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Abstract

FURIN is a proprotein convertase subtilisin/kexin enzyme important in pro-
renin receptor processing, and FURIN (furin, paired basic amino acid cleaving
enzyme) variants are involved in multiple aspects of blood pressure (BP) regu-
lation. Therefore, we examined associations among FURIN variants and the
immediate blood pressure (BP) response to bouts of aerobic exercise, termed
postexercise hypotension (PEH). Obese (30.9 £ 3.6 kg m 2) Black- (n = 14)
and White- (n =9) adults 42.0 & 9.8 year with hypertension (139.8 £ 10.4/
84.6 + 6.2 mmHg) performed three random experiments: bouts of vigorous
(VIGOROUS) and moderate (MODERATE) intensity cycling and control.
Subjects were then attached to an ambulatory BP monitor for 19 h. We per-
formed deep-targeted exon sequencing with the Illumina TruSeq Custom
Amplicon kit. FURIN genotypes were coded as the number of minor alleles
(#MA) and selected for additional statistical analysis based upon Bonferonni
or Benjamini-Yekutieli multiple testing corrected P-values under time-
adjusted linear models for 19 hourly BP measurements. After VIGOROUS
over 19 h, as FURIN #MA increased in 1s12917264 (P = 2.4E-04) and
rs75493298 (P = 6.4E-04), systolic BP (SBP) decreased 30.4-33.7 mmHg; and
in rs12917264 (P = 1.6E-03) and rs75493298 (P = 9.7E-05), diastolic BP
(DBP) decreased 17.6-20.3 mmHg among Blacks only. In addition, after
MODERATE over 19 h in FURIN rs74037507 (P = 8.0E-04), as #MA
increased, SBP increased 20.8 mmHg among Blacks only. Whereas, after
MODERATE over the awake hours in FURIN rs1573644 (P = 6.2E-04), as
#MA increased, DBP decreased 12.5 mmHg among Whites only. FURIN
appears to exhibit intensity and race-dependent associations with PEH that
merit further exploration among a larger, ethnically diverse sample of adults
with hypertension.
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FURIN Variants, Postexercise Hypotension, and Blacks

Introduction

Hypertension is the most prevalent cardiovascular disease
(CVD) risk factor (World Health Organization, 2013,
Benjamin et al. 2017). With the recently published Ameri-
can College of Cardiology (ACC)/American Heart Associ-
ation (AHA) Guidelines for hypertension (Whelton et al.
2018). One hundred and three million (46%) adults in
the United States now have hypertension compared to 72
million (32%) by the previous Joint National Committee
7 (JNC7) definition (Chobanian et al. 2003). The ACC/
AHA guidelines emphasize the importance of lifestyle
strategies such as exercise. Exercise lowers blood pressure
(BP) 5-8 mmHg among adults with hypertension
(Chobanian et al. 2003). These BP reductions are compa-
rable in magnitude to first-line antihypertensive medica-
tions and lower the risk of CVD 20-30% (Chobanian
et al. 2003; Allhat 2002; Whelton et al. 2002).

Results from our group (Pescatello and Kulikowich
2001; Thompson et al. 2001) and others (Fitzgerald 1981;
Wilcox et al. 1982; Haskell 1994; Halliwill 2001; Collier
et al. 2008) indicate the chronic BP reductions that result
from aerobic exercise training are related to the BP reduc-
tions following an acute aerobic exercise session, termed
postexercise hypotension (PEH), that persists for 24 h after
the exercise bout (Liu et al. 2012; Hecksteden et al. 2013;
Tibana et al. 2015; Wegmann et al. 2017). Thus, PEH is a
relevant clinical model to investigate the antihypertensive
effects of aerobic exercise. However, 20-25% of adult do
not exhibit PEH for reasons that are not clear that may
be due, in part, to genetic predispositions (Ash et al.
2013a,b; Bruneau et al. 2016; Bouchard et al. 1995).

