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An exaggerated blood pressure response to resistance exercise is a marker of masked hypertension and a risk factor for future essential hypertension. Habitual aerobic exercise decreases systolic blood pressure (SBP) during resistance exercise in older individuals, but the underlying mechanisms have not been explored. This study tested the hypothesis that nitric oxide (NO) mediates a reduction of resistance exercise SBP with aerobic training in older individuals. Normotensive older adults participated in a 6-week program as a part of the aerobic training group (n = 23, exercised for an average of 4.4 d/wk and 59 min/d) or the control group (n = 26, asked not to modify their lifestyle during the experimental period). The aerobic exercise intervention increased plasma concentrations of nitrite/nitrate (NOx, end products of NO) and decreased SBP during a one-hand arm curl exercise at 20% and 40% of one-repetition maximum and brachial-ankle pulse wave velocity (an index of arterial stiffness). In the control group, there were no differences in these measures before and after the experimental period. Changes in plasma NOx concentrations during the study period were correlated with changes in resistance exercise SBP. Stepwise regression revealed that changes in plasma NOx concentrations during the experimental period are a significant factor of changes in resistance exercise SBP, independent of age, sex, and changes in serum lipid profile, maximal oxygen uptake, resting SBP, and other variables. These results suggest that NO is associated with decreases in resistance exercise SBP with aerobic training in older individuals and help us better understand why habitual aerobic exercise prevents cardiovascular disease.
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INTRODUCTION

An exaggerated blood pressure response to exercise is a risk factor for future cardiovascular disease (Keller et al., 2017; Schultz et al., 2017). To attenuate the blood pressure response, researchers have been investigating the relationships between blood pressure response and lifestyle components such as dietary habits (Michishita et al., 2019) and supplementation (Kim et al., 2018), habitual exercise (Kokkinos et al., 1997; Pitsavos et al., 2011), and medications (Nashar et al., 2004; Chant et al., 2018; Piche et al., 2018), because ischemic heart disease and stroke have been the leading causes of death around the world for the last 15 years. They have resulted in 15.2 million deaths in 2016, according to the World Health Organization [WHO] (2018). Although aerobic exercise, such as treadmill walking or ergometer cycling, has been used as part of exercise testing in these studies (Kokkinos et al., 1997; Nashar et al., 2004; Pitsavos et al., 2011; Chant et al., 2018; Kim et al., 2018; Piche et al., 2018; Michishita et al., 2019), resistance exercise, such as lifting objects and mopping, is part of the activities of daily living. Elevated blood pressure during resistance exercise is a marker of masked hypertension (Koletsos et al., 2019), independent factor of arterial stiffness (Koletsos et al., 2019; Otsuki and Kotato, 2019), and risk factor for future essential hypertension (Chaney and Eyman, 1988). Therefore, it is important to explore lifestyle modifications to decrease blood pressure during resistance exercise.

Kruse et al. (2018b) recently reported that 8 weeks of sodium nitrate supplementation decreased mean blood pressure during resistance exercise in patients with peripheral artery disease. In healthy middle-aged and older individuals, we previously reported that 6 weeks of aerobic exercise training decreases systolic blood pressure (SBP) during resistance exercise (Otsuki et al., 2016). However, the mechanisms underlying the reduction in resistance exercise SBP with aerobic training remain unclear. One potential mechanism is nitric oxide (NO), a vasodilatory factor. In animal studies, blunting of sympathetic vasoconstriction during exercise (functional sympatholysis) was enhanced through a NO-dependent mechanism (Jendzjowsky and Delorey, 2013; Mizuno et al., 2014). Human studies have reported that aerobic training increases plasma concentrations of nitrite/nitrate (NOx, end products of NO) (Maeda et al., 2004; Fujie et al., 2014, 2015) and improves functional sympatholysis (Mortensen et al., 2014). In addition, decreases in resistance exercise SBP by aerobic training are correlated with decreases in arterial stiffness (Otsuki et al., 2016); NO is a potent regulator of arterial stiffness (Wilkinson et al., 2002; Sugawara et al., 2007).

We hypothesized that an increase in NO production resulting from aerobic training decreases SBP during resistance exercise in older individuals. To test this hypothesis, we measured blood pressure during a one-hand arm curl exercise at 20% and 40% of one-repetition maximum (1RM) (Otsuki et al., 2016), because various upper-arm activities at low intensity are needed during activities of daily living, plasma NOx concentrations, and brachial–ankle pulse wave velocity (baPWV, an index of arterial stiffness) before and after a 6-week aerobic training program in older individuals. The aerobic exercise intervention was performed according to our previous study (Otsuki et al., 2016) to elucidate the mechanisms underlying the reduction in resistance exercise SBP with aerobic training demonstrated in the previous study.

