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ABSTRACT

Introduction: Although diabetes is associated
with hypertension, whether high blood glucose
levels promote hypertension remains contro-
versial. In this study we compared the predic-
tive power of fasting plasma glucose (FPG), 2-h
postprandial blood glucose (2hPG), and gly-
cated hemoglobin (HbA1c) for the development
of hypertension.

Methods: This study was a substudy of the
REACTION study, an ongoing longitudinal
cohort study investigating the relationship of
prediabetes and type 2 diabetes with the risk of
cancer in an urban Northern Chinese
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population in Beijing. Logistic regression anal-
ysis was used to calculate odds ratios (ORs) after
adjustment for risk factors for hypertension,
including age, sex, body mass index, and
triglycerides.

Results: Among the 3437 participants, 497
developed hypertension during the 4-year fol-
low-up. The logistic regression analysis showed
that elevated FPG and 2hPG levels (FPG:
OR 1.529; 95% confidence interval [CI]
1.348-1.735; 2hPG: OR 1.144; 95% CI
1.100-1.191), but not HbAlc, were independent
risk factors for the development of hyperten-
sion. In the highest quartile of FPG and 2hPG
levels, the multivariable-corrected ORs were
2.115 (95% CI 1.612-2.777) and 2.346 (95% CI
1.787-3.080), respectively, compared with the
lowest quartile. The adjusted models showed no
significant correlations between quartile HbAlc
levels and the development of hypertension.
Conclusion: Higher FPG and 2ZhPG levels, but
not HbAlc levels, are independent risk factors
for developing hypertension in an urban
Northern Chinese population.

Trial Registration: ClinicalTrials.gov NCT0120
6869.

Keywords: 2-h postprandial glucose; Fasting
blood  glucose; Glycated = hemoglobin;
Hypertension; Prediabetes
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Key Summary Points

Why carry out this study?

Hypertension and diabetes are two very
common major diseases worldwide, which
often coexist. Common mechanisms of
pathogenesis play important roles in both
diseases, including oxidative stress,
obesity, and insulin resistance, with
insulin resistance commonly present in
prediabetes and diabetes.

Fasting plasma glucose (FPG) and 2-h
postprandial blood glucose (2hPG) levels
are two glucose markers used to assess
prediabetes and diabetes statuses. It is
important to clarify the relationship
between risk of hypertension (HTN) and
blood glucose level, but the large number
of studies performed to date have
generated conflicting results.

The aim of this study was to assess the
association of FPG, 2hPG and glycated
hemoglobin (HbA1c) levels with the
development of HTN in a prediabetic
population.

What was learned from the study?

Higher FPG and 2hPG levels, but not
HbAlc level, are independent risk factors
for HTN in an urban Northern Chinese
population.

DIGITAL FEATURES

This article is published with digital features,
including a summary slide, to facilitate under-
standing of the article. To view digital features
for this article go to https://doi.org/10.6084/
m9.figshare.13664345.

INTRODUCTION

Hypertension (HTN) and diabetes are common
chronic diseases worldwide, often coexisting
[1-3]. The pathophysiological characteristics of
HTN and diabetes are different, but they do
share many common pathways, including
oxidative stress, obesity, and insulin resistance
[4, S]. Among these characteristics, hyperinsu-
linemia is commonly observed in diabetes, and
it promotes the development of HTN mainly
through insulin resistance [6]. Insulin resistance
is a significant determinant of the development
and progression of diabetes and a major cause of
morbidity and mortality [7].

Prediabetes refers to a condition in which the
blood sugar level is higher than it should be but
not high enough for a diagnosis of diabetes, i.e.,
borderline blood glucose levels; it is diagnosed
before the overt development of diabetes itself
[8]. A very close relationship has been demon-
strated between prediabetes and insulin resis-
tance [9]. Fasting plasma glucose (FPG), 2-h
postprandial glucose (2hPG), and glycated
hemoglobin Alc (HbAlc) levels are currently
used to define prediabetes (i.e., impaired fasting
glucose [IFG], impaired glucose tolerance [IGT],
and HbAlc 5.7-6.4%) [8, 10]. FPG and 2hPG
levels are two of the most common markers
used to detect and assess prediabetes and dia-
betes status [11].