FURIN (furin, paired basic amino acid cleaving enzyme)
consists of 16 exons and 15 introns on chromosome 15
band 15q26.1. Recent genome-wide association studies
with subjects of European descent demonstrated FURIN
variants that included rs2521501, rs2071410, rs6227, and
rs4702 are associated with elevated systolic BP (SBP) and
diastolic BP (DBP) (Ehret et al. 2011; Ganesh et al. 2013;
Turpeinen et al. 2015). The renin-angiotensin-aldosterone
system (RAAS) is of key importance in the physiological
and pathophysiological regulation of BP (Foéx and Sear
2004). Growing evidence shows FURIN, a proprotein con-
vertase subtilisin/kexin enzyme, is directly involved in the
modulation of the RAAS (Cousin et al. 2009) and sodium-
electrolyte balance (Schafer 2002; Hughey et al. 2004).
FURIN participates in the enzymatic-hormonal cascade of
the RAAS by activating its key component, the pro-renin
receptor (PRR), which mediates the formation of angioten-
sin, a potent vasoconstrictor (Foéx and Sear 2004; Cousin
et al. 2009; Schafer 2002; Hughey et al. 2004; Ren et al.
2017). In addition, FURIN is involved in the activation of
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an important renal sodium transporter, epithelial Na+
channel (ENaC), which is responsible for the rate limiting
step of sodium reabsorption, a key factor for extracellular
fluid volume and BP control (Schafer 2002; Hughey et al.
2004; Ren et al. 2017).

In previous work, we found that several variants in the
RAAS associated with PEH in an intensity and race-
dependent manner. These renal variants included
endothelial nitric oxide synthase (NOS3), angiotensin
converting enzyme (ACE), angiotensin II (AGT), and
angiotensin II type 1 receptor (AGTRI) (Augeri et al.
2009; Olson et al. 2012; Ash et al. 2013a; Pescatello et al.
2017). These findings and FURIN’s regulatory role in BP
control make FURIN a biological plausible candidate gene
to explore for associations with PEH. Thus, the purpose
of this study is to examine if FURIN variants exhibit
intensity and race-dependent associations with PEH
among Black and White adults with hypertension.

Material and Methods

Overview

We applied the same study design used in our previous PEH
studies as illustrated in Figure 1 (Blanchard et al. 2006; Pes-
catello et al. 2008; Augeri et al. 2009; Olson et al. 2012; Ash
et al. 2013a; Pescatello et al. 2016, 2017). The subjects and
data from two previous reports (Pescatello et al. 2016, 2017)
were used in the current study as well. We obtained a blood
sample for deep-targeted exon sequencing and a fasting car-
diometabolic profile at the orientation session. The subjects
then left the laboratory wearing an ambulatory BP monitor
until the next morning to familiarize them with the technol-
ogy (Pescatello et al. 2017; Ash et al. 2013a,b). Subsequently,
the subjects underwent three randomly assigned acute experi-
ments: a cardiopulmonary graded exercise test (GEST) on a
cycle ergometer to measure peak oxygen consumption (VO2-
peak) (VIGOROUS); 30 min of cycling at 60% VO,pear
(MODERATE); and a 30-min control session of seated rest
(CONTROL). We measured BP for 20 min before and
45 min after these experiments. Subjects then left the labora-
tory wearing an ambulatory BP monitor for 19 h until the
next morning.

Subjects

Subjects (n = 23) were 18-55 years of age. They were
sedentary (i.e., exercising <2 days per week), and over-
weight to obese [i.e., body mass index (BMI) >25 to
<40 kg m?] with elevated to stage 1 hypertension
(Whelton et al. 2018) (Table 1). They self-reported their
race as White or Black. Participants were required to stop
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Figure 1. Study design overview. ABP, ambulatory blood pressure worn until the next morning; VO,peak, Peak oxygen consumption as

determined on the peak cardiopulmonary graded exercise stress test.

using any medications (e.g., oral steroids, aspirin, herbal
supplements, etc.) that could possibly influence BP at
least 4 weeks prior to testing. Subjects with any muscu-
loskeletal impairments were not enrolled if these condi-
tions restricted their ability to complete the exercise
experiments. With physician permission, two subjects
stopped using their antihypertensive medications >
6 weeks prior to study participation. Women had regular
menstrual cycles. The subjects’ weight was monitored
throughout study duration to ensure weight stability (i.e.,
gaining or losing <2.25 kg of baseline body weight). All
subjects completed an informed consent approved by the
Institutional Review Boards of the University of Connecti-
cut and Hartford Hospital.

Body composition

Body mass index (BMI) (kg m %) was calculated from
body weight and height with a calibrated balance beam
scale. Waist circumference was measured with a non-flex-
ible Gulick tape measure at the narrowest part of the
torso (Pescatello et al. 2013).