MATERIALS AND METHODS

Participants

We recruited participants without any disorders for which exercise is contraindicated (e.g., unstable ischemia and acute low back pain) through community magazines. Participants chose the control (11 men and 15 women, 65 ± 7 years of age [mean ± SD]) or training (9 men and 14 women, 67 ± 8 years) group and volunteered to participate in this study. Participants with treated or untreated hypertension (SBP/diastolic blood pressure [DBP] ≥140/90 mmHg) were excluded (SBP/DBP [mean ± SD]; control group, 110 ± 13/65 ± 8 mmHg and training group, 109 ± 13/64 ± 8 mmHg). In addition, participants with diabetes, on hormone replacement therapy, or who smoked tobacco were excluded. Subjects refrained from alcohol consumption and intense physical activity starting on the day before testing and caffeine consumption on the day of testing. In addition, subjects were instructed not to take NOx from dietary sources (Wang et al., 1997; Himeno et al., 2003) on the day before blood sampling after overnight fasting. Subjects were asked not to change their lifestyle during the experimental period except for participation in this study. Compliance with the study protocol was checked through questions asked before measurements and blood sampling.

All measurements were conducted in an air-conditioned room (air temperature, 25°C). First, resting blood pressure and baPWV were measured after at least 15 min of rest. Second, a muscle stretching and 1RM assessment were performed. Third, resistance exercise test was conducted after at least 5 min of rest following 1RM assessment. Finally, oxygen uptake was monitored during incremental cycling to estimate maximal oxygen uptake.

A power calculation was performed to determine whether stepwise regression can identify independent factors of resistance exercise SBP using G∗Power 3, a statistical power analysis program (Faul et al., 2007). The sample size of this study was sufficient when the effect size (f2) was ≥0.17, which is slightly greater than a medium (0.15) but less than a large (0.35) effect size (Cohen, 1992).

This study was approved by the Ethics Committee of Ryutsu Keizai University (Approval Number 7) and conformed to the principles of the Helsinki Declaration. All participants gave their written informed consent prior to study participation.

Resistance Exercise Testing Protocol

Subjects performed a one-hand arm curl exercise using an arm curl bench and dumbbells (Otsuki et al., 2016). At first, they performed two sets of 10 repetitions of the exercise at 20% 1RM. Each repetition was performed for 8 s (3 s of concentric contraction, 1 s of maintaining full flexion, 3 s of eccentric contraction, and 1 s of maintaining a slightly flexed position). The inter-set recovery period was 100 s. Subjects were instructed to continue breathing normally during the exercise. After completion of the 20% 1RM session, 160 s elapsed before the 40% 1RM session commenced in a similar fashion. During exercise testing after the intervention, post-intervention 1RM was used to determine exercise intensity.

Blood Pressure and Heart Rate Measurement

Blood pressure was measured using oscillometry (DINAMAP; GE Healthcare, Buckinghamshire, United Kingdom) (Otsuki et al., 2016). Resting blood pressure was measured in triplicate after at least 15 min of rest. During resistance exercise, measurements were taken once per set. Exercises were performed with the dominant arm and blood pressure was measured in the non-dominant arm. Heart rate (HR) was calculated using a three-lead ECG (LRR-03; GMS, Tokyo, Japan) (Otsuki et al., 2016). The mean value of each parameter over two sets at 20% and 40% 1RM, respectively, was calculated.

Blood Chemical Analysis

Blood samples were collected after an overnight fast. Subjects were instructed not to take NOx from dietary sources (Wang et al., 1997; Himeno et al., 2003) on the day before sampling. Plasma NOx concentrations were determined using the Griess method (Green et al., 1982; Otsuki et al., 2015b). The lipid profile and levels of glucose, insulin, and hemoglobin A1c were determined using standard techniques (Otsuki et al., 2015a).

Arterial Stiffness Assessment

Brachial and post-tibial artery pulse waves were obtained in triplicate in the supine position (BP-203RPE II; Fukuda Colin, Tokyo, Japan) (Otsuki et al., 2016). The device calculated the distance traveled by the pulse waves based on each subject’s height and automatically determined the pulse wave transit time. BaPWV was calculated as the distance divided by the transit time.

