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The Contribution of Inflammation to the Development of

Hypertension Mediated by Increased Arterial Stiffness

Hirofumi Tomiyama, MD; Kazuki Shiina, MD; Chisa Matsumoto-Nakano, MD, BPH; Toshiharu Ninomiya, MD, MPH; Shunsuke Komatsu, MD;
Kazutaka Kimura, MD; Taishiro Chikamori, MD; Akira Yamashina, MD

Background—The mechanisms underlying the possible contribution of chronic inflammation to the development of hypertension
remain unclear. We examined the longitudinal association of inflammation with the progression of vascular and/or renal
abnormalities in the development of hypertension.

Methods and Results—In 3274 middle-aged Japanese men without hypertension at the study baseline, brachial-ankle pulse wave
velocity, blood pressure, estimated glomerular filtration rate, and serum CRP (C reactive protein) levels were measured annually
during a 9-year period. During this study period, 474 participants (14.5%) developed hypertension. Analysis of the repeated-
measures data revealed that sustained elevation of serum CRP levels was associated with a longitudinal increase of the brachial-
ankle pulse wave velocity. A linear mixed model analysis revealed that higher log-transformed serum CRP values (log CRP) at each
measurement were associated with a higher annual increase of the brachial-ankle pulse wave velocity (esti-
mate=32.5534+11.635 cm/s per log CRP, P=0.018), and that higher values of the brachial-ankle pulse wave velocity at each
measurement were associated with a higher annual elevation of blood pressure (estimate=0.0254+0.002 mm Hg per log CRP,
P<0.001).

Conclusions—In middle-aged Japanese men without hypertension at study baseline, long-term active inflammation appears to be
associated with a longitudinal increase of arterial stiffness. In turn, this longitudinal increase of arterial stiffness appears to be
associated with longitudinal elevation of blood pressure to the hypertensive range. Thus, systemic inflammation may play a role in
the pathogenesis of hypertension by the progression of arterial stiffness. (/ Am Heart Assoc. 2017;6:¢005729. DOI: 10.1161/
JAHA.117.005729.)
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t has been proposed from experimental research that

inflammation contributes to the development of hyperten-
sion by inducing vascular damage, renal damage, and/or
abnormal central neural regulation.’™ The prevalence of risk
factors for cardiovascular disease such as obesity, diabetes
mellitus, and dyslipidemia have also been reported to increase
with the development of hypertension.® Therefore, the long-
term variability of inflammation may have an influence on the
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progression of vascular/renal/central neural abnormalities
involved in the development of hypertension. Clinical studies
have suggested that elevated serum CRP (C reactive protein),
a marker of inflammation, is a risk factor for the development
of hypertension,®’ and several prospective clinical studies
have reported that vascular/renal abnormalities are useful
markers to predict the development of hypertension.® '
While some studies have reported that CRP is a marker to
predict the progression of carotid atherosclerosis and renal
damages,'>'® no clinical study has yet demonstrated that
inflammation contributes to the development of hypertension
by inducing vascular/renal abnormalities. Thus, the longitu-
dinal association of inflammation with accelerated progres-
sion of vascular/renal abnormalities needs to be clarified.
From the 2007 to 2015, Japanese employees of a
construction company located in Tokyo (84% men) underwent
annual measurements of brachial-ankle pulse wave velocity
(baPWV; a marker of arterial stiffness), radial augmentation
index (rAl; a marker of central hemodynamics), and serum
levels of creatinine and CRP as part of their annual health
checkups.®' By analysis of the repeated-measures data of

DOI: 10.1161/JAHA.117.005729

Journal of the American Heart Association 1


info:doi/10.1161/JAHA.117.005729
info:doi/10.1161/JAHA.117.005729
http://creativecommons.org/licenses/by-nc/4.0/
http://creativecommons.org/licenses/by-nc/4.0/

Inflammation and the Development of Hypertension Tomiyama et al

Clinical Perspective

What Is New?

* The long-term elevation of serum C-reactive protein levels
was associated with an accelerated increase of pulse wave
velocity, and this accelerated increase was significantly
associated with accelerated longitudinal elevation of blood
pressure.

What Are the Clinical Implications?

* The present study findings implicate the inflammation-
arterial stiffness axis in the development of hypertension.

e This axis was significant and independent of the family
history of hypertension; therefore, environmental factors
could possibly affect this axis.

