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Pool walking may improve renal
function by suppressing the renin-
angiotensin-aldosterone system in
healthy pregnant women

Tatsuya Yoshiharal>%*, Masayoshi Zaitsu**#, Shiro Kubota®$, Hisatomi Arima®’ &
Toshiyuki Sasaguri!

This study aimed to examine the effect of pool walking on renal function in pregnant women. Fifteen
pregnant women (mean gestational age, 37.8 weeks) walked in a pool (depth 1.3 m) for 1 h. A few days
later, they walked on a street for 1 h. Within each activity, the starting and ending levels of plasma
renin activity were measured. The total urine volume, creatinine clearance, and change in plasma
renin activity levels between each activity were compared by Wilcoxon rank-sum test. The renin-
angiotensin-aldosterone level was suppressed during pool walking: the mean starting and ending
values of plasma renin activity and serum aldosterone were 6.8 vs. 5.5ng/mL/h (p =0.002) and 654 vs.
473 pg/mL (p=0.01), respectively. The decreases in plasma renin activity and serum aldosterone levels
were more evident in pool walking than in land walking (plasma renin activity, —1.27 vs. 0.81 ng/mL/h,
p=0.002; serum aldosterone, —180.9 vs. 3.1ng/mL/h, p=0.03), resulting in higher total urine volume
(299 vs. 80 mL, p < 0.001) and creatinine clearance (161.4 vs. 123.4 mL/min, p=0.03) in pool walking.
Pool walking may improve renal function in pregnant women partly through the suppressed renin-
angiotensin-aldosterone system.

Preeclampsia, along with other hypertensive disorders of pregnancy, is one of the major contributors for maternal
mortality'*. Currently, up to 10% of pregnant women have hypertensive disorders of pregnancy?, and the preva-
lence has been increasing over time particularly in (but not limited to) developed countries**. Although pharma-
ceutical (e.g., antiplatelet agents) and dietary approaches may potentially prevent preeclampsia®$, advantages of
behavioral interventions (e.g., maternal physical activities) are still unclear’.

Although the biological pathogenesis of preeclampsia has not been fully identified, it is recognized that preec-
lampsia is not only a disease of high blood pressure/renal dysfunction but also a systemic disease associated
with placental hypoperfusion/hypoxia with oxidative stress, inflammation, and endothelial/angiogenesis modifi-
ers">>1%, Studies also suggest that other endocrine systems, for example, vasopressin, are involved in the pathogen-
esis of preeclampsia!l. Interestingly, a high salt intake lowered blood pressure in pregnant women and animals'>!°.
According to several physiological studies for aquatic activities, hydrostatic pressure appeared to improve circu-
latory perfusion and suppress the renin-angiotensin-aldosterone system', and some studies addressed aquatic
physical activities during pregnancy'>~'”. However, few studies have specifically assessed the association between
aquatic physical activities during pregnancy and downregulation of the renin-angiotensin-aldosterone system'.
We hypothesized that hydrostatic pressure mobilizes peripheral fluid (edema) to the intravascular space, leading
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to transient volume expansion, downregulation of the renin-angiotensin-aldosterone system, and diuresis in
pregnant women.

Accordingly, the present study aimed to examine the effect of head-out pool walking on renal function in preg-
nant women. Using clinical and renal function data, we determined whether pool walking improved renal func-
tion (urine production and creatinine clearance) in combination with suppressed renin-angiotensin-aldosterone
system.

Methods

Study settings. The trial was approved by the Kyushu University Hospital Clinical Research Ethics Board
(approval number 24045) and registered in the University Hospital Medical Information Network (UMIN)
Clinical Trials Registry (UMIN000009051 released on October 5, 2012). Written informed consent was obtained
from all patients. All procedures performed in this study involving human participants were in accordance with
the ethical standards of the institutional research committee and with the 1964 Declaration of Helsinki and its
later amendments or comparable ethical standards.