Maximal Oxygen Uptake Estimation

Three-lead ECG (LRR-03; GMS) and breath-by-breath oxygen uptake (AE300S; Minato Medical Science, Osaka, Japan) were monitored during incremental cycling (4 min at 30 W, with a 20 W increase for males or a 15 W increase for females every 2 min to 85% of age-predicted maximum HR) (Otsuki et al., 2016). Maximal oxygen uptake was calculated as oxygen uptake corresponding to the maximum HR using the linear regression line between HR and oxygen uptake.

1RM Assessment

Subjects performed a single repetition of the one-hand arm curl exercise using their dominant arm with progressively heavier weights. The heaviest weight that a subject could lift once through a complete range of movement was considered his or her individual 1RM (Otsuki et al., 2016).

Body Mass Index Measurement

Body weight was measured after an overnight fast using a digital scale (InBody 430; InBody, Seoul, Korea). Height was measured using a digital stadiometer (AD-6227; A & D, Tokyo, Japan). Body mass index (BMI) was calculated as weight divided by square of height.

Exercise Intervention

Participants in the training group underwent supervised walking (35–50 min) once per week for 6 weeks. HR was monitored during walking using a HR monitor (RS-400; Polar, Kempele, Finland). During the first 10 min of walking, they walked at normal speed as a warm up. Ten minutes after the onset of walking, participants increased their walking speed to the target intensity. Initially, the target intensity was relatively low (60–65% of age-predicted maximal HR). As their exercise tolerance improved, the target intensity was increased to higher level (75% of age-predicted maximal HR). In addition, subjects walked 2–4 times a week on their own at the same pace as during supervised walking and recorded the duration of their walks. Subjects in the control group were asked not to modify their lifestyle during the experimental period.

Statistical Analysis

Characteristics of the study participants (Table 1) are expressed as means (SDs). In comparisons before and after the experimental period (Figures 1–3), values are shown as means (SEs). The unpaired t-test was used to detect intergroup differences before the study period. Effects of the intervention were tested using repeated measures two-way analysis of variance (ANOVA). If a significant F value was found, a Fisher’s post hoc test was performed. Relationships between two variables were investigated using Pearson’s correlation coefficients and partial correlation analysis. Based on a previous study that investigated the relationship between resistance exercise blood pressure and arterial stiffness (Koletsos et al., 2019), the partial correlation analysis adjusted for age and BMI. Stepwise regression was used to identify independent factors of resistance exercise SBP. P values <0.05 were considered statistically significant. StatView statistical software (SAS Institute, Cary, NC) was used for analysis.

TABLE 1. Characteristics of study participants before and after a 6-week aerobic exercise intervention period.
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FIGURE 1. Blood pressure and heart rate before and after a 6-week aerobic exercise intervention period. Values are means (SEs). ∗P < 0.05 vs. before intervention in the same group. Open symbols, before intervention; closed symbols, after intervention; triangles, control group; circles, training group. 20%, an arm curl exercise at 20% of the one-repetition maximum (1RM); 40%, the exercise at 40% 1RM.
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FIGURE 2. Plasma concentrations of nitrite/nitrate (end products of nitric oxide) before and after a 6-week aerobic exercise intervention period. Values are means (SEs).
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FIGURE 3. Brachial–ankle pulse wave velocity (an index of arterial stiffness) before and after a 6-week aerobic exercise intervention period. Values are means (SEs).


RESULTS

There were no intergroup differences in the male-to-female ratio, age, BMI, laboratory values, or exercise parameters before the experimental period (Table 1). Subjects in the training group exercised for an average ± SD (range) of 4.4 ± 1.3 (2.3–7.0) d/wk and 59 ± 20 (33–110) min/d at 71 ± 8 (59–91)% of maximal HR and at an 12 ± 1 (9–14) rating of perceived exertion (Borg’s 6–20 scale). Maximal oxygen uptake increased in the training group after the intervention but did not change in the control group. The other variables did not change during the experimental period in both groups, except that plasma glucose concentrations increased in the control group.

There was no intergroup difference in blood pressure or HR before the intervention (Figure 1). In the training group, SBP at 20% and 40% 1RM was lower after the intervention compared to before the intervention. There were no SBP differences in the control group before versus after the experimental period. Resting SBP did not change during the experimental period in both the training and control groups. Although ANOVA demonstrated that trends in DBP changes during exercise were affected by exercise training, there were no significant changes with the intervention in multiple comparisons. Aerobic training increased plasma NOx concentrations (Figure 2) and decreased baPWV (Figure 3) in the training group but there were no changes in the control group.