« Lifestyle modifications such as exercise, weight control,
and/or salt restriction reduce blood pressure and also exert
beneficial effects on inflammation and arterial stiffness, and
the present study provides a rationale for trials of potential
therapeutic options targeted at inflammation and/or arterial
stiffness to prevent the development of hypertension.

the men without hypertension at the start of the study period,
the longitudinal associations of the serum CRP levels with the
rates of increase of the baPWV, increase of the rAl, and
decline of the creatinine-based estimated glomerular filtration
rate (eGFR) in relation to the development of hypertension
were examined.

Methods

Design and Participants

The present study was conducted as part of a previously
reported prospective observational study®'* conducted to
examine the longitudinal association of arterial stiffness
with cardiovascular risk status. The study was conducted in
employees working at the headquarters of a single large
Japanese construction company located in downtown
Tokyo. According to the Occupational Health and Safety
Law in Japan, it is mandatory for all company employees to
undergo annual health checkups. Annual measurements of
baPWV and rAl have been measured since 2007. Serum
CRP was not measured in 2012. Verbal informed consent
was obtained from all study participants before their
participation in this study. The study was conducted with
the approval of the Ethical Guidelines Committee of Tokyo
Medical University (No. 209 and No. 210 in 2003).

We conducted the present study on the basis of health
checkup data obtained from 2007 to 2015. Figure 1 shows
a flow diagram of the participants enrolled in the study. Of

the total 5857 persons working at the headquarters of the
company, 834 had undergone measurement of baPWV only
once during the study period (most of these were temporary
employees). The remaining 5023 individuals, who had
undergone at least 2 measurements of the baPWV, were
enrolled in the study. Of these, 334 individuals were
excluded because they fulfilled at least one of the following
exclusion criteria: unreliable accuracy of the measured
baPWV (ankle/brachial systolic blood pressure index <0.95
1216 and/or presence of atrial fibrillation'®'®) or history of
hemodialysis, heart disease, and/or cerebrovascular disease.
A further 788 persons who had a blood pressure (BP) of
140/90 mm Hg and/or were under antihypertensive drug
therapy at the start of the study period were also excluded.
Finally, data of the remaining 3274 men in whom the BP
was categorized as being in the normal range (ie, <140/
90 mm Hg) were included for our analysis (634 women were
not included because their number was small). Participants
in whom the measured values of rAl were considered to be
unreliable (ie, those with an SD of the rAl >6%, calculated on
the basis of 10 radial pressure waveform records) were
excluded from the analysis.'”

BP Measurement

Brachial BP was measured as the mean of 2 measurements
obtained in an office setting by the conventional cuff
method using a mercury sphygmomanometer. These mea-
surements were conducted by well-trained nurses. Both
measurements were performed on the same occasion with
the participants in the seated position after they had rested
for at least 5 minutes. The definition of hypertension
included a systolic BP (SBP) >140 mm Hg and/or a
diastolic BP (DBP) >90 mm Hg and/or a history of
receiving antihypertensive drug therapy at the time of the
annual health checkups.

Alcohol Use and Smoking Status

Habitual alcohol use was assessed using a self-administered
questionnaire. The alcohol consumption level was evaluated
using 2 parameters: the average drinking frequency (days per
week) and the average amount of alcohol consumed every
week (mL). The average daily alcohol consumption level (g/d,
ethanol equivalent) was then calculated for each participant.
The smoking status of the participants (ie, never-smoker/
former smoker and current smoker) was also assessed using
a questionnaire. The present study was a longitudinal study;
therefore, we did not examine history of alcohol use or
smoking status before the individuals’ participation in the
present study.
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Employees working at the headquarters of a Japanese construction company
who underwent annual health checkups at least once between 2007 and 2015

N=5857
Participants who underwent health checkups only once
| > (Most were temporary employees)
‘ N=834
Participants who underwent health checkups
at least 2 times during the study period Participants with unreliable accuracy of the measured
N=5023 brachial-ankle pulse wave velocity (ie, Participants
1 with ankle/brachial pressure index of <0.95 and/or
* < atrial fibrillation), hemodialysis, heart disease
and/or cerebrovascular disease
Participants who were eligible for inclusion in the analysis N=334
N=4689
| > Participants with hypertension
‘ (blood pressure >140/90 mm Hg and/or taking
antihypertensive medication)
Participants without hypertension who were eligible for inclusion in the analysis N=788
N=3908

I

inclusion in the main analysis
N=3274

Men without hypertension who were eligible for Women without hypertension who were eligible

for inclusion in the additional analysis
N=634

Figure 1. Flow diagram of the participants enrolled in the study.

