 0.84-1.12 0.682 1.04 0.90-1.20 0.621 1.02 0.88-1.19 0.799
High AUCglu 1.03 0.89-1.19 0.705 1.08 0.93-1.25 0.311 1.07 0.92-1.24 0.402
High fasting IRI* 1.33 1.13-1.58 <0.001 1.45 1.22-1.73 <0.001 1.31 1.09-1.57 0.041
High AUCins* 1.32 1.12-1.56 0.001 1.33 1.12-1.58 <0.001 1.20 1.00-1.43 0.046

Low Matsuda index was defined as the lower half based on the median. High HOMA-IR was defined as the higher half based on the median in each category of
impaired glucose metabolism. High FPG level, high AUCglu, high fasting IRI level, and high AUCins were defined as the higher half based on the median in each category
of impaired glucose metabolism. Model 1 included age and sex. Model 2 included age, sex, body mass index, smoking, drinking, and presence of dyslipidemia and
cardiovascular disease. AUCglu indicates total area under the glucose curve; AUCIns, total area under the insulin curve; FPG, fasting plasma glucose; HOMA-IR,
homeostasis model assessment of insulin resistance; IRI, immunoreactive insulin; NFG, normal fasting glucose; and NGT, normal glucose tolerance.

*n=2330.

differences among the white, black, and Asian popu- our findings to other ethnicities. Fifth, we did not have
lations. In the study conducted in Japan, most partici- data on the duration between the onset and diagno-
pants were nonobese. This may limit the application of  sis of DM. Duration of DM may affect the association

Table 7. Univariate and Multivariate Logistic Regression Analyses for SBP >140 mm Hg in the Propensity Score-Matched
Groups

NFG/NGT (n=3124)
High HOMA-IR* 1.63 1.37-1.94 <0.001 1.70 1.43-2.03 <0.001 1.58 1.30-1.92 <0.001
Low Matsuda index* 1.70 1.43-2.02 <0.001 176 1.48-2.10 <0.001 1.58 1.30-1.92 <0.001
High FPG 1.39 1.20-1.62 <0.001 1.35 1.16-1.57 <0.001 1.30 111-1.52 0.001
High AUCglu 1.63 1.40-1.90 <0.001 1.58 1.35-1.84 <0.001 1.45 1.24-1.70 <0.001
High fasting IRI* 1.54 1.30-1.84 <0.001 1.61 1.35-1.92 <0.001 1.47 1.21-1.79 <0.001
High AUCins* 1.39 1.17-1.65 <0.001 1.38 1.16-1.64 <0.001 1.22 1.01-1.47 0.035

Diabetes mellitus (n=3124)
High HOMA-IR* 1.30 1.11-1.53 0.002 1.41 1.19-1.67 <0.001 1.33 111-1.59 0.002
Low Matsuda index* 1.42 1.21-1.67 <0.001 1.47 1.25-1.74 <0.001 1.35 1.12-1.61 0.001
High FPG 1.08 0.94-1.24 0.298 114 0.99-1.31 0.078 112 0.96-1.30 0.145
High AUCglu 112 0.97-1.29 0.108 117 1.01-1.34 0.034 113 0.98-1.31 0.095
High fasting IRI* 1.38 117-1.62 <0.001 1.48 1.25-1.76 <0.001 1.39 1.16-1.67 <0.001
High AUCins* 1.25 1.06-1.47 0.008 1.26 1.07-1.48 0.006 113 0.95-1.35 0.158

Low Matsuda index was defined as the lower half based on the median. High HOMA-IR was defined as the higher half based on the median in each category
of impaired glucose metabolism. High FPG level, high AUCglu, high fasting IRI level, and high AUCins were defined as the higher half based on the median in
each category of impaired glucose metabolism. Model 1 included age and sex. Model 2 included age, sex, body mass index, smoking, drinking, and presence
of antihypertensive medication, dyslipidemia, and cardiovascular disease. AUCglu indicates total area under the glucose curve; AUCIns, total area under the
insulin curve; FPG, fasting plasma glucose; HOMA-IR, homeostasis model assessment of insulin resistance; IRI, immunoreactive insulin; NFG, normal fasting
glucose; NGT, normal glucose tolerance; OR, odds ratio; and SBP, systolic blood pressure.

*N=2330.
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between hyperglycemia/hyperinsulinemia and hyper-
tension because of its association with vascular dam-
age.®° However, our study population comprised only
participants with newly diagnosed impaired glucose
metabolism using a 75-g OGTT performed during a
general health checkup. The participants had no his-
tory of DM treatment. Therefore, we believe that the
impact of DM duration is minimal in this study. Finally,
we did not assess possible confounding factors such
as the renin—angiotensin system and chronic inflam-
mation, which contribute to both BP elevation and im-
paired glucose metabolism.