Changes in plasma NOx concentrations before versus after the experimental period were correlated with changes in resistance exercise SBP (Figure 4) and baPWV (Figure 5). In addition, changes in baPWV during the study period were correlated with changes in resting and exercise SBP (Figure 6). In the stepwise regression analysis (Table 2), changes in plasma NOx concentrations during the experimental period and changes in resting SBP were significant factors of changes in resistance exercise SBP. Age; sex; and changes in BMI, laboratory values, and exercise parameters listed in Table 1; resting DBP and HR; and baPWV were not significant factors. When the changes in baPWV during the experimental period were included as a dependent variable (R2 = 0.537, P < 0.0001), only changes in plasma NOx concentrations (regression coefficient = −0.95, SE = 0.36, β = −0.27, P = 0.01) and resting DBP (9.93, 1.55, 0.65, and <0.001, respectively) were identified as significant factors.
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FIGURE 4. Relationship between changes in plasma concentrations of nitrite/nitrate (NOx, end products of nitric oxide) before versus after a 6-week aerobic exercise intervention period and changes in systolic blood pressure (SBP). Partial correlation analysis adjusted for age and body mass index. ∗P < 0.05. 20%, an arm curl exercise at 20% of the one-repetition maximum (1RM); 40%, the exercise at 40% 1RM.
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FIGURE 5. Relationship between changes in plasma concentrations of nitrite/nitrate (NOx, end products of nitric oxide) before versus after a 6-week aerobic exercise intervention period and changes in brachial–ankle pulse wave velocity (baPWV, an index of arterial stiffness). Partial correlation analysis adjusted for age and body mass index. ∗P < 0.05.
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FIGURE 6. Relationship between changes in brachial–ankle pulse wave velocity (baPWV, an index of arterial stiffness) before versus after a 6-week aerobic exercise intervention period and changes in systolic blood pressure (SBP). Partial correlation analysis adjusted for age and body mass index.∗P < 0.05; ∗∗P < 0.005; ∗∗∗P < 0.0005. 20%, an arm curl exercise at 20% of the one-repetition maximum (1RM); 40%, the exercise at 40% 1RM.



TABLE 2. Stepwise regression analysis to identify independent factors of changes in systolic blood pressure during resistance exercise before versus after a 6-week aerobic exercise intervention period.
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DISCUSSION

The major results of this study are that a 6-week aerobic exercise training program increased plasma NOx concentrations and decreased SBP during resistance exercise at 20% and 40% 1RM and baPWV in older normotensive individuals, whereas there were no changes in these measures in the control group. Of note, this study demonstrated for the first time that increases in plasma NOx concentrations with an exercise intervention are independently associated with decreases in resistance exercise SBP. Decreases in baPWV during the experimental period were also correlated with decreases in resistance exercise SBP. These results support our hypothesis that an increase in NO production with aerobic training decreases SBP during resistance exercise in older individuals.

In this study, aerobic exercise training increased plasma NOx concentrations, which was consistent with previous studies (Maeda et al., 2004; Fujie et al., 2014, 2015). The observed decreases in resistance exercise SBP with aerobic training are also in agreement with a previous study (Otsuki et al., 2016). However, this is the first study to demonstrate that increases in plasma NOx concentrations with aerobic training are correlated with decreases in resistance exercise SBP. The mechanisms through which plasma NOx concentrations are associated with resistance exercise SBP are unclear, but we propose some possibilities. Sympathetic vasoconstriction in contracting muscles is attenuated by local factors such as NO. This phenomenon is termed functional sympatholysis. Aging decreases NO bioavailability and exaggerates blood pressure responses to sympathetic nervous activity (Koch et al., 2003; Dinenno et al., 2005). However, an increase in NO bioavailability through habitual exercise attenuates the blood pressure response to sympathetic stimuli; functional sympatholysis is greater in physically active individuals compared to sedentary peers (Mortensen et al., 2012; Kruse et al., 2018a) and improves with aerobic training in middle-aged adults (Mortensen et al., 2014). Although functional sympatholysis was not measured in this study, the frequency (4.4 d/wk) and duration (59 min/d) of exercise were comparable to those in a previous study that reported an improvement in functional sympatholysis with aerobic training (3–4 d/wk and 60 min/d, respectively) (Mortensen et al., 2014). Vasodilation mediated by NO in contracting muscles might be a mechanism through which increases in NOx concentrations lead to decreases in resistance exercise SBP.