Measurement of baPWV and rAl

baPWV was measured using a volume-plethysmographic
apparatus (Form/ABI, Omron Healthcare Co., Ltd), as previ-
ously described.”'®'* Briefly, occlusion cuffs connected to
both the plethysmographic and oscillometric sensors were
applied around both the upper arms and ankles of the
participants lying in the supine position. The brachial and
post-tibial arterial pressures were measured by oscillometric
sensor. The measurements were conducted after the partic-
ipants had rested for at least 5 minutes in the supine position
in an air-conditioned room (maintained at 24°C) designated
exclusively for this study. The angle of rise of the pressure
waveform and amplitude of the pressure waveform are
diminished in inaccurate tracings of the pressure waveform.
These phenomena were frequently observed in cases of ankle-
brachial index <0.95.'® The duration of sampling of the
pressure waveform is 10 seconds, and in cases with atrial
fibrillation, the pressure wave transit time is not constant
during this sampling time. Therefore, participants with ankle-
brachial index <0.95 and those with atrial fibrillation were
excluded from the analyses.

Measurements of BP and rAl were conducted after the
participants had rested for at least 5 minutes in the seated
position. The left radial arterial waveform was recorded using
an arterial applanation tonometry probe equipped with an
array of 40 micropiezo-resistive transducers (HEM-9010Al;
Omron Healthcare Co, Ltd). Subsequently, the first and

second peaks of the radial pressure waveform (SP1 and SP2)
and brachial diastolic pressure (brDBP) were automatically
detected using the fourth derivatives for each radial arterial
waveform, and then averaged. The rAl was calculated as
follows: (SP2—brDBP)/(SP1—brDBP)x 100 (%).'” Acceptable
reproducibility of both measurements has been reported
elsewhere.'®"”

Laboratory Measurements and eGFR

Serum concentrations of triglyceride, low-density lipoprotein
cholesterol, high-density lipoprotein cholesterol, creatinine,
and CRP, as well as plasma glucose concentration and
hemoglobin A;. were measured using standard enzymatic
methods (Falco Biosystems Co Ltd). Serum CRP was measured
by the latex-aggregation method (Falco Biosystems Co Ltd).'®

All blood samples were obtained in the morning after the
participants had fasted overnight. eGFR was calculated from
serum creatinine using the Modification of Diet in Renal
Disease study equation'® and the Chronic Kidney Disease
Epidemiology Collaboration equation (eGFRckep)?° for Japa-
nese participants.

Statistical Analysis

Data are expressed as mean+SD, unless otherwise indicated.
The serum CRP levels were skewed rightward; therefore, the
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values were log-transformed for the analyses. The minimum
value of the serum CRP was set at 0.5 mg/L.'® Then, the CRP
values were multiplied by 10 for the log-transformation (log
[CRPx 10]), to align all values in the positive range.

The differences in the measured values between the
baseline and final examinations were assessed by the paired ¢
test for continuous variables and by McNemar’s nonparamet-
ric test for categorical variables. The variables at the start of
the study period were compared with the values measured
annually thereafter during the study period by general linear
model univariate analysis. Student ¢ test, Mann—Whitney test,
or 1-way ANOVA was applied for other group comparisons.

The Cox proportional-hazards regression model was
applied to assess the association of the log (CRPx 10) levels
at the start of the study period with the outcomes at the end
of the study period. The relationships among the variables
were assessed by linear regression analysis. Then, the direct
and indirect effects of the log (CRPx 10) levels on the BP were
assessed by mediation analysis.

For determining the longitudinal associations among the
outcome variables, linear mixed model (LMM) analysis was
applied.?’ The covariates entered in the analyses were those
variables that are considered to potentially increase arterial
stiffness and/or BP?*?® (ie, for changes in the markers of
vascular/renal abnormalities: age; body mass index; SBP;
heart rate; serum levels of low-density lipoprotein cholesterol,
high-density lipoprotein cholesterol, and triglycerides; hemo-
globin A;.; smoking history; drinking history; family history of
hypertension; history of medication for hypertension, dyslipi-
demia, and/or diabetes mellitus [not receiving medication=0,
receiving medication=1]; and the time [years from baseline].
For changes of BP: the same covariates as for the changes in
the markers of vascular/renal abnormalities, except for
substitution of SBP with serum creatinine). In the LMM
analysis models, the time effect was entered by the interac-
tion term between the time (years from baseline) and each of
the explanatory variables. 3 Estimates of the interaction
between the time and each of the explanatory variables were
regarded as the annual change of each outcome variable per
unit annual increase of each of the explanatory variables. A
repeated statement with a Toeplitz structure was used in the
LMM analyses. LMM analyses were conducted using SAS
software (PROC MIXED version 9.4; SAS Institute Inc), while
all other analyses were conducted using SPSS software
(version 24.0, IBM). P<0.05 was considered as denoting
statistical significance in all of the statistical tests.