Blood pressure

At the orientation session, BP was measured with standard
procedures (Pickering et al. 2006) using an automated
BPTRU monitor (BPTRU Medical Devices; Coquitlam,
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Canada) to identify BP status. Before the experiments, all
participants remained seated for 20 min, and BP was mea-
sured every 2 min in the non-dominant arm with the
automated BPTRU monitor. The BP measurements taken
in the last 10 min of the baseline period were averaged
and recorded as baseline BP. After the orientation session
and the three experiments (i.e., CONTROL, MODERATE,
VIGOROUS) following our previous protocol (Augeri
et al. 2009; Olson et al. 2012; Ash et al. 2013a; Pescatello
et al. 2017) subjects were attached to an ambulatory BP
monitor (Oscar2 automatic noninvasive ambulatory BP
monitor, Suntech Medical Instruments Inc., Raleigh, NC)
with a calibration check done by a mercury sphygmo-
manometer. After the 45-min postexercise recovery period,
the ambulatory BP monitor was programmed to obtain
three ambulatory BP assessments for each waking hour
and two for each sleeping hour over 19 h. We instructed
the subjects to proceed with their normal daily activities
and not to engage in formal exercise while wearing the
monitor. They noted any unusual physical or emotional
events as well as their awake (n =10 h) and sleep
(n =9 h) time to total 19 h of wearing the monitor on a
journal diary that they carried with themselves while wear-
ing the ABP monitor. We removed ambulatory BP read-
ings of systolic BP (SBP) >220 or <80 mmHg or diastolic
BP (DBP) >130 or <40 mmHg according to the manufac-
turer’s exclusion criteria. Ambulatory BP reports were
valid if we received at least 80% of the potential BP
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Table 1. Subject Characteristics (X £ SD) (Pescatello et al. 2016).

Variable Whites (n = 9) Blacks (n = 14)
Age (year) 451+ 7.8 399 + 10.6
Gender (male/female) 9/0 10/4
Body mass index (kg m~2) 305+ 1.8 31.1 £45
Waist circumference (cm) 98.0 + 7.2 883 + 9.4
Relative peak oxygen 29.7 £ 6.4 253 + 5.7
consumption
(mL kg~ min~")
Awake systolic blood 139.3 +£ 7.0 140.2 + 12.3
pressure (mmHg)
Awake diastolic blood 85.0 + 5.1 84.3 +£6.9
pressure (mmHg)
Glucose (mg dL™") 96.4 + 12.2 97.2 + 10.3
Ambulatory arterial 0.415 + 0.93 0.391 + 0.143
stiffness index
Insulin (ulU mL™") 13.1 £ 10.1 94+ 6.0
Homeostatic Model 3.1 +£22 23+ 15
of Assessment
Total cholesterol 207.8 + 313 178.5 + 27.3
(mg dL™")
Low density lipoproteins 129.4 + 20.3 108.3 + 32.7
(mg dL™")
High density lipoproteins 441 +£ 109 539 + 14.8
(mg dL™")
Triglycerides (mg dL~") 170.8 + 88.8 83.7 + 35.87
Nitrite (NO,~)/Nitrate 233 +£37.0 109 + 13.1
(NO57) (umol L™
C-reactive protein 1.1 £1.0 2.8 £35
(mg dL™")
Endothelin (pmol L 0.222 £ 0.213 0.378 + 0.663
Plasma renin activity 1.7 £ 1.09 0.946 + 0.840
(ngmL="h™") (n=2) (n=8)
P <0.05.
2p < 0.01.

readings. We calculated the ambulatory arterial stiffness
index (AASI) after CONTROL as 1-(slope of DBP vs. SBP
over 19 h.) (Dolan et al. 2006).