An indoor swimming facility of the Fukuoka Swimming Club located in Fukuoka, Japan, was used for the pre-
natal aquatic activity of pool walking. Aquatic activity instructors, accredited for cardiopulmonary resuscitation,
overviewed and led the pool walking activity. The Kubota Maternity Clinic in Fukuoka, Japan, a private, general
obstetric and gynecological hospital that closed in 2017**?°, conducted the pool walking program along with the
Fukuoka Swimming Club. Pool walking is common in Japan as an aquatic exercise, and indoor pool facilities
usually provide a “walking” lane.

Study design and participants. In the trial, participants walked in the indoor pool with the head-out
position for 1 hour at their own pace. The dimensions of the pool having six lanes were as follows: length, 25 m
(27.3 yds), and depth, 1.3 m (4.3 ft). The water temperature was set at 31-32 °C and the ambient room temperature
at 29-30°C. A few days later (2-9 days), the same participants walked on a street, that is, a conventional prenatal
activity, near the Kubota Maternity Clinic for 1hour at their own pace. We first planned to conduct this study in
the typical two-arm crossover design by randomizing half of the participants to the reverse sequence. However,
due to a potential risk based on our empirical experience that land walking induced labor occasionally, we finally
decided not to choose the typical two-arm crossover design to prioritize the safety of our participants and their
babies. Therefore, every participant firstly performed pool walking and subsequently land walking in the one-arm
design. The weather conditions during land walking were fine/cloudy, the temperature was ~23-26 °C, and the
humidity was ~ 40%-50%. During each activity, the participants were allowed to drink clear water freely (sodium
compound <0.001 gram per 100 mL). Dates for each activity were determined according to the schedule of the
participants.

The eligible participants in this trial were pregnant women (aged 20 to 39 years) with a normal pregnancy
(gestational age, 37 weeks and above) and who had prenatal care at the Kubota Maternity Clinic and had already
participated in the pool walking program before the study period. Participants were ineligible if they presented
with cardiovascular disease, diabetes, chronic hypertension, kidney disease, hypertensive disorders of pregnancy,
placenta previa/low-lying placenta, amniorrhexis, or anemia (hemoglobin <10 g/dl) or were considered not suit-
able for this study by physicians. We initially recruited 16 participants (11 participants in October 2012 and five
participants in October 2013). We chose the trial date in October due to the general weather condition in Japan.
One participant (37 years old at 38.4 weeks of gestation and who participated in 35 sessions of pool walking
before the study) was excluded because she gave birth before performing the land walking exercise; therefore,
only 15 participants were included in the analysis. Since there were no previous studies assessing the effect of pool
walking in pregnant women, sample size was empirically determined by the sample size used in a previous study
of water immersion*®.

Assessments of clinical and renal function parameters. In the trial, body weight, systolic and dias-
tolic blood pressures, and pulse rate were measured at the start and end of each walking activity. Blood pressure
was measured once at each measuring point in a relaxed, sitting position using an automatic noninvasive blood
pressure monitor (HEM-7200, Omron, Kyoto Japan) with a standard size cuff (HEM-CR24 for upper arm cir-
cumference between 22 and 32 cm). Blood samples were collected at the start and end of each walking activity,
and the starting and ending levels of plasma renin activity (PRA), serum aldosterone (SA), hematocrit, and serum
creatinine were measured'®?!. The serum osmolality was also assessed with serum sodium and potassium concen-
trations (2 X Na + 2 x K). Participants were required to remain seated <5 minutes. Within each walking activity,
we calculated the changes in each parameter, subtracting the starting levels from the ending levels. According to
the previous studies, a change in PRA was observed if the activity of the renin-angiotensin-aldosterone system
was altered by excercise'®?!.

Before each walking activity, all participants urinated. During each walking activity, all urine samples were
collected, and the total amount of urine was recorded. With the total urine sample at the end of each walking
activity, urine creatinine was measured. All laboratory measurements were performed at the Clinical Laboratory
Center of Fukuoka City Medical Association, Fukuoka, Japan. We calculated creatinine clearance as follows: cre-
atinine clearance = urine creatinine (mg/dL) X urine volume (mL/min)/([serum creatinine at the start 4 serum
creatinine at the end]/2 [mg/dL]). The 1-hour creatinine clearance was comparable to the 24-hour creatinine
clearance?.