Results

Table 1 shows the clinical characteristics of the men at the
start of the study and at the final observation. End of study
period was defined by the last examination in the participants

who underwent more than 2 annual examinations. Among the
participants, 474 (14.5%) developed hypertension (SBP/DBP
at the end of the study period >140/90 mm Hg) by the end
of the study period (with 152 men taking medication for
hypertension at the end of the study period). The mean
number of measurements was 5.24+2.1, and the mean
duration of follow-up was 6.442.5 years. Table 2 summarizes
the number of available data for each variable from each
annual observation.

Figure 2A and 2B show the annual changes of the SBP,
DBP, baPWV, rAl, and eGFRckep, which are plotted discon-
tinuously, during the observation period in 2 groups divided by
the value of the log (CRPx 10) at the start of the study (ie,
values in the lowest or intermediate tertile and those in
the highest tertile) in all of the study participants included in
the analyses and in the study participants who underwent the
annual examinations more than 5 times. The SBP, DBP,
baPWV, and rAl, but not the eGFRckep, were higher in the
participants with log (CRPx 10) values in the highest tertile at
the start of the study than in those with values in the lowest
or intermediate tertile (Figure 2A and 2B). The values of SBP,
DBP, baPWV, and rAl showed significant longitudinal
increases during the study period, while the value of
eGFRckep decreased significantly during the study period in
both groups (Figure 2A and 2B).

Figure 3A and 3B show the annual changes of the SBP and
DBP during the observation period in 2 groups divided by the
value of the baPWV or rAl at the start of the study (ie, values
in the lowest or intermediate and those in the highest tertile)
in all of the study participants included in the analyses, and in
the study participants who underwent annual examinations
more than 5 times. The SBP and DBP were higher in the
participants with the values in the highest tertile at the start
of the study than in those with values in the lowest or
intermediate tertile (Figure 3A and 3B).

When development of hypertension, eGFR by the Modifi-
cation of Diet in Renal Disease study equation <60 mL/min
per 1.73 m? and eGFRckep <60 mL/min per 1.73 m?
highest quintile of the baPWV, or rAl at the end of the study
period were defined as the outcome variables, analysis using
the Cox proportional-hazards regression model without
adjustments demonstrated that the log (CRPx10) at the
start of the study period was a significant predictor of the
development of hypertension (hazard ratio, 1.160; 95% ClI,
1.073-1.255 [P<0.001]) and of increase of the baPWV to the
highest quintile (hazard ratio, 1.102; 95% CI, 1.028-1.182
[P=0.006]) at the end of the study period. However, the
analysis after adjustment for the covariates at the start of the
study period (age, body mass index, heart rate, serum levels
of low-density lipoprotein cholesterol and high-density
lipoprotein cholesterol and triglycerides, hemoglobin A,
smoking history, drinking history, family history of
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Table 1. Clinical Characteristics of the Study Participants

Start of the End of the
Observation Observation
Parameter Period Period P Value
No. 3274 3274
Age, y 4249 48+9
BMI, kg/m? 23.74+2.9 23.943.0 <0.01
Smoking (current), 1055 (32.2) | 843 (26.0) <0.01
No. (%)
Alcohol drinking 2787 (85.1) | 2903 (88.7) | <0.01
(current), No. (%)
Ethanol, g/d 12.2+10.8 14.24+11.7
SBP, mm Hg 12010 123+12 <0.01
DBP, mm Hg 7248 76+10 <0.01
Patients with hypertension, | 0 474 (14.5)
No. (%)
Heart rate, beats per min 6749 67410 0.10
baPWV, cm/s 12444143 1302+187 <0.01
rAl, % 68+13 72413 <0.01
LDL, mmol/L 3.18+0.78 3.19+0.77 <0.01
HDL, mmol/L 1.62+0.40 1.594+0.39 <0.01
Triglyceride, mmol/L 1.35+0.95 1.33+£0.91 0.29
FPG, mmol/L 5.004+0.69 4.91+0.81 <0.01
Hemoglobin Aq¢, % 5.2+0.5 5.3+0.6 <0.01
Creatinine, pmol/L 7549 7610 <0.01
eGFRmdrd, mL/min 81412 78412 <0.01
per 1.73 m?
eGFRckep, mL/min 86+9 83+9 <0.01
per 1.73 m2
Log (CRPx10) 0.85+0.28 0.84+0.28 0.12
Medications, No. (%)
Receiving medication 0 152 (4.6) <0.01
for hypertension
Receiving medication 56 (1.7) 160 (4.9) <0.01
for dyslipidemia
Receiving medication 44 (1.3) 90 (2.7) <0.01
for diabetes mellitus