Acute experiments

Subjects finished three randomly assigned acute experi-
ments: a non-exercise control session of seated rest (CON-
TROL) and two cycle exercise bouts on an upright cycle
ergometer (Monarch 839E Digital Cycle Ergometer, Stock-
holm, Sweden) at 60% (MODERATE) and 100% (VIGOR-
OUS) VOjpeak  (Fig. 1). The three experiments were
separated by a minimum of 48 h to avoid the confounding
effects of acute exercise and performed at the same time of
day to account for the diurnal variation in BP. The partici-
pants were instructed to consume a standard breakfast 2—
3 h before and refrain from caffeinated beverages for 6 h
before all experiments. All experiments for a given subject
were completed within 1 month of beginning the study.
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The same research assistant measured heart rate (HR),
SBP, and DBP for all subjects and experiments. At the
beginning of each experiment subjects were seated at rest
for a 20-min baseline period during which HR was
recorded with a HR monitor (Polar Electro Inc., Port
Washington, NY) every 2 min, while SBP and DBP were
obtained every other minute by auscultation. BP and HR
were measured in the seated position every 2 min during
the 45-min postexercise recovery period. The subjects left
the laboratory wearing an ambulatory BP after the experi-
ments until they woke the following morning when they
detached the monitor and physically returned it along
with the journal to the research assistant. The research
assistant examined the journal and ABP reports after each
visit for any unusual physical or emotional events that
may have impacted a reading.

VIGOROUS  (100% VOspea) consisted of a peak
graded cardiopulmonary GEST on a cycle ergometer of
continuous cycling at a constant cadence (60 rev/min)
starting with a resistance of 0.5 kp (30 W) that was
increased 0.5 kp every 2 min until volitional exhaustion.
VOjpeax Was measured by breath-by-breath analysis of
expired gases (ParvoMedicsTrueOne® 2400 Metabolic
Measurement System, ParvoMedics Inc., Sandy, UT). HR
was recorded continuously with a 12-lead electrocardio-
graph (Marquette Case 8000, Jupiter, FL), and BP was
obtained every 2 min by auscultation during the GEST.
The workload of the other exercise experiment (MODER-
ATE) was calculated using the results of the peak car-
diopulmonary GEST  (VIGOROUS). The subjects
performed the two remaining experiments in random
order: non-exercise control of 30 min of seated rest and
MODERATE (60% VO,pea) Which consisted of a 5-min
warm up of cycling with no resistance, 20 min of cycling
at 60% VOspeqro and a 5-min cool down to total 30 min.
HR, SBP, and DBP were measured at 5-min intervals dur-
ing non-exercise control and MODERATE.

Blood sampling and analysis

Fasting blood samples were drawn without stasis from an
antecubital vein and centrifuged at 3400¢ at 23°C for 10—
15 min during the orientation session. Serum was
separated into red top and plasma samples in EDTA
vacutainer tubes. Serum and plasma samples were pipet-
ted into different 1.8 mL non-pyrogenic storage tubes
and frozen at —80°C for future analysis. Enzymatic/spec-
trophotometric methods were used to identify glucose
and insulin and calculate the homeostasis model assess-
ment, a biomarker of insulin resistance (Matthews et al.
1985). The same methods were used to determine total
cholesterol, triglyceride, and high-density lipoprotein
cholesterol  concentrations from which low-density
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lipoprotein cholesterol was calculated with the Friedewald
equation (Friedewald et al. 1972). Nitrite (NO,_)/Nitrate
(NOs.), high sensitivity C-reactive protein (CRP),
endothelin 1-21, and plasma renin activity (PRA) were
also measured by enzymatic/spectrophotometric methods.
Blood analyses were done with two levels of quality con-
trol. A blood sample for DNA analysis was drawn into an
EDTA purple top vacutainer tube that was centrifuged for
white cell isolation and frozen at —80°C for future DNA
extraction.

Targeted sequencing and variant calling

Using the Illumina TruSeq Custom Amplicon kit (Cata-
log# FC-130-1001, Illumina, San Diego, CA) (Pescatello
et al. 2017), we carried out deep-targeted exon sequencing
of a prioritized panel of 41 genes. This panel contained
polymorphisms reported to be associated with hyperten-
sion, the BP response to pharmacotherapy, and/or the BP
response to PEH and exercise training (Ash et al. 2013a;
Bruneau et al. 2016). The Illumina Design Studio soft-
ware was used to create probes for the generation of 1214
amplicons with a size range of 225-275 bp. The TruSeq
Custom Amplicon file included Target ID, region, chro-
mosome, and start and end hgl9 reference coordinate
positions. Following the TruSeq Custom Amplicon
Library Preparation Guide, sequencing libraries were pre-
pared. For all libraries, DNA input mass was 250 ng of
DNA. We generated libraries with dual indices (23 PCR
cycles) and then completed normalization and pooling.
Mlumina MiSeq version 2 reagents (250 paired-end reads)
were used to sequence the library amplicon pool. From
the library amplicon pool, 7.1 million pair-end reads (6.8
million passing quality filter) were obtained. MiSeq
Reporter Software (version 2.3.32), using the TruSeq
Amplicon workflow, created Fastq files and aligned reads
to the hgl9 human reference sequence with the Smith-
Waterman algorithm. The Genome Analysis Toolkit
(GATK) was used for variant calling (single-nucleotide
variants and small insertion/deletions) and the formation
of the variant calling files (VCF). For all further down-
stream analysis, a merged VCF was formed with VCF
tools v 0.1.12b (Danecek et al. 2011) and custom R
scripts (R v3.2.0). Only variants with FILTER = PASS
were kept. We calculated the total number of variants
present per subject and each polymorphism’s major and
minor allele (MA) frequency for each defined amplicon
target region of each subject.