Statistical analysis. Between each activity, the starting levels of clinical and renal function parameters and
the changes in these parameters were compared by Wilcoxon rank-sum test. The total urine volume and creati-
nine clearance were also compared by Wilcoxon rank-sum test. Within each activity, the starting and ending
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Mean (SD)

Before pool Before land
Characteristics walking (n=15) walking (n=15) | p*
Age,y 32(4) _ _
Height, cm 160.1 (5.4) — —
Body weight before pregnancy, kg 51.8 (6.5) — —
Body mass index before pregnancy, kg/m? 20.2(2.3) — —
Prior attendance to walking in water, hour 25(13) — —
Gestational age, week 37.8(1.0) 38.2(1.0) 0.13
Body weight, kg 60.4 (6.8) 60.2 (6.7) 0.85
Body mass index, kg/m? 23.5(2.2) 23.5(2.1) 0.90
Systolic blood pressure, mmHg 115 (12) 111 (13) 0.51
Diastolic blood pressure, nmHg 69 (7) 68 (9) >0.99
Pulse rate, beat per minute 81(11) 79 (14) 0.66
Hematocrit, % 352(2.1) 34.9 (2.0) 0.65
Plasma renin activity, ng/mL/h 6.8 (3.4) 6.3 (4.0) 0.44
Serum aldosterone, pg/mL 654 (518) 674 (407) 0.72
Serum creatinine, mg/dL 0.63 (0.08) 0.63 (0.06) 0.72
Serum osmolality, mOsm/kg H,O 281.5(5.7) 282.1(6.3) 0.52

Table 1. Baseline characteristics of the study participants. *Wilcoxon rank-sum test.

levels of each parameter were compared by Wilcoxon signed-rank test. Analyses for total urine volume and creati-
nine clearance were restricted to 14 participants since it was not possible to collect a sample from one participant
during land walking.

Alpha value was set at 0.05, and all p-values were two-sided. Data were analyzed using JMP pro 12 (Statistical
Analysis System Institute, Cary, NC, USA) and Stata/MP 13.1 (StataCorp, College Station, TX, USA).

Results

The baseline characteristics of the participants are shown in Table 1. The starting levels of each parameter did not
differ between pool and land walking activities (Table 1). The mean amount of water intake did not differ between
activities (mean = standard deviation: 179 & 76 vs. 185 &+ 56 mL, p =0.92). The estimated amount of salt intake
was small during the activities.

Within each activity, the measurements were obtained before and at the end of 1 hour. These data are shown in
Table 2. After pool walking, body weight, systolic and diastolic blood pressures, and hematocrit were not changed
compared to levels measured before walking began. However, after pool walking, pulse rate, PRA, and SA signif-
icantly decreased (Table 2 and Fig. 1). Thus, PRA decreased from 6.8 = 3.4 to 5.5 = 2.9 ng/mL/h (p =0.002), and
SA decreased from 654 £ 518 to 473 + 304 pg/mL (p = 0.01). By contrast, land walking had no effect on any of the
parameters, although decreased body weight and pulse rate and increased PRA were possible (Table 2).

The results for the between-activity comparisons are shown in Table 2. Any changes in body weight, sys-
tolic and diastolic blood pressures, pulse rate, and hematocrit were not different between pool and land walking.
However, the change in PRA and SA significantly differed between pool and land walking activities (Table 2):
PRA, —1.27 £ 1.20 vs. 0.81 £ 2.22ng/mL/h (p=0.002), and SA, —180.9 £ 272.3 vs. 3.1 £ 226.4ng/mL/h
(p=0.03). The total urine volume and creatinine clearance were significantly higher in pool walking than in land
walking (Table 2 and Fig. 1). The mean total urine volumes after pool and land walking activities were 299 + 139
and 80 & 61 mL, respectively (p < 0.001). The mean creatinine clearances after pool and land walking activities
were 161.4 + 44.0 and 123.4 £ 36.9 mL/min, respectively (p =0.03).