baPWV indicates brachial-ankle pulse wave velocity; BMI, body mass index; DBP,
diastolic blood pressure; eGFRckep, estimated glomerular filtration rate by the Chronic
Kidney Disease Epidemiology Collaboration equation; eGFRmdrd, estimated glomerular
filtration rate by the Modification of Diet in Renal Disease Study equation; FPG, fasting
plasma glucose; HDL, high-density lipoprotein cholesterol; LDL, low-density lipoprotein
cholesterol; log (CRPx 10), log-transformed serum C-reactive protein levelx 10; rAl,
radial augmentation index; SBP, systolic blood pressure.

hypertension, history of medication for dyslipidemia and/or
diabetes mellitus [not receiving medication=0, receiving
medication=1]) revealed no significant predictors.

Linear regression analyses of the data at the start and at
the end of the study period demonstrated that the log
(CRPx 10) levels were significantly associated with SBP, DBP,

and baPWV (data not shown). Figure 4 shows the results of
the mediation analyses. Both at the start and at the end of the
study period, the log (CRPx 10) showed direct and indirect
(via baPWV) relationships with SBP and DBP.

Even after adjustments, higher values of the log (CRPx 10)
at each annual measurement after baseline were significantly
associated with a higher annual increase of the baPWV, but
not with a higher annual increase of the rAl or decline of the
eGFR by the Modification of Diet in Renal Disease study
equation or eGFRckep (Table 3). As subanalyses, the associ-
ation of the log (CRPx10) with the annual increase of the
baPWV was examined in subgroups of men (aged older than
40 years and those 40 years and younger [median of age]).

In the analysis by the LMM approach, the crude analysis
revealed that higher values of the baPWV and log (CRPx 10) at
each annual measurement were significantly associated with
higher annual elevations of the SBP and/or DBP. After
adjustments, however, the baPWV, but not the log (CRPx 10),
at each annual measurement was significantly associated with
higher annual elevations of SBP and/or DBP (Table 4).

Discussion

The novelty of the present study was as follows. Long-term
elevation of serum CRP levels was associated with a
longitudinal increase of baPWV, but not with a longitudinal
increase of rAl or longitudinal decrease of eGFR. This
longitudinal increase of baPWV was significantly associated
with longitudinal elevation of SBP/DBP. These findings
support the concept that inflammation plays a role in the
development of hypertension by the progression of arterial
stiffness in Japanese men. The strength of the present study
lies in the fact that we analyzed repeated-measurement data
by the LMM approach to confirm these findings.

Some clinical studies have reported the existence of
associations between elevated serum CRP levels and increase
of arterial stiffness and/or abnormal central hemodynam-
ics.?*?” However, inflammation has been reported to show
long-term variability,* which may have an influence on the
progression of arterial stiffness and/or central hemodynam-
ics. Our previous study, in which we examined the changes of
variables at 2 time points (ie, the start and the end of the
study period), failed to confirm any significant association
between changes of serum CRP levels and changes of arterial
stiffness over time.'* Thus, the longitudinal association of
serum CRP levels with arterial stiffness and/or central
hemodynamics has not yet been clearly demonstrated. In
the present study, which was a cross-sectional analysis, the
baPWV and rAl were higher in the participants with log
(CRPx10) values in the highest tertile than in those with the
values in the lowest or intermediate tertile during the obser-
vation period. On the other hand, analysis using the Cox
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Table 2. Number of Available Data for Each Variable at Each Annual Observation

Total Participants (N=3274) Annual Observation >5 Times (n=2066)