Perspectives

We demonstrated a distinct correlation between the
stages of impaired glucose metabolism, including predi-
abetes in 2 different forms and DM, and the prevalence
of hypertension in a large population. Furthermore, our
statistical analysis revealed that hyperglycemia and
hyperinsulinemia were significant contributors to the
presence of hypertension only in the early stages of
impaired glucose metabolism (NFG/NGT and isolated
IFG). This observation supports the speculation that
hyperglycemia or hyperinsulinemia may be an impor-
tant factor that initiates hypertension in an early stage
of insulin resistance. A recent study has shown that
participants with both prediabetes and hypertension
had around a 2-fold risk of CVD but that prediabetes
without hypertension did not confer an increased risk
of GVD.®' These findings suggest that coexistence of
hypertension is a critical determinant of the prognosis
in patients with impaired glucose metabolism. In the
context of the previous notions that early treatment of
DM had been advantageous to reduce cardiovascular
events (legacy effect), studies investigating the effect of
early intervention of impaired glucose metabolism on
BP may be important. Our present observations may
provide a basis for such studies.

ARTICLE INFORMATION
Received December 12, 2019; accepted February 25, 2020.

Affiliations

From the Health Management and Promotion Center, Hiroshima Atomic
Bomb Casualty Council, Hiroshima, Japan (N.S., R.M.); Departments of
General Medicine (R.O.) and Cardiovascular Medicine (Y.K.), and Department
of Cardiovascular Regeneration and Medicine, Research Institute for
Radiation Biology and Medicine (Y.H.), Hiroshima University Graduate
School of Biomedical and Health Sciences, Hiroshima, Japan.

Acknowledgments
The authors thank Naomi Yuzono for technical and secretarial assistance.

Sources of Funding
None.

Disclosures
None.

J Am Heart Assoc. 2020;9:e015546. DOI: 10.1161/JAHA.119.015546

Plasma Glucose Level and Hypertension in DM

Supplementary Materials
Tables S1-S4

REFERENCES

1.

2.

20.

21

22,

Kannel WB, Wilson PW, Zhang TJ. The epidemiology of impaired glu-
cose tolerance and hypertension. Am Heart J. 1991;121:1268-1273.
Tarnow L, Rossing P, Gall MA, Nielsen FS, Parving HH. Prevalence of
arterial hypertension in diabetic patients before and after the JNC-V.
Diabetes Care. 1994;17:1247-1251.

Sowers JR, Epstein M, Frohlich ED. Diabetes, hypertension, and cardio-
vascular disease: an update. Hypertension. 2001;37:1053-1059.
Ferrannini E, Buzzigoli G, Bonadonna R, Giorico MA, Oleggini M,
Graziadei L, Pedrinelli R, Brandi L, Bevilacqua S. Insulin resistance in
essential hypertension. N Engl J Med. 1987;317:350-357.

Higashi Y, Oshima T, Sasaki N, Ishioka N, Nakano Y, Ozono R,
Yoshimura M, Ishibashi K, Matsuura H, Kajiyama G. Relationship be-
tween insulin resistance and endothelium-dependent vascular relax-
ation in patients with essential hypertension. Hypertension. 1997;2:
280-285.

Saad MF, Rewers M, Selby J, Howard G, Jinagouda S, Fahmi S, Zaccaro
D, Bergman RN, Savage PJ, Haffner SM. Insulin resistance and hyper-
tension: the Insulin Resistance Atherosclerosis study. Hypertension.
2004;43:1324-1331.

Kahn BB. Type 2 diabetes: when insulin secretion fails to compensate
for insulin resistance. Cell. 1998;92:593-596.

Saltiel AR, Kahn CR. Insulin signalling and the regulation of glucose and
lipid metabolism. Nature. 2001;414:799-806.

Reaven GM. Insulin resistance/compensatory hyperinsulinemia, essen-
tial hypertension, and cardiovascular disease. J Clin Endocrinol Metab.
2003;88:2399-2403.

Jacobsen P, Rossing K, Hansen BV, Bie P, Vaag A, Parving HH. Effect
of short-term hyperglycaemia on haemodynamics in type 1 diabetic pa-
tients. J Intern Med. 2003;254:464—-471.

Seravalle G, Grassi G. Sympathetic nervous system, hypertension,
obesity and metabolic syndrome. High Blood Press Cardiovasc Prev.
2016;23:175-179.

Bornfeldt KE, Tabas I. Insulin resistance, hyperglycemia, and athero-
sclerosis. Cell Metab. 2011;14:575-585.

Meyer C, Pimenta W, Woerle HJ, Van Haeften T, Szoke E, Mitrakou A,
Gerich J. Different mechanisms for impaired fasting glucose and impaired
postprandial glucose tolerance in humans. Diabetes Care. 2006;29:
1909-1914.