Since prediabetes is a risk factor for the
development of diabetes and is associated with
the occurrence of HTN, it is important to clarify
whether prediabetes is an independent risk
factor for HTN development. However, many of
the studies that have been performed to date
have generated conflicting results [12-16].
Therefore, the aim of this study was to assess the
association of FPG, 2hPG, and HbAlc levels
with HTN development in a prediabetic
population.

METHODS

Study Population

This study was performed as a substudy of the
REACTION study, an ongoing longitudinal
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cohort study investigating the relationship of
prediabetes and type 2 diabetes with risk of
cancer in an urban Northern Chinese popula-
tion. In 2011, the REACTION study included all
permanent residents aged 40-85 years residing
in three urban communities in Beijing (i.e.,
Jinding, Laoshan, and Gucheng). Those resi-
dents with good compliance to their treatment
regimen and who volunteered to participate
were selected as survey participants using the
overall sampling approach. Residents with poor
health, limited mobility, or poor compliance
were excluded. In total, 10,216 residents were
surveyed in 2011. The baseline data were col-
lected, including general situation, past medical
history, current medication situation, lifestyle,
physical exercise, family history, and other
basic information. The initial registration in the
REACTION study was in 2011; the first follow-
up was conducted in 2011-2012; and the sec-
ond follow-up was conducted in 2015-2016.

The study protocol was approved by the
Ethics Committee of the PLA General Hospital
(#2011-14) and was conducted in accordance
with the Helsinki Declaration of 1964 and its
later amendments. All participants in the study
provided written informed consent. The REAC-
TION ftrial is registered (ClinicalTrials.gov
NCT01206869).

Clinical and Other Measurements

The two follow-up examinations included
completing a standard questionnaire on demo-
graphic characteristics, physical examinations,
and laboratory tests on biochemical parameters.
The specific follow-up screening procedures
included: (1) completion of detailed question-
naires, which assessed age, sex, menstruation,
family history of diabetes, surgical history, and
medication status; (2) physical examination,
which assessed height, weight, waist circum-
ference, hip circumference, neck circumference,
blood pressure, body fat, and pulse wave
velocity measurements; and (3) laboratory tests,
such as routine blood tests, routine urine tests,
FPG, HbAlc, oral glucose tolerance test (OGTT),
and blood lipid levels. Height and weight were
measured with participants wearing light

clothing without shoes. Body mass index (BMI)
was calculated by dividing weight by height
squared (kg/m?). Blood pressure was measured
on the left upper arm three times after a 5-min
rest in the sitting position; the average value of
the three measurements was recorded as the
blood pressure value. HTN was defined as sys-
tolic blood pressure > 140 mmHg and/or a
diastolic blood pressure > 90 mmHg at the time
of visit, and/or a self-reported history of HTN,
and/or current use of antihypertensive medica-
tions. Diabetes was defined as FPG levels >
7.0mmol/L (126 mg/dl) and/or OGTT 2-h
blood glucose levels > 11.1 mmol/L (200 mg/
dl), and/or HbAlc > 6.5%, self-reported history
of diabetes, or FPG > 126 mg/dl with insulin or
oral hypoglycemic agents. Prediabetes was
defined as FPG > 5.6 (100 mg/dl) and <
7.0mmol/L (126 mg/dl), and/or OGTT 2-h
blood glucose > 7.8 mmol/L (140 mg/dl)
and < 11.1 mmol/L (200 mg/dl), and/or HbAlc
> 5.7 and < 6.5% [8].

Statistical Analysis

The continuous variables are presented as
means =+ standard deviations (SD), and the
categorical variables are presented as numbers
and percentages. Continuous variables were
compared using the independent ¢ test. Cate-
gorical variables were compared using the chi-
square test. Associations between independent
clinical variables were analyzed using univari-
able and multivariable logistic regression anal-
yses. FPG, 2hPG, and HbAlc were analyzed as
continuous variables. Baseline data were asses-
sed using logistic regression analysis of incre-
ments or quartiles (Q), and the odds ratios (ORs)
and 95% confidence intervals (CIs) were calcu-
lated. To investigate the impact of factors
affecting the association between glucose
metabolic markers and HTN, we used models
with the following adjustments: age and sex
(model 1), model 1 + BMI (model 2), and model
2 + triglyceride levels (model 3). A multivariable
model (model 4) included age, sex, BMI,
triglyceride levels, diastolic blood pressure,
high-density lipoprotein (HDL)-cholesterol, and
total cholesterol (TC)/HDL. All statistical
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Assessed for eligibility (n=10,216)