Annual Observation baPWV rAl SBP/DBP eGFRmdrd/ckep baPWV rAl SBP/DBP eGFRmdrd/ckep
Start 3274 3169 3274 3274 2066 1993 2066 2066
Second 2543 2461 2550 2548 1631 1587 1636 1635
Third 2015 1954 2022 2019 1498 1452 1505 1502
Fourth 2303 2231 2317 2313 1877 1820 1884 1881
Fifth 1772 1722 1777 1775 1576 1535 1581 1579
Sixth 1443 1389 1448 1446 1355 1306 1361 1359
Seventh 1686 1640 1696 1692 1591 1549 1599 1596
Eighth 1224 1188 1227 1227 1174 1140 1177 1177
Ninth 877 822 879 879 845 792 847 847

baPWV indicates brachial-ankle pulse wave velocity; DBP, diastolic blood pressure; eGFRckep, estimated glomerular filtration rate by the Chronic Kidney Disease Epidemiology
Collaboration equation; eGFRmdrd, estimated glomerular filtration rate by the Modification of Diet in Renal Disease study equation; rAl, radial augmentation index; SBP, systolic blood

pressure.

proportional-hazards regression model demonstrated that the
log (CRPx10) level at the start of the study was not a
significant predictor of the development of hypertension or
increased arterial stiffness at the end of the study period after
the adjustments for the covariates. However, this study is the
first to demonstrate a significant positive longitudinal asso-
ciation between sustained elevation of the serum CRP levels
and increase of the baPWV, but not rAl, in participants without
hypertension at the start of the study period. Thus, chronic
active inflammation may be associated with longitudinal
increase of arterial stiffness, rather than with abnormal
central hemodynamics, in men with BP in the normotensive or
prehypertensive range. While age affects the rate of progres-
sion of arterial stiffness and systemic inflammation,??%% the
age-related heterogeneity in the association between chronic
inflammation and longitudinal increase of arterial stiffness
might not be significant.

Most previous clinical studies performed to examine the
association of vascular abnormalities with BP elevation have
been prospective 2-point assessment studies.’®"® A recent
study using the MML approach revealed an association
between increase of arterial stiffness and BP elevation to the
hypertensive range.>° However, the number of measurements
in that study was relatively small (2 or 3 times),®® and it is
possible that the effects of time-varying confounding factors
were not fully excluded in this MML analysis. In the present
study, the mediation analyses demonstrated that the log
(CRPx 10) showed significant direct and indirect (via baPWV)
relationships with BP both at the start and at the end of the
study period. Then, MML analysis was conducted of repeated-
measures data (the mean number of measurements was 5.2).
In the crude analysis, the log (CRPx10) was significantly
associated with elevations of SBP and DBP, but this was no

longer the case after adjustment for baPWV, and only baPWV
was significantly associated with SBP and DBP. These findings
suggest that increased arterial stiffness is one of the key
players in the development of hypertension associated with
systemic inflammation. Increased arterial stiffness is thought
to affect SBP by increasing the amplitude of the forward
pressure wave caused by increased aortic impedance and that
of the reflected pressure wave from the periphery.®'3?

In the present study, we found a significant longitudinal
association of increased arterial stiffness with elevation of BP.
Several mechanisms other than inflammation, such as
sympathetic tone, oxidative stress, vascular growth factors,
and advanced glycation end products,®® could also contribute
to the increase of arterial stiffness. On the other hand, serum
CRP is thought to have limited ability to fully reflect
inflammation.®* The results of the present study indicate a
significant longitudinal association of baPWV, rather than that
of the CRP, with the elevation of BP over time.