Abdul-Ghani MA, Matsuda M, Balas B, DeFronzo RA. Muscle and liver
insulin resistance indexes derived from the oral glucose tolerance test.
Diabetes Care. 2007;30:89-94.

Matthews DR, Hosker JP, Rudenski AS, Naylor BA, Treacher DF, Turner
RC. Homeostasis model assessment: insulin resistance and beta-cell
function from fasting plasma glucose and insulin concentrations in man.
Diabetologia. 1985;28:412-419.

Emoto M, Nishizawa Y, Maekawa K, Hiura Y, Kanda H, Kawagishi T,
Shoji T, Okuno Y, Morii H. Homeostasis model assessment as a clinical
index of insulin resistance in type 2 diabetic patients treated with sulfo-
nylureas. Diabetes Care. 1999;22:818-822.

Matsuda M, DeFronzo RA. Insulin sensitivity indices obtained from
oral glucose tolerance testing: comparison with the euglycemic insulin
clamp. Diabetes Care. 1999;22:1462-1470.

Umemura S, Arima H, Arima S, Asayama K, Dohi Y, Hirooka Y, Horio
T, Hoshide S, lkeda S, Ishimitsu T, et al. The Japanese Society of
Hypertension guidelines for the management of hypertension (JSH
2019). Hypertens Res. 2019;42:1235-1481.

American Diabetes Association. Standards of medical care in diabe-
tes—2010. Diabetes Care. 2010;33(suppl 1):511-S61.

DeFronzo RA, Matsuda M. Reduced time points to calculate the com-
posite index. Diabetes Care. 2010;33:€93.

Janghorbani M, Bonnet F, Amini M. Glucose and the risk of hyperten-
sion in first-degree relatives of patients with type 2 diabetes. Hypertens
Res. 2015;38:349-354.

Toyama M, Watanabe S, Miyauchi T, Kuroda Y, Ojima E, Sato A, Seo Y,
Aonuma K. Diabetes and obesity are significant risk factors for morning
hypertension: from Ibaraki Hypertension Assessment Trial (I-HAT). Life
Sci. 2014;104:32-37.

11



Sasaki et al

23.

24.

25.

26.

27.

J Am Heart Assoc. 2020;9:e015546. DOI: 10.1161/JAHA.119.015546

Suematsu C, Hayashi T, Fujii S, Endo G, Tsumura K, Okada K, Morii H.
Impaired fasting glucose and the risk of hypertension in Japanese men
between the 1980s and the 1990s. The Osaka Health Survey. Diabetes
Care. 1999;22:228-232.

Tsimihodimos V, Gonzalez-Villalpando C, Meigs JB, Ferrannini E.
Hypertension and diabetes mellitus: coprediction and time trajectories.
Hypertension. 2018;71:422-428.

Sun D, Zhou T, Heianza Y, Li X, Fan M, Fonseca VA, Qi L. Type 2 diabe-
tes and hypertension. Circ Res. 2019;124:930-937.

Yaribeygi H, Atkin SL, Sahebkar A. A review of the molecular mecha-
nisms of hyperglycemia-induced free radical generation leading to oxi-
dative stress. J Cell Physiol. 2019;234:1300-1312.

Vicent D, llany J, Kondo T, Naruse K, Fisher SJ, Kisanuki YY, Bursell
S, Yanagisawa M, King GL, Kahn CR. The role of endothelial insulin
signaling in the regulation of vascular tone and insulin resistance. J Clin
Invest. 2003;111:1373-1380.

28.

29.

30.

31.

Plasma Glucose Level and Hypertension in DM

Rask-Madsen C, Li Q, Freund B, Feather D, Abramov R, Wu IH,
Chen K, Yamamoto-Hiraoka J, Goldenbogen J, Sotiropoulos KB,
et al. Loss of insulin signaling in vascular endothelial cells accel-
erates atherosclerosis in apolipoprotein E null mice. Cell Metab.
2010;11:379-389.

Ohishi M. Hypertension with diabetes mellitus: physiology and pathol-
ogy. Hypertens Res. 2018;41:389-393.

Zoungas S, Woodward M, Li Q, Cooper ME, Hamet P, Harrap S, Heller
S, Marre M, Patel A, Poulter N, et al.; ADVANCE Collaborative Group.
Impact of age, age at diagnosis and duration of diabetes on the risk of
macrovascular and microvascular complications and death in type 2
diabetes. Diabetologia. 2014;57:2465-2474.

Hubbard D, Colantonio LD, Tanner RM, Carson AP, Sakhuja S, Jaeger
BC, Carey RM, Cohen LP, Shimbo D, Butler M, et al. Prediabetes and
risk for cardiovascular disease by hypertension status in black adults:
the Jackson Heart Study. Diabetes Care. 2019;42:2322-2329.