Y

> Excluded (n = 6,779)

e Single visit (n =1,043)
¢ Baseline HTN and/or DM(n= 5,680)
e Missing data in 2015 (n=56)

Final study sample (n= 3,437)

\ 4

l

Normoglycemia
(n=1,434)

l

Prediabetes
(n=2,003)

Fig. 1 Flowchart of participant inclusion and exclusion. DM Diabetes mellitus, HTN hypertension

analyses were performed using SPSS version
22.0 (IBM Corp., Armonk, NY, USA).

RESULTS

The cohort in the REACTION study consisted of
10,216 participants, of whom 30.29% were
men; all were initially recruited between 2011
and 2012. Of these 10,216 participants, 3437
had no HTN and diabetes at baseline and were
followed in this substudy for 4 years (Fig. 1).
The mean (£ SD) age of the participants was
54.70 + 7.07 years (Table 1). Of the 3437 par-
ticipants without HTN and diabetes at baseline,
497 (14.5%) developed HTN over the 4-year
follow-up. The baseline characteristics of the
study population are shown in Table 1. Among
the study participants, 1434 (41.7%) had nor-
mal blood glucose levels and 2003 (58.3%) had
prediabetes. Compared with the normal blood
pressure group, the participants in the HTN
group were older and had higher blood pres-
sure, higher BMI, greater waist-to-hip ratio,
higher waist-to-height ratio, higher triglyc-
erides, higher FPG, higher 2hPG, higher HbAlc,

and lower HDL-cholesterol levels. There were
no clinically significant differences in TC and
low-density  lipoprotein-cholesterol  levels
between the two groups (Table 1). The ORs were
calculated per SD increase in FPG, 2hPG, and
HbAlc (Fig.2) and were 1.529 (95% CI
1.348-1.735), 1.144 (95% CI 1.100-1.191), and
1.414 (95% CI 1.189-1.681), respectively, in the
unadjusted model (Fig. 2). After adjustment for
variables included in the multivariable models,
FPG and 2hPG levels remained significant pre-
dictors of future HTN. HbAlc was only signifi-
cantly correlated with future HTN in model 1,
adjusted for age and sex; HbAlc levels had no
predictive value for future HTN in the other
models.

The OR values between quartiles of FPG,
2hPG, and HbAlc levels and the development
of HTN are shown in Table 2. Compared with
the lowest quartile (Ql1) of FPG (Q1l:
FPG < 4.81 mmol/L), the OR for developing
HTN was not significantly different in the sec-
ond quartile (Q2: FPG 4.81-5.09 mmol/L), but it
was significantly greater in the third (Q3: FPG
5.09-5.42mmol/L; OR 1.338, 95% (I
1.002-1.787) and fourth (Q4:
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Table 1 Baseline characteristics of the study population

Characteristics Total

Normal blood pressure group during
(n = 3437)" 4-year follow-up (» = 2940)

Hypertension during 4-year r
follow-up (» = 497)

Age (years) 547 £7.1 544 £ 69

Male, 7 (%) 1041 860 (29.25)
(30.29)

BMI (kg/m”) 248 £ 34 246+ 33

WHR 0.87 + 0.07 0.86 =+ 0.07

WHiR 052 + 0.06 0.52 + 0.06

SBP (mmHg) 122+ 10 121+ 10

DBP (mmHg) 75 =+ 9 74+ 7

TC (mg/dl) 499 4+ 1.76 4.98 + 1.87

TG (mg/dl) 150 £ 114 146 + 1.11

HDL-C (mg/ 149 £ 039 151 & 0.40
dl)

LDL-C (mg/ 321 + 153 3.19 + 1.33
dl)

FPG (mmol/L) 520 + 0.65 5.16 & 0.59

2hPG (mmol/  7.37 £225 727 £2.17
L)