The rAl reflects the degree of vascular damage of not only
the large to medium arteries, as assessed by measurement of
baPWV, but also of the peripheral arteries.®'*? In the present
study, serum CRP levels were associated with baPWV rather
than rAl. Inflammation, as reflected by elevated serum CRP
levels, might affect the stiffness of the large to medium
arteries, rather than that of the peripheral arteries, to induce
the development of hypertension. The plausible mechanisms
underlying inflammation-related arterial stiffening could
involve endothelial dysfunction, vascular smooth muscle cell
abnormalities, and/or increase in the collagen content of the
vascular wall.>'"3 Serum CRP is a known predictor of the rate
of renal function decline with time."® However, in the present
study (eGFR in most participants was >60 mL/min per
1.73 m?%), LMM analysis demonstrated no significant
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Figure 2. A, Annually measured values of the brachial-ankle pulse wave velocity (baPWV), radial augmentation index
(rAl), and estimated glomerular filtration rate during the observation period in participants with the log-transformed
serum C-reactive protein levels in the lowest or intermediate tertile at the start of the study (open circles) and in those
with levels in the highest tertile (closed circles). Because the measurements could not be conducted entirely
continuously during the observation period, the annual changes of the data are plotted discontinuously for each of the
participants. *=P<0.05 vs start; T=P<0.05 vs patients with log-transformed serum C-reactive protein levels in the lowest
or intermediate tertile at the start of the study. B, Annually measured values of the systolic and diastolic blood pressure
during the observation period in the participants with the log-transformed serum C-reactive protein levels in the lowest
or intermediate tertile at the start of the study and those with the levels in the highest tertile. AN indicates annual
observation; Annual observation >5 times, participants who underwent annual examinations more than 5 times; DBP,
diastolic blood pressure; eGFRckep, estimated glomerular filtration rate by the Chronic Kidney Disease Epidemiology
Collaboration study equation; SBP, systolic blood pressure; Start, start of the study period.
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Figure 3. A, Annually measured values of systolic blood pressure (SBP) and diastolic blood pressure (DBP) during
the observation period in participants with brachial-ankle pulse wave velocity values in the lowest or intermediate
tertile at the start of the study (open triangles) and in those with values in the highest tertile (closed triangles).
T=P<0.05 vs patients with brachial-ankle pulse wave velocity in the lowest/intermediate tertile at the start of the
study. B, Annually measured values of SBP and DBP during the observation period in participants with radial
augmentation index values in the lowest or intermediate tertile at the start of the study (open squares) and in those
with values in the highest tertile (closed squares). AN indicates annual observation; Start, start of the study period.
T=P<0.05 vs patients with radial augmentation index values in the lowest/intermediate tertile at the start of the study.
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Figure 4. Mediation analyses to determine the association between log-transformed serum C-reactive
protein levels and blood pressure. The mediation analyses describe the mediation of the relationship
between the log-transformed serum C-reactive protein levels and blood pressure by the brachial-ankle pulse
wave velocity. baPWV indicates brachial-ankle pulse wave velocity; DBP, diastolic blood pressure; log
(CRPx 10), log-transformed serum C-reactive protein levelx 10; SBP, systolic blood pressure.

relationship between serum CRP levels and the rate of change
of eGFR by the Modification of Diet in Renal Disease study
equation or eGFRckep.

Clinical Implications

Recently, studies to examine the efficacies of therapies
targeted at inflammation to prevent cardiovascular events

have been initiated.® The present study findings implicate the
inflammation-arterial stiffness axis in the development of
hypertension. This axis was significant and independent of
family history of hypertension; therefore, environmental
factors could possibly affect this axis. Lifestyle modifications
such as exercise, weight control, and/or salt restriction
reduce BP and also exert beneficial effects on inflammation
and arterial stiffness,®® and the present study provides a

Table 3. Results of Mixed Model Linear Regression Analysis to Examine the Associations of Annually Measured Log-Transformed
Serum CRP Levels With Annual Changes of the Markers of Vascular/Renal Abnormalities

Outcome Crude Estimate SE P Value Adjusted Estimate SE P Value
baPWV, cm/s 73.44 25.70 <0.01 82.77 27.04 <0.01
rAl, % —8.35 2.27 <0.01 —3.64 2.22 0.10
eGFRmdrd, mL/min per 1.73 m? 1.78 1.81 0.98

eGFRckep, mL/min per 1.73 m? —0.75 1.20 0.53

Age <40 y* (n=1680)

baPWV, cm/s | 79.78 | 2855 <0.01 | 55.76 | 30.99 | 005
Age >40 y' (n=1594)

baPWV, cm/s | 9591 | 45.99 | 0.04 | 15359 | 46.92 | <0.01

*Participants whose age at the start of the study period was 40 years or younger.