The baseline levels of serum osmolality did not differ between pool and land activities (Table 1), and it did not
change during either activity (Table 2).

Discussion

Main findings. As hypothesized, we found that pool walking had lower PRA and SA levels compared to
the conventional prenatal activity of land walking, and urine production and creatinine clearance increased.
Although our results are based only on the effects of immersion and exercise on the renin-angiotensin-aldos-
terone system and further investigation of other pathways (e.g., vasopressin and salt intake) is required!!-%3, our
findings support the previous findings demonstrating that head-out aquatic activities have potentially beneficial
effects by improving central blood volume and perfusion of the kidneys and conceptus'*'s.

Interpretation. Hydrostatic pressure is probably responsible for the beneficial effects of pool walking
activity. Hydrostatic pressure may mobilize peripheral fluid to the intravascular space, particularly from the
expanded extracellular space of the lower extremities (edema), causing transient volume expansion, downreg-
ulation of the renin-angiotensin-aldosterone system, and diuresis in pregnant women'#1%2324 Additionally, the
renin-angiotensin-aldosterone system and sympathetic activity appeared to be suppressed in head-out water
immersion with improved systemic/renal perfusion'***?*. In our study, we observed an increase in urine volume
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Mean (SD)

Pool walking (n=15) Land walking (n=15)
Characteristics Before After p’ Before After p
Starting and ending levels
Body weight, kg 60.4 (6.8) 60.3 (6.8) 0.46 60.2 (6.7) 60.1 (6.6) 0.09
Systolic blood pressure, nmHg 115(12) 113(12) 0.65 111(13) 110 (9) 0.51
Diastolic blood pressure, nmHg 69 (7) 68 (7) 0.86 68 (9) 67 (5) 0.38
Pulse rate, beat/min 81(11) 75(11) 0.002 79 (14) 76 (12) 0.09
Hematocrit, % 35.2(2.1) 35.4(2.9) 0.49 34.9 (2.0) 35.0 (1.9) 0.82
Plasma renin activity, ng/mL/h 6.8 (3.4) 5.5(2.9) 0.002 6.3 (4.0) 7.1 (4.0) 0.06
Serum aldosterone, pg/mL 654 (518) 473 (304) 0.01 674 (407) 677 (414) 0.86
Serum creatinine, mg/dL 0.63 (0.08) 0.63 (0.07) 091 0.63 (0.06) 0.64 (0.07) 0.18
Serum osmolality, mOsm/kg H,O 281.5(5.7) 282.0 (3.2) 0.24 282.1(6.3) 280.5 (3.0) 0.21
Difference during each activity Pool walking (n=15) Land walking (n=15) p'
Body weight, kg —0.05 (0.22) —0.11(0.21) 0.43
Systolic blood pressure, nmHg —2.0(9.8) —1.8(8.9) >0.99
Diastolic blood pressure, nmHg —0.3(6.7) —1.7(8.3) 0.39
Pulse rate, beat/min —6.4(5.7) —3.5(7.2) 0.26
Hematocrit, % 0.26 (1.20) 0.15 (1.10) 0.92
Plasma renin activity, ng/mL/h —1.27(1.29) 0.81(2.22) 0.002
Serum aldosterone, pg/mL —180.9 (272.3) 3.1(226.4) 0.03
Serum creatinine, mg/dL 0.00 (0.03) 0.01 (0.03) 0.28
Serum osmolality, mOsm/kg H,0 0.53 (5.04) —1.67 (5.29) 0.11
Renal function Pool walking (n= 14) Land walking (n = 14) p'
Total urine volume, mL 299 (139) 80 (61) <0.001
Total creatinine excretion, mg 61 (15) 47 (15) 0.03
Creatinine clearance, mL/min 161.4 (44.0) 123.4(36.9) 0.03

Table 2. Starting and ending levels of clinical and renal function parameters within each activity. “Wilcoxon
signed-rank test. "Wilcoxon rank-sum test.

and creatinine clearance, decreased renin-angiotensin-aldosterone levels, and decreased pulse rate during pool
walking, suggesting an improved circulatory perfusion.