HbAlc (%) 573 + 050 5.72 + 047

563 =+ 8.1 < 0.001
181 (36.42) < 0.001
258 + 3.5 < 0.001
0.89 + 0.06 < 0.001
0.54 & 0.05 0.012
129 + 8 < 0.001
85+ 9 < 0.001
5.00 =+ 0.87 0.818
175 + 1.31 < 0.001
142 + 037 < 0.001
330 & 2.37 0.148
538 + 0.87 < 0.001
7.99 + 2.60 < 0.001
5.81 + 0.62 0.001

Values in table are presented as the mean =+ standard deviation (SD), unless indicated otherwise

BMTI body mass index, WHR waist-to-hip ratio, WH!R waist-to-height ratio, SBP systolic blood pressure, DBP diastolic
blood pressure, 7C total cholesterol, TG total triglyceride, HDL-C high-density lipoprotein cholesterol, LDL-C low-density
lipoprotein cholesterol, FPG fasting plasma glucose, 2hPG 2-h postprandial blood glucose, HbAIc hemoglobin Alc

* Number of participants who had no hypertension (HTN) and diabetes at baseline

FPG > 5.43 mmol/L; OR 2.115, 95% CI
1.612-2.777) quartiles in the unadjusted model.
In models 1-4, only the highest quartile (Q4:
FPG > 5.43 mmol/L) predicted the develop-
ment of HTN. Compared with the lowest quar-
tile of 2hPG (Q1: 2hPG < 5.89 mmol/L) the OR
for developing HTN was not significantly dif-
ferent in the second quartile (Q2: 5.89—
6.91 mmol/L), but it was significantly greater in
the third (Q3: 6.91-8.35 mmol/L; OR 1.365,
95% ClI 1.020-1.828) and fourth
(Q4: > 8.35mmol/L OR 2346, 95% CI
1.787-3.080) quartiles. In the adjusted models,
the fourth quartile in all models (1-4) and the

third quartile (Q3: 6.91-8.35 mmol/l; OR 1.341,
95% CI 1.000-1.799) in model 1 predicted the
development of HTN. In contrast, there were no
significant increases in HbAlc or in the OR
value for HTN in any of the models.

After 4 years of follow-up, the incidence of
HTN in the overall study population was 14.5%
in 2015, 12.6% in the normoglycemic group,
and 15.8% in the prediabetes group. Compared
with patients with normal blood glucose levels,
the incidence of HTN in patients with predia-
betes was significantly higher (P < 0.001)
(Table 3). The overall prevalence of HTN among
the IFG/IGT populations was 19.9%. The
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OR(95%Cl) P

FBG

Unadjusted model —— 1.529 (1.348,1.735) <0.001
Adjusted model 1 — 1.467 (1.291,1.667> <0.001
Adjusted model 2 —-— 1.355 (1.189,1.545) <0.001
Adjusted model 3 — 1.334 (1.169,1.522>  <0.001
Adjusted model 4 —— 1.315 (1.109,1.560>  0.002
PBG

Unadjusted model I 1.144 (1.100,1.191) <0.001
Adjusted model 1 - 1.130 (1.085,1.176> <0.001
Adjusted model 2 - 1.104 (1.059,1.151) <0.001
Adjusted model 3 - 1.096 (1.051,1.143> <0.001
Adjusted model 4 - 1.067 (1.013,1.124>  0.014
HbA1c

Unadjusted model — 1.414 (1.189,1.681> <0.001
Adjusted model 1 — 1.317 (1.104,1.572>  0.002
Adjusted model 2 | 1.178 (0.982,1.413>  0.078
Adjusted model 3 1.157 (0.963,1.389)  0.119
Adjusted model 4 —— 1.230 (0.987,1.531)  0.065

f 1
0 1 3

Fig. 2 Odds ratios (OR) and 95% confidence intervals
(CI) for the development of HTN at 5 years after baseline
examination by increments of 1 SD for fasting blood
glucose (FBG), 2-h postprandial blood glucose (PBG), and
glycated hemoglobin (HbAIc) levels. Model 1: ORs were
adjusted by age and sex. Model 2: ORs were adjusted by