Arterial stiffness may also play a role in the relationship between plasma NOx concentrations and resistance exercise SBP. First, NO bioavailability is a potent regulator of arterial stiffness (Wilkinson et al., 2002; Sugawara et al., 2007). In this study, an increase in plasma NOx concentrations with aerobic training was an independent factor of decreases in baPWV. Second, arterial stiffness and blood pressure interact with each other; elevations in blood pressure increase arterial stiffness, but arterial stiffening elevates blood pressure as well. In particular, the contribution of arterial stiffness to arterial load is more important during exercise than at rest (Otsuki et al., 2006, 2008). Indeed, decreases in baPWV were correlated with decreases in resistance exercise SBP, although decreased baPWV was not a significant factor of decreases in exercise SBP in the stepwise regression. This might be due to multicollinearity between baPWV and resting blood pressure. In previous cross-sectional studies, arterial stiffness was associated with resistance exercise SBP independent of age and BMI (Koletsos et al., 2019) or resting and 24-h ambulatory blood pressure (Otsuki and Kotato, 2019).

Plasma NOx concentrations can represent NO derived from endothelial, neuronal, and inducible NO synthases and NOx from daily meals. However, we believe that the increases in plasma NOx concentrations observed in the training group reflect increases in NO production by endothelial and neuronal NO synthases. First, increases in plasma NOx concentrations were correlated with decreases in baPWV and exercise SBP. It has been reported that endothelial NO synthase mRNA expression is inversely correlated with arterial stiffness (Maeda et al., 2005) and that selective neuronal NO synthase blockade increases sympathetic blood pressure elevations during skeletal muscle contraction (Jendzjowsky et al., 2014). It is reasonable to consider that NO derived from endothelial or neural NO synthase decreases baPWV or exercise SBP, respectively. On the other hand, inflammation increases arterial stiffness (Vlachopoulos et al., 2005) and exercise blood pressure (Michishita et al., 2016). If the increases in plasma NOx concentrations were derived from inducible NO synthase, baPWV and exercise SBP would increase. Second, we asked subjects not to take dietary sources of NOx on the day before blood sampling. We checked their compliance to this instruction. Fujie et al. (2014, 2015) reported that increases in plasma NOx concentrations with aerobic training are correlated with changes in circulating levels of NO production–related substances, such as apelin and adropin. In addition, there is no evidence to suggest that NOx from daily meals is correlated with arterial stiffness and exercise SBP.

This study may have implications for exercise training in older individuals. First, the 6-week walking program induced 15-mmHg decreases in exercise SBP, although it might include familiarity with the exercise test. Schultz et al. (2013) reported that the relative risk of cardiovascular events increases 4% per 10-mmHg increase in SBP during aerobic exercise at moderate intensity. The training program may decrease SBP not only during the arm curl exercise but also during activities of daily living such as lifting objects, mopping, and climbing stairs and lead to lower cardiovascular risk. Second, resistance exercise SBP decreased with the training program without significant changes in resting SBP. This finding might be due to normotension at the time of enrollment, in accordance with a previous study (Otsuki et al., 2016). That previous study reported that levels of daily physical activity are correlated with resistance exercise SBP but not with resting SBP in healthy older adults (Otsuki et al., 2016). Resistance exercise SBP may be a more sensitive marker of the effects of aerobic exercise training than resting SBP.

This study has some limitations. First, the conclusions of this study were based on the stepwise regression results. However, statistical associations do not always imply causation. Further studies are needed to elucidate the role of NO in reducing resistance exercise SBP with aerobic training in older adults. Second, blood sampling was conducted only at rest; transient changes in NO production during resistance exercise were not investigated. Third, we could not investigate whether there are sex differences in resistance exercise SBP, plasma NOx concentrations, baPWV, and changes with the intervention in these measures because of the small sample size especially in men. In addition, factors other than NO might warrant investigation as mechanisms underlying the reduction in exercise SBP with aerobic training.

In conclusion, this study demonstrated that increases in plasma NOx concentrations with a 6-week aerobic exercise intervention are independently correlated with decreases in SBP during resistance exercise at 20% and 40% 1RM in older individuals. These results suggest that NO may be associated with decreases in resistance exercise SBP with aerobic training in older adults and help us better understand why habitual aerobic exercise prevents cardiovascular disease.
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