12



Supplemental Material



Definition of dyslipidemia in this study

Of the 19,248 participants, 18,921 had data on fasting serum total cholesterol, HDL cholesterol, triglyceride, and calculated LDL
cholesterol levels. When dyslipidemia was defined as taking anti-hyperlipidemic medications and/or having an LDL-cholesterol level of
>140 mg/dL and/or HDL cholesterol level of <40 mg/dL and/or triglyceride level of >150 mg/dL, 11,695 participants (61.8%) had

dyslipidemia. The results of univariate logistic regression analysis for hypertension are as follows:

Table S1. Univariate logistic regression analysis for hypertension (n = 18921).

Variables N OR 95% ClI P
Anti-hyperlipidemic medications 19248 0.92 (0.84-0.99) 0.033
Anti-hyperlipidemic medications and/or LDL-cholesterol >140 mg/dL,

, _ 18921 0.97 (0.91-1.03) 0.363
HDL cholesterol <40 mg/dL, and/or triglyceride >150 mg/dL

On the bases of these analyses, we selected the definition “taking antihyperlipidemic medications” as dyslipidemia in this study.

In addition, we presented the results of the multivariate logistic regression analysis for hypertension using the definition “Anti-
hyperlipidemic medications and/or an LDL-cholesterol level of >140 mg/dL, HDL cholesterol level of <40 mg/dL, and/or triglyceride

level of >150 mg/dL as follows:

Table S2. Univariate and multivariate logistic regression analysis for hypertension (n = 18921)

OR 95% ClI P
NFG/NGT 1
Isolated IFG 1.62 (1.49-1.76) <.001
Isolated IGT 1.62 (1.46-1.79) <.001
IFG plus IGT 2.09 (1.90-2.29) <.001
Diabetes 2.69 (2.46-2.94) <.001
The model included age, sex, body mass index, smoking, drinking, and dyslipidemia, and cardiovascular disease.




No significant differences in results were observed in a comparison between the two definitions of dyslipidemia.

Table S3. Serum immunoreactive insulin (IRI) concentrations, total areas under the insulin curves, and insulin resistance indices



determined using chemiluminescent enzyme immunoassays between April 2003 and December 2017.

N 3236 1258 822 901 571 P
Serum IRI, pU/mL

0 min 51+29 6.6 3.7 6.0 +4.0" 7.3+£4.17H 8.1 +5.8" <.001
30 min 45.1+32.8 45.6 £ 34.6 43.7+35.1 39.3+27.3 31.9+26.6 <.001
60 min 53.1+41.7 64.9 £ 47.7 55.2+44.8 57.7+37.8 50.8 +39.1 <.001
120 min 35.1+265 41.4+30.9 65.9 + 534 66.1 +43.6 714 +62.4 <.001
AUCins, pU/mL-h 81.2+51.6 93.9£56.5 97.7+716 97.8+56.5 91.8 +69.8% <.001
HOMA-IR 1.16 £0.69 1.71+£0.98"" 1.40 £ 0.95" 1.93 +£1.10""* 2.39 + 1,871 <.001
Matsuda index 10.8 £ 6.96 7.78 £4.84°7 5.90 + 3.52" 4.64 +2.60" 4,07 +3.15" <.001

P values were calculated using Kruskal-Wallis test. The Steel-Dwass post hoc test was used for multiple comparison testing.

*P < 0.001 vs. NFG/NGT, TP < 0.001 vs. ilGT, P < 0.001 vs. ilFG, P < 0.001 vs. IFG plus IGT.




Table S4. Univariate and multivariate logistic regression analyses of hypertension in participants who underwent blood pressure

assessments using a mercury sphygmomanometer between January 1982 and December 2012 (n = 18333).

] Univariate Model 1 Model 2
Variables
OR 95% ClI P OR 95% ClI P OR 95% ClI P

NFG/NGT 1 1 1

Isolated IFG 1.73 (1.59-1.88) | <.001 1.71 | (1.57-1.86) | <.001 | 159 | (1.46-1.73) <.001
Isolated IGT 1.79 (1.62-1.98) <.001 1.71 (1.55-1.90) | <.001 1.59 (1.44-1.77) <.001
IFG plus IGT 2.45 (2.24-2.68) <.001 2.42 (2.21-2.65) | <.001 2.09 (1.91-2.30) <.001
Diabetes 3.02 (2.77-3.29) <.001 3.12 (2.86-3.40) | <.0001 2.62 (2.39-2.86) <.001

Model 1 included age and sex. Model 2 included age, sex, body mass index smoking, drinking, and the presence of dyslipidemia, and
cardiovascular disease. Hypertension was defined as taking anti-hypertensive medications and/or having systolic blood pressure > 140

mmHg and/or diastolic blood pressure > 90 mmHg.