Statistical analysis

Descriptive statistics (Mean 4+ SD) were performed for
the total sample and by racial group. We utilized
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independent t-tests to determine if there were differences
in subject descriptive characteristics by racial group.
Moreover, we used repeated measures analysis of covari-
ance to test if the BP response, defined as the change
from baseline following MODERATE, VIGOROUS, and
CONTROL at hourly intervals under ambulatory condi-
tions, differed over 19 h with age and BMI as covariates
and gender and race as fixed factors. We used SPSS 14.0
(Chicago, IL) for statistical analysis.

Variant screening

The screening technique has been described in detail previ-
ously (Pescatello et al. 2016, 2017). Briefly, we analyzed
genotypic values coded as the number of MA (#MA) for 645
variants from 41 genes (Pescatello et al. 2016, 2017). Linear r
mixed models were fit for each race separately that included
polynomial time (order 3), polymorphism under an additive
model, and polymorphism x time interactions as covariates,
BP response as the dependent variable, and a first-order
autoregressive (AR1) correlation structure for the 19 repeated
observations within subject. For each polymorphism, Bonfer-
roni and Benjamini—Yekutieli (BY) (Benjamini and Yekutieli
2005) adjusted P-values were calculated, correcting for the
total number of unique polymorphism profiles among each
racial group resulting in 300 polymorphisms for Blacks and
146 for Whites. Similar models were fit over the 10 h awake
period. FURIN polymorphisms that passed the multiple test-
ing thresholds (i.e., Bonferroni adjusted P < 0.05 and/or BY
adjusted P-values) were examined for further statistical mod-
eling and analysis. FURIN genotype-BP differences by the
#MA after VIGOROUS and MODERATE compared to
CONTROL were presented as the average change over time
with the associated P value resulting from the screening
model that accounted for repeated measures over time.

Final multivariable regression models

As stated in our previous reports (Pescatello et al. 2016,
2017), for each polymorphism passing the multiple testing
threshold, covariates were chosen for inclusion in the
final models if they were marginally associated (P < 0.05)
with the BP response using models fit by maximum likeli-
hood (ML). AR1 provided the best fit in terms of Akaike
Information Criteria in all cases compared to other possi-
ble within subject correlation structures (e.g., compound
symmetry and independent structures). We report the
likelihood ratio test (LRT) P-values and the partial
proportion of variation explained (PVE) for the polymor-
phism effects based on ML estimation using AR1 within-
subject correlation structure. The PVE for a given model
was defined as R? ., = 1-(Lx/Ly)*", where Ly is the
restricted maximized likelihood from a model containing
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only an intercept, Ly is the unrestricted maximized likeli-
hood for the given model, and # is the number of sub-
jects (Maddala 1983; Magee 1990). The partial PVE for
each polymorphism was the difference between R%,, for
the final model (including the covariate and polymor-
phism effects) and R*, for the final model excluding
polymorphism effect(s) (Schemper 1993). The parameter
estimates for the final models using the restricted maxi-
mum likelihood (REML) method are also reported. Statis-
tical analysis for screening and final models was
performed in R and SAS version 9.4, respectively.