Another benefit of pool walking might be the added buoyancy for pregnant women. On land, the enlarged
pregnant uterus might compress the inferior vena cava and abdominal veins through the force of gravity, leading
to decreased cardiac preload/output®*>?’. By contrast, buoyancy in water might release the gravity-induced com-
pression and improve cardiac preload/output'®. Conventional physical activities such as land walking also have
some benefits">'*, but strenuous exercise on land has the potential risks of reducing renal perfusion and urinary
volume through vasoconstriction'.

Strengths and limitations. The strengths of our study include a unique feature of light-intensity physical
activity with the head-out pool walking, with vertical posture in water. This prenatal activity had the following
advantages: it improved circulatory perfusion by hydrostatic pressure and did not require special skills (swim-
ming/breathing techniques). Pool walking is also as safe as swimming in a pool regarding infectious risks. In our
empirical experience, pregnant women felt more comfortable performing pool walking than swimming since
they preferred pool walking (the attendance rates for swimming and pool walking activities were ~20% and
~80%, respectively).

Our study has some limitations. First, due to the limitation of the study, our study participants might be more
health conscious compared with the general population of pregnant women, thereby limiting generalizability.
Additionally, we could not assess the effect of pool walking in the reverse sequence (i.e., participant performs
land walking first followed by pool walking). This one-arm design might potentially carry over the effect of pool
walking to land walking. However, our participants walked on land at least 2 days after pool walking, and we
confirmed that the baseline characteristics did not differ between the two activities. Additionally, previous stud-
ies stated that PRA levels return to baseline levels within a few hours after aquatic activities®. Therefore, it is
unlikely that this limitation affects our findings. Second, in addition to our small sample size, we only assessed
the renin-angiotensin-aldosterone system. Other parameters (circulatory and endocrine parameters, e.g., arterial
diameters and arterial blood flow, catecholamines, atrial natriuretic peptide, and vasopressin) were not meas-
ured!''#272 Third, while our trial demonstrated transient changes in the renin-angiotensin-aldosterone levels
and renal function, questions remain about the value of pool walking in protecting against hypertensive disorders
in pregnancy in the long-term and dose-response effects. We are currently gathering perinatal clinical data to
clarify the long-term effect of pool walking in a cohort design, and these results will be incorporated in a future
study. Additionally, further studies with a randomized controlled design are required to investigate the potential
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Figure 1. Renal function parameters during 1-h pool and land walking activities in 15 pregnant women.
Differences between plasma renin activity levels and serum aldosterone levels before and after each activity
(a,b). Total urine volume and creatinine clearance measured after 1-h pool and land walking activities (c,d).
For total urine volume and creatinine clearance, data were available for 14 participants. Statistical analyses were
as follows: (a,b) Wilcoxon signed-rank test and (¢,d) Wilcoxon rank-sum test. The bars show the means and
standard deviations.

benefits of pool walking on cardiovascular health not only in pregnant women but also in patients with noncom-
municable diseases such as diabetes and obesity'>.

Finally, vasopressin is a potent vasoconstrictor'!, and a decrease in vasopressin levels during pool walking is
probably observed because any changes in central blood volume and inhibition of low-pressure baroreceptors
would have had the same effect on vasopressin as that observed in PRA level in the current study. However,
serum osmolality did not change during both pool and land walking activities, suggesting that the combination
method of light physical exercise (walking) with hydrostatic pressure (water immersion) may not suddenly alter
water-electrolyte balance but may rather improve circulatory perfusion by causing a gradual increase in plasma
volume by the transcapillary autotransfusion of fluid. In this perspective, pool walking would be physiologi-
cally safe and beneficial in pregnant women’s cardiovascular health. We should further attempt to integrate all
potential pathways related to circulatory perfusion, including the renin-angiotensin-aldosterone system, serum/
urine osmolality, vasopressin and other relevant indicators (e.g., vasopressinase, copeptin, oxytocinase, and
leucyl-cystinyl aminopeptidase), and behavioral factors (e.g., salt intake)''~!*?8-3! to prevent preeclampsia.