prevalences of HTN in the elevated HbAlc, IFG,
IGT, and IFG + IGT groups were 10.3, 16.6,
20.6, and 23.3%, respectively. No significant
differences were found among the IFG, IGT and
IFG + IGT groups (all P> 0.05) (Table 4).
However, comparison of patients with HbAlc >
5.7% and those with HbAlc < 6.5% revealed
that the prevalence of HTN in the IFG, IGT and
IFG + IGT groups was significantly higher
(P =0.002, P<0.001, P<0.001), respectively.
This result indicates that the risk of future HTN
is significantly higher in the prediabetic popu-
lation than in individuals with normal blood
glucose levels. Moreover, a significant lower

age, sex, and body mass index (BMI). Model 3: ORs were
adjusted by age, sex, BMI, and triglycerides (TG). Model 4:
ORs were adjusted by age, sex, BMI, TG, diastolic blood
pressure, high-density lipoprotein (HDL), and total
chloresterol/HDL

prevalence only was observed in patients with
elevated HbAlc.

DISCUSSION

In this longitudinal retrospective cohort study
of urban Northern Chinese individuals without
diabetes and HTN, there were significant posi-
tive correlations between the risk of HTN and
the levels of FPG, 2hPG, and HbAlc. In the
multivariable adjustment model, the associa-
tion between HbAlc and the risk of HTN dis-
appeared after the inclusion of BMI. In contrast,
the relationships between FPG and 2hPG and
the risk of HTN persisted in all adjusted models.
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Table 3 The incidence of hypertension in participants with normal blood glucose and prediabetes

Variables N No. of participants with HTN Cumulative incidence (%) r
Normal blood glucose 1434 180 12.6 < 0.001
Prediabetes 2003 317 15.8

Total 3437 497 14.5

These results strongly suggest that FPG and
2hPG levels are independent risk factors for
HTN and that elevated levels of these parame-
ters significantly increase the risk for developing
HTN.

There is no agreement on which glucose
indicator (i.e., FPG, 2hPG, or HbAlc) can best
predict the risk of HTN. Similar to the present
study, a previous study from Japan compared
the correlation between FPG quartiles and the
risk of HTN. Higher blood glucose levels were
associated with an elevated risk of high blood
pressure in healthy individuals, whereas normal
range HbAlc was not [12]. Many studies have
reported similar results, suggesting that FPG is
an independent risk factor for future occurrence
of HTN [13, 15, 17-20]. Nevertheless, some
studies have shown conflicting results [21, 22].
IGT is another indicator of blood glucose used
in the diagnosis of prediabetes. Both IFG and
IGT may be related to insulin resistance [11].
IFG results in elevated hepatic glucose

Table 4 The incidence and risk of hypertension in par-
ticipants with prediabetes

Variables N Hypertension Cumulative
cases incidence (%)
IFG 391 65 16.6
IGT 472 97 20.6
IFG + IGT 288 67 233
HbAlc > 57% 852 88 10.3
and < 6.5%
Total 2003 317 15.8

IFG Impaired fasting glucose, /GT impaired glucose

tolerance

production in the fasting state, while IGT is
caused by muscle insulin resistance [16]. Due to
the complexity and cost of OGTT compared
with FPG measurement, relatively few studies
have investigated the relationship between
postprandial blood glucose and HTN. In the
AusDiab study. After adjustments for related
multivariable factors, higher 2hPG levels during
OGTT were associated with an elevated risk of
HTN at 5 years [14]. Another study from Hong
Kong and the STOP-NIDDM study showed that
2hPG or IGT was an independent predictor of
new HTN [5, 23]. The association between IGT
and HTN might be explained by the hypothesis
that the two conditions share one or more
pathogenic factors (i.e., insulin resistance or
sympathetic nervous system hyperactivity),
which induce the deterioration of blood pres-
sure control, followed by hyperglycemia [24].
Still, in a Korean study, multiple logistic
regression analyses demonstrated that both I[FG
and IGT had no predictive value for the occur-
rence of HTN [21, 25]. In this study, the par-
ticipants in the fourth quartile of FPG and 2hPG
had a significantly increased prevalence of HTN,
suggesting that the risk of hypertension
increases with an increase of FPG and 2hPG
within normal ranges. Several previous studies
have yielded conflicting results, with some
studies finding no correlation between HbAlc
levels and risk of HTN [12, 13, 26-28], while
another study found an independent associa-
tion between HbAlc level and the risk of HTN
[29]. In the present study, the relationship
between HbAlc level and HTN gradually dis-
appeared after several adjustments, and there
were no significant differences in the risk of
HTN by HbAlc quartile, indicating that HbAlc
does contribute to the elevated risk of HTN, but
that it is not an independent risk factor for HTN
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and increased the risk of HTN when intermixed
in a clade with age and obesity.