Annotation assessment of causal variation
and regulatory effects

For each polymorphism that passed the multiple testing
threshold, we determined the combined annotation-
dependent depletion (CADD) score (Kircher et al. 2014)
that quantitatively prioritizes functional, deleterious, and
disease causal variants across a wide range of functional
categories, effect sizes, and genetic architectures. More
severe allelic substitutions in terms of their causal varia-
tion correspond to higher CADD scores. CADD scores of
>10 indicate that substitutions in a polymorphism are
predicted to be the 10% most deleterious substitutions in
the human genome. Moreover, ENCODE-based data sets
were searched to derive regulatory effects for the poly-
morphisms that passed the multiple testing threshold
using the Chromatin Immunoprecipitation Coupled to
Massively Parallel Sequencing (ChIP-seq) annotations
across ENCODE cell lines and the human reference lym-
phoblast cell line GM12878 hgl9. Genome segmentation
data for hgl9 was based on 25 different chromatin states
(including eight different chromatin marks, RNA poly-
merase II, and CTCF binding) that are used to segment
the genome using both ChromHMM and Segway (Hoft-
man et al. 2012).

Results

Subjects

Subject characteristics for all variables have been previ-
ously reported (Pescatello et al. 2016, 2017) and are
shown in Table 1. There were 19 men, 10 of who were
black and nine white, and four black women that partici-
pated who on average were middle-aged and of poor to
very poor cardiorespiratory fitness for men and women of
their age (Pescatello et al. 2013). Although the current
study examined variants in a different gene from our pre-
vious reports (Pescatello et al. 2016, 2017), the subjects
and BP phenotype examined were the same across these
reports. Accordingly, when the minor allele counts were

2019 | Vol. 7 | Iss. 3 | e13952
Page 6

B. T. Cilhoroz et al.

similar for the FURIN variants in a given subject as in
the different genetic variants in our previous reports, the
covariate values and linear mixed models regarding the
BP results are similar across the three studies.

The blood pressure response by number of
FURIN variant minor alleles

The SBP and DBP responses did not differ among the
total sample (Fig. 2) (Pescatello et al. 2016, 2017). Similar
to our previous findings for ACE, AGTRI, CYPI1I1B2,
ADDI (Pescatello et al. 2016), and NOS3 (Pescatello et al.
2017), differences were found between Whites and Blacks
for SBP and DBP responses over 19 h after VIGOROUS
and MODERATE compared to CONTROL by FURIN
variant #MA passing multiple testing thresholds.

For FURIN rs12917264 (P = 2.4E-04) and rs75493298
(P = 6.4E-04), systolic BP (SBP) decreased 30.4-
33.7 mmHg. For FURIN rs12917264 (P = 1.6E-03) and
1s75493298 (P = 9.7E-05), diastolic BP (DBP) decreased
17.6-20.3 mmHg. In addition, for FURIN rs74037507
(P = 8.0E-04), SBP increased 20.8 mmHg among Blacks
only. Whereas, after MODERATE over the awake hour,
as the #MA increased for FURIN rs1573644 (P = 6.2E-
04), DBP decreased 12.5 mmHg among Whites only
(Table 2).

Proportion of variance explained

Table 3 shows the PVE in the multivariable regression
models for the SBP and DBP response to VIGOROUS
and MODERATE among Blacks, with and without
FURIN polymorphisms. Resting ambulatory SBP over
19 h, age, resting AASI over 19 h, and time (order 3)
accounted for 92.5% of the variation in the SBP response
to VIGOROUS. Furthermore, the individual FURIN vari-
ants explained up to 5.6% (P = 6.3E-04) of the variation
when resting ambulatory SBP over 19 h, resting AASI
over 19 h, and age in the model were accounted for. For
the DBP response to VIGOROUS, fasting triglycerides,
gender, and endothelin accounted for 85.8% of the varia-
tion. However, the individual FURIN variants explained
up to 7.6% (P = 1.1E-03) of the variation in the DBP
response to VIGOROUS, when fasting triglycerides, gen-
der, and endothelin in the model were accounted for. For
the SBP response to MODERATE, insulin accounted for
66.2% of variation. When insulin was accounted for,
FURIN  variants explained an additional 6.9%
(P =0.0736) of the variations in the SBP response to
MODERATE.

Table 4 shows the PVE for the DBP response to MOD-
ERATE among Whites for the final multivariable regres-
sion models without the FURIN variants and the partial
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Figure 2. Overall blood pressure (BP) change. The average change in ambulatory systolic and diastolic BP from baseline after aerobic exercise
versus control at hourly intervals over 19 h. CONTROL, nonexercise session of seated rest; MODERATE, 60% VO,peax; P> 005 exercise versus

nonexercise control (Pescatello et al. 2016).