Conclusion

Pool walking activities may improve renal function in the short-term by suppressing the renin-angiotensin-aldosterone
system in pregnant women, and potential long-term effects of pool walking will be evaluated in an ongoing study.
Improved circulatory perfusion by hydrostatic pressure may be a promising indication for the prevention of preec-
lampsia, and aquatic facilities are available at community level (e.g., public indoor pools and swimming pools in school,
hotel, and fitness club). Hence, public health and healthcare professionals, researchers, and pregnant women should
focus further on the benefits of aquatic physical activities with hydrostatic pressure.

Received: 24 July 2019; Accepted: 30 January 2020;
Published online: 19 February 2020

SCIENTIFIC REPORTS |

(2020) 10:2891 | https://doi.org/10.1038/s41598-020-59598-9


https://doi.org/10.1038/s41598-020-59598-9

www.nature.com/scientificreports/

References

1.

10.

11.
12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.
25.

26.

27.

28.

29.

30.

31.

American College of Obstetricians and Gynecologists & Task Force on Hypertension in Pregnancy. Hypertension in pregnancy.
Report of the American College of Obstetricians and Gynecologists’ Task Force on Hypertension in Pregnancy. Obstet. Gynecol. 122,
1122-1131 (2013).

. Steegers, E. A, von Dadelszen, P,, Duvekot, J. ]. & Pijnenborg, R. Pre-eclampsia. Lancet 376, 631-644 (2010).
. Seely, E. W. & Ecker, J. Clinical practice. Chronic hypertension in pregnancy. N. Engl. . Med. 365, 439-446 (2011).
. Pasha, O. et al. A prospective cause of death classification system for maternal deaths in low and middle-income countries: results

from the Global Network Maternal Newborn Health Registry. BJOG 125, 1137-1143 (2018).

. Sava, R. I, March, K. L. & Pepine, C. J. Hypertension in pregnancy: taking cues from pathophysiology for clinical practice. Clin.

Cardiol. 41,220-227 (2018).

. Askie, L. M., Duley, L., Henderson-Smart, D. J. & Stewart, L. A. & PARIS Collaborative Group. Antiplatelet agents for prevention of

pre-eclampsia: a meta-analysis of individual patient data. Lancet 369, 1791-1798 (2007).

. Rolnik, D. L. et al. Aspirin versus placebo in pregnancies at high risk for preterm preeclampsia. N. Engl. J. Med. 377, 613-622 (2017).
. Dodd, J. M. et al. Effect of metformin in addition to dietary and lifestyle advice for pregnant women who are overweight or obese:

the GRoW randomised, double-blind, placebo-controlled trial. Lancet Diabetes Endocrinol. 7, 15-24 (2019).

. Brown, J. et al. Lifestyle interventions for the treatment of women with gestational diabetes. Cochrane Database Syst. Rev. 5,

CD011970 (2017).

El-Sayed, A. A. F. Preeclampsia: a review of the pathogenesis and possible management strategies based on its pathophysiological
derangements. Taiwan. J. Obstet. Gynecol. 56, 593-598 (2017).

Schrier, R. W. Systemic arterial vasodilation, vasopressin, and vasopressinase in pregnancy. J. Am. Soc. Nephrol. 21, 570-572 (2010).
Eisele, N. et al. Physiological and molecular responses to altered sodium intake in rat pregnancy. J. Am. Heart Assoc. 7, 008363
(2018).

Gennari-Moser, C. et al. Normotensive blood pressure in pregnancy: the role of salt and aldosterone. Hypertension 63, 362-368
(2014).

Pendergast, D. R., Moon, R. E,, Krasney, J. ]., Held, H. E. & Zamparo, P. Human physiology in an aquatic environment. Compr.
Physiol. 5,1705-1750 (2015).

Barakat, R., Perales, M., Cordero, Y., Bacchi, M. & Mottola, M. E. Influence of land or water exercise in pregnancy on outcomes: a
cross-sectional study. Med. Sci. Sports Exerc. 49, 1397-1403 (2017).