In the present study, we found that partici-
pants with prediabetes exhibited significantly
higher levels of risk for HTN than those with
normoglycemia. The risk of HTN was not sig-
nificantly different among different types of
prediabetic (IFG, IGT, and IFG + IGT) individ-
uals other than elevated HbAlc.

Many studies have shown that a discordance
between prediabetic or diabetic ranges of FPG,
2hPG, and HbAlc tests. It is well-known that
FPG and HbAlc levels identify different patho-
logical abnormalities in glucose metabolism. As
HbAlc levels are influenced by the glycation of
body proteins due to hyperglycemia, it has been
suggested that glucose concentrations may
more directly reflect the pathogenesis of HTN
development compared to HbAlc, which is an
indirect measure of dysglycemia. At the present
time, diabetes is mainly diagnosed using FPG,
2hPG, and HbAlc levels [30]. HbAlc is an
approximate measure of blood glucose control
that reflects the average blood glucose level over
the past 3 months; therefore, it does not cor-
rectly reflect extreme blood glucose values and
blood glucose variability [10]. On the basis of
FPG and 2hPG abnormalities, patients can be
divided into the IFG and IGT groups. IFG is
associated with hepatic insulin resistance, and
IGT is caused by muscle insulin resistance [21].
In addition, in some diseases and conditions
(e.g., sickle cell disease, pregnancy, glucose
6-phosphate dehydrogenase deficiency,
hemodialysis, and recent blood loss or transfu-
sion), the relationship between HbAlc and
blood glucose is altered so that the true blood
glucose level is not fully reflected [10]. Meta-
bolic studies have shown that the relationship
of HbAlc with insulin resistance and insulin
secretion is weak compared to that of FPG and
2hPG with these parameters [31]. Increases in
HbAlc are affected by protein glycosylation
in vivo, which constitutes a secondary factor
underlying high glucose levels. Thus, glucose
levels might more directly reflect the patho-
genesis of the development of HTN based on
hyperinsulinemia and insulin resistance, com-
pared to HbAlc [32].

Our study had some limitations. First, the
study population included a cohort established
using residents of several Beijing neighbor-
hoods. Thus, the cohort may not be fully rep-
resentative of all ethnic groups in North and
South China. Second, the study did not assess
the point of HTN development in patients with
new HTN; notably, HTN was diagnosed based
on the blood pressure measured on the day of
the physical examination or using a self-re-
ported history of HIN or history of antihyper-
tensive medication use. Therefore, survival
analysis could not be performed. Our study also
had some important strengths. First, it included
a large cohort of participants, comprising both
men and women. Second, unlike most previous
studies, this study performed a comprehensive
assessment of the relationship between abnor-
mal blood glucose metabolism and HTN using
FPG and 2hPG, assessed with the OGTT. Third,
the participants were divided into quartiles
based on HbAlc levels, but each quartile cov-
ered a very narrow range of HbAlc values. It is
not impossible that this design contributed to
the lack of association between HbA1lc quartiles
and the development of HTN. Fourth, lifestyle
habits (nutrition, physical activity, smoking,
and alcohol use) and family history of hyper-
tension that are closely related to the develop-
ment of hypertension were not taken into
account in the study.

CONCLUSIONS

In conclusion, higher FPG and 2hPG levels, but
not HbAlc levels, were significantly indepen-
dently correlated with the development of HTN
in an urban Northern Chinese population. Our
findings indicate that IFG and IGT are key pre-
dictors of HTN occurrence, and not the limited
independent outcomes of abnormal HbAlc
levels.
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