PVE for each FURIN polymorphism after accounting for
the other covariates in the model. Covariates including
CRP and family history of hypertension accounted for
75.8% of the variation in DBP response to MODERATE.
Whereas, the individual FURIN variants explained up to
15.0% (P = 7.75E-04) of the variation in the DBP
response to MODERATE, when the other covariates in
the model were accounted for.

Discussion

In this study, we investigated whether FURIN variants
exhibited significant associations with PEH among Black
and White adults with elevated BP to Stage 1 hyperten-
sion. Our findings revealed that FURIN r1s12917264,
1rs75493298, rs1573644, and rs74037507 significantly asso-
ciated with PEH in an intensity and racially dependent
manner. For FURIN rs12917264 and rs75493298, after
VIGOROUS over 19 h as the #MA increased, SBP de-
creased by 30-34 mmHg and DBP decreased 17—
20 mmHg after VIGOROUS compared to CONTROL
among Blacks only. Additionally, for FURIN rs1573644,
after MODERATE over the awake hour, as the # MA
increased, DBP decreased 12.5 mmHg among Whites only.
In contrast, for FURIN rs74037507, as the #MA increased,
SBP increased 20.8 mmHg after MODERATE over 19 h
among Blacks only.

The BP reductions we observed in the FURIN genetic
variants of rs12917264, rs75493298, and rs1573644 is

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of

The Physiological Society and the American Physiological Society.

comparable to that seen with antihypertensive medication
use (Chobanian et al., 2003) and sufficient to lower ele-
vated BP unto normal BP ranges for the remainder of the
day following a bout of acute exercise. Furthermore, these
findings are consistent with our previous studies investi-
gating NOS3 and renal variants that included ACE, AGT,
AGTRI, CYPI11B2 (Augeri et al. 2009; Olson et al. 2012;
Ash et al. 2013a; Pescatello et al. 2017). Overall, these
FURIN variants accounted for 3.6-15.2% of the variance
in BP response to VIGOROUS or MODERATE. The
magnitude of this variation explained appears to be larger
than that reported for individual variants in previous
exercise studies investigating health-related phenotypes
(Olson et al. 2012; Bruneau et al. 2016). On the other
hand, we found the clinical biomarkers that included
arterial stiffness index, age, gender, fasting insulin, triglyc-
erides, endothelin, family history, and CRP accounted for
66.2-92.5% of the variation in the BP response after VIG-
OROUS or MODERATE depending on the final multi-
variable regression model. These findings are consistent
with a provocative recent study (Pazoki et al. 2018) that
found traditional clinical biomarkers of CVD risk that
included healthy lifestyle behaviors such as physical activ-
ity, have stronger effects on resting BP levels than do
genetic predispositions.

While high BP affects different racial/ethnic popula-
tions, the prevalence of hypertension in Blacks is the
highest among all ethnic groups at 59% among men and
56% among women according to the BP classification

2019 | Vol. 7 | Iss. 3 | e13952
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Table 4. Proportion of variance explained in the multivariable regression models for the diastolic blood pressure response following MODER-
ATE among Whites, with and without polymorphisms from the FURIN gene.

MODERATE
DBP
Polymorphism Model’ PVE P value®
None BP Response = 4.1561 + 5.0085*|og(CRP) -7.4992FxHTN 0.7588 -
Polymorphism Model Partial PVE? P value®
rs1573644 BP Response = 5.5691 + 3.4873*|og(CRP)—5.8225FXxHTN—3.7874*SNP 0.1519 7.75 x 1074
rs1573644% BP Response = 3.4027 + 2.7870*|og(CRP) -7.1663FXHTN—6.7335*SNPr 0.1439 0.0013

MODERATE, 60% VO,peak; DBP, diastolic blood pressure; PVE, proportion of variance explained; SNP, polymorphism; CRP, C Reactive Protein;

FXHTN, Family History of Hypertension.

"Restricted maximum likelihood estimates reported; all covariates centered except for polymorphism.

2Either polymorphism only (when there is no polymorphism by time interaction) or joint polymorphism and polymorphism by time effects
(when there is a polymorphism by time interaction), computed using maximum likelihood.

3Likelihood ratio tests for either polymorphism only (when there is no polymorphism by time interaction) or joint polymorphism and polymor-
phism by time effects (when there is a polymorphism by time interaction) under maximum likelihood.