+Participants whose age at the start of the study period was older than 40 years. baPWV indicates brachial-ankle pulse wave velocity; eGFRckep, estimated glomerular filtration rate by the
Chronic Kidney Disease Epidemiology Collaboration equation; eGFRmdrd, estimated glomerular filtration rate by the Modification of Diet in Renal Disease Study equation; Estimate, 3
estimates of the interaction between time and each of the explanatory variables; Outcome, outcome variable; rAl, radial augmentation index. The covariates adjusted for were age; body
mass index; systolic blood pressure; heart rate; serum levels of low-density lipoprotein cholesterol, high-density lipoprotein cholesterol, and triglycerides; hemoglobin A;., smoking history;
drinking history; family history of hypertension; history of medication for hypertension, dyslipidemia, and/or diabetes mellitus (not receiving medication=0, receiving medication=1); and
time (years from baseline). The unit used for expressing the associations with the log-transformed serum C-reactive protein levelx 10 was per log (CRPx 10).
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Table 4. Results of the Mixed Model Linear Regression Analysis Conducted to Examine the Associations of Annually Measured
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Log-Transformed Serum CRP Levels and baPWV Values to the Annual Changes of BP

Outcome Explanatory Variable Crude Estimate SE P Value Adjusted Estimate SE P Value

SBP, mm Hg Log (CRPx10) 7.44 2.70 <0.01 4.08 2.97 0.17
baPWV 0.03 0.02x107" <0.01 0.03 0.02x107" <0.01

DBP, mm Hg Log (CRPx10) 8.33 2.18 <0.01 5.46 2.34 0.02
baPWV 0.03 0.01x107" <0.01 0.02 0.01x10"" <0.01

The covariates adjusted for included the same covariates as those for the changes in the markers of vascular/renal abnormalities, except that serum creatinine was substituted for systolic
blood pressure. The unit used for expressing the associations with baPWV was per cm/s. baPWV indicates brachial-ankle pulse wave velocity; BP, blood pressure; DBP, diastolic blood
pressure; log (CRPx 10), log-transformed serum C-reactive protein levelx 10; SBP, systolic blood pressure.

rationale for trials of potential therapeutic options targeted at
inflammation and/or arterial stiffness to prevent the devel-
opment of hypertension.®”

Limitations

The present study has a number of limitations. First, while the
reported rate of new-onset hypertension according to previ-
ous prospective studies is 30% to 50%,% "2 it was only 14.1%
in the present study. This could be attributable to the
selection bias possibly introduced by the study being
conducted in middle-aged employees of a Japanese construc-
tion company. It is possible that the participants were
motivated to maintain a healthy lifestyle, because the mean
BMI was 23.2 and the percentage of current smokers was
~30% (Table 1). Thus, while interpreting the data, the profile
of the study participants should also be taken into account.
For example, while age-related increase of serum CRP was
demonstrated in an epidemiological study,?’ the age-related
increase of serum CRP was attenuated in the present study,
possibly as a consequence of the healthy profiles of the
present study participants, as mentioned above. Also, further
studies are needed to confirm the present findings in women,
in other ethnicities, and/or in the general population. Second,
among the 3274 men enrolled in the study, the measure-
ments could be performed more than 5 times during the
observation period in 2528 participants. Accordingly, a
sensitivity analysis was conducted in these participants, and
the LMM analysis demonstrated an independent longitudinal
association of serum CRP with baPWV (B=23.393+11.405,
P=0.040). Third, baPWV actually reflects the stiffness of the
large to medium arteries,""16 and, therefore, the importance
of aortic stiffness in BP elevation could not be examined
precisely. Fourth, in the present study, BP was measured
twice on the same day, not on different days. Fifth, the effect
of habitual exercise, which is well known to affect BP and
arterial stiffness,®® was not examined in the present study.
Sixth, we could not definitely disprove the hypothesis that

“small vessel damage caused by pulsatile stress activates
inflammation.”®® Last, in the pooled analysis, the crude effect
of CRP (per log(CRPx 10)) on SBP was 73.44 on baPWV. In the
subgroup of participants 40 years and younger, the effect
estimate was 79.78, and, in the subgroup older than 40 years,
the effect estimate was 95.91. Generally, the estimate from
pooled analysis would be somewhere between those esti-
mates from the 2 subgroups, but this “unusual” finding was
likely caused by difference sample means among the 2 groups
and the entire sample.

Conclusions

In middle-aged Japanese men who did not have hypertension
at baseline, long-term persistence of active inflammation, as
reflected by elevated serum CRP levels, appeared to be
associated with a longitudinal increase of stiffness of the
medium to large arteries (as reflected by an increase of the
baPWV), but not with the abnormal changes of the central
hemodynamics or decline of the glomerular filtration rate. In
turn, the longitudinal increase of the arterial stiffness
appeared to be associated with longitudinal elevation of
systolic/diastolic BP to the hypertensive range. Thus, inflam-
mation may play a role in the pathogenesis of hypertension
via the progression of arterial stiffness.
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