“Recessive model for polymorphism (i.e., SNPr = 0 if 0 or 1 copies of the minor allele; SNPr = 1 if 2 copies of the minor allele; additive genetic

models used for all other polymorphisms (i.e., SNP = #minor allele).

scheme of the new ACC/AHA Guidelines for hypertension
(Whelton et al. 2018). Recently, Diaz et al. (2017) have
shown regular participation in vigorous intensity physical
activity has an important role in reducing incident hyper-
tension, and thereby, improving cardiovascular health
among Blacks. Similarly, Liu et al. (2017) found that
blacks had a larger reduction in incident hypertension
than whites of 24% versus 6%, respectively, when meeting
or exceeding the physical activity recommendations. Our
findings support these studies in that vigorous physical
exercise confers the largest BP reductions among Blacks
who were FURIN variant MA carriers, a finding consis-
tent with our previous reports from the same dataset
(Pescatello et al. 2016, 2017).

Several lines of evidence showed that racial differences
exist in PEH between Blacks and Whites for reasons that
are not clear (Headley et al. 1998; Pescatello et al. 2003;
Santa-Clara et al. 2003; Bond et al. 2005; Brandon and
Elliott-Lloyd 2006; Jones et al. 2006, 2007; Enweze et al.
2007; Yan et al. 2016). Nonetheless, the role of FURIN in
the modulation of PEH is supported by its important BP
regulatory actions. FURIN, a proprotein convertase subtil-
isin/kexin enzyme, participates in the regulation of extra-
cellular fluid volume and angiotensin formation via the
activation of the ENaC and PRR in the RAAS (Cousin
et al. 2009; Schafer 2002; Hughey et al. 2004). Overactiva-
tion of ENaC results in increased salt and water retention
(Lindhorst et al. 2007) and is thought to arise from ENaC
mutations (Lindhorst et al. 2007; Baker et al. 1998) that
have been shown to be far more prevalent in Blacks with
hypertension compared to Blacks with normal BP (Baker
et al. 1998; Henderson et al. 2004). Furthermore, overex-
pression of PRR leads to an enhanced aldosterone secre-
tion stimulated by excess angiotensin production,

2019 | Vol. 7 | Iss. 3 | e13952
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promoting incident hypertension (Burckle et al. 2006;
Yang 2015; Xu et al. 2016).

Moreover, recent genome-wide association studies
(Ehret et al. 2011; Ganesh et al. 2013; Turpeinen et al.
2015) revealed that FURIN rs4702, rs6227, rs2521501, and
rs2071410 were significantly associated with elevated BP
after adjustment for multiple testing. Of note,
FURIN 152071410 (r* = 0.927), rs6227 (r* = 0.927), and
151573644 (r* = 0.857) that were significantly associated
with PEH in our study were in strong linkage disequilib-
rium with FURIN rs2521501 that was observed by Ehret
et al. (2011), reinforcing the role of FURIN in BP regula-
tion. In addition, Turpeinen et al. (2015) showed that
FURIN 154702 strongly associated with systemic vascular
resistance (P = 0.005) but not cardiac output (P = 0.09).
It is well-established that PEH occurs due to reductions in
systemic vascular resistance with no concomitant increase
in cardiac output among adults with hypertension who are
healthy other than their hypertension such as the subjects
in our study (Halliwill 2001). Therefore, the intensity and
racial dependent modulations of PEH by FURIN variants
may be due to alterations in systematic vascular resistance
via its regulatory actions on extracellular fluid volume and
angiotensin formation via the RAAS.

The methods used in our power calculations are
described in detail elsewhere (Pescatello et al. 2016,
2017). Using these methods, we calculated the power to
detect the BP-FURIN genotype significant differences ran-
ged from 11% for rs75493298 to 40% for rs12917264 in
Table 2. To the best of our knowledge, this study is the
first reporting that FURIN variants exhibited exercise
intensity and racial dependent associations with PEH.
Nonetheless, the small sample size is a major limitation.
Thus, our preliminary findings from these models should

© 2019 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
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be interpreted cautiously. Future mechanistic studies are
needed to confirm our novel findings among a larger,
ethnically diverse sample of men and women with hyper-
tension to better establish the role of FURIN variants in
the regulation of the BP response to both acute (i.e.,
PEH) and chronic (i.e., training) aerobic exercise.
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