Rodriguez-Blanque, R., Sanchez-Garcia, J. C., Sanchez-Lopez, A. M., Mur-Villar, N. & Aguilar-Cordero, M. ]. The influence of
physical activity in water on sleep quality in pregnant women: a randomised trial. Women Birth 31, e51-e58 (2018).

Nascimento, S. L., Surita, F. G., Godoy, A. C., Kasawara, K. T. & Morais, S. S. Physical activity patterns and factors related to exercise
during pregnancy: a cross sectional study. PLoS One 10, 0128953 (2015).

Elvan-Taspinar, A., Franx, A., Delprat, C. C., Bruinse, H. W. & Koomans, H. A. Water immersion in preeclampsia. Am. J. Obstet.
Gynecol. 195, 1590-1595 (2006).

Zaitsu, M., Yoshihara, T., Nakai, H. & Kubota, S. Optimal thermal control with sufficient nutrition may reduce the incidence of
neonatal jaundice by preventing body-weight loss among non-low birth weight infants not admitted to neonatal intensive care unit.
Neonatology 114, 348-354 (2018).

Kubota, S., Zaitsu, M. & Yoshihara, T. Growth patterns of neonates treated with thermal control in neutral environment and
nutrition regulation to meet basal metabolism. Nutrients 11, https://doi.org/10.3390/nu11030592 (2019).

Malha, L., Sison, C. P, Helseth, G., Sealey, J. E. & August, P. Renin-angiotensin-aldosterone profiles in pregnant women with chronic
hypertension. Hypertension 72, 417-424 (2018).

Richardson, J. A. & Philbin, P. E. The one-hour creatinine clearance rate in healthy men. JAMA 216, 987-990 (1971).

Epstein, M. Renal effects of head-out water immersion in man: implications for an understanding of volume homeostasis. Physiol.
Rev. 58, 529-581 (1978).

Lazar, J. M., Khanna, N., Chesler, R. & Salciccioli, L. Swimming and the heart. Int. J. Cardiol. 168, 19-26 (2013).

Shiraishi, M., Schou, M., Gybel, M., Christensen, N. J. & Norsk, P. Comparison of acute cardiovascular responses to water immersion
and head-down tilt in humans. J. Appl. Physiol. 92, 264-268 (2002).

Lanni, S. M., Tillinghast, J. & Silver, H. M. Hemodynamic changes and baroreflex gain in the supine hypotensive syndrome. Am. J.
Obstet. Gynecol. 187, 1636-1641 (2002).

Kember, A. J. et al. Modifying maternal sleep position in the third trimester of pregnancy with positional therapy: a randomised pilot
trial. BMJ Open 8, €020256-2017-020256 (2018).

Vigas, M., Celko, J., Jurankova, E., Jezova, D. & Kvetnansky, R. Plasma catecholamines and renin activity in wrestlers following
vigorous swimming. Physiol. Res. 47,191-195 (1998).

Carter, H. H. et al. Differential impact of water immersion on arterial blood flow and shear stress in the carotid and brachial arteries
of humans. Physiol. Rep. 5, https://doi.org/10.14814/phy2.13285 (2017).

Mizutani, S., Wright, J. W. & Kobayashi, H. Placental leucine aminopeptidase- and aminopeptidase A-deficient mice offer insight
concerning the mechanisms underlying preterm labor and preeclampsia. J. Biomed. Biotechnol. 2011, 286947 (2011).

Mizutani, S. & Mizutani, E. New insights into the role of sex steroid hormones in pregnancy: possible therapeutic approach by sex
steroid hormones for the treatment of both preeclampsia and preterm labor. Exp. Clin. Endocrinol. Diabetes 123, 159-164 (2015).

Acknowledgements

We are grateful to Yuichi Takahashi and Hikari Yasuda in the Fukuoka Swimming Club for helping us to conduct
this study and Professor Ichiro Kawachi in the Harvard T.H. Chan School of Public Health for his insightful
inputs on this study. We would like to thank Editage (www.editage.jp) for English language editing. This study was
partly supported by the research grant of the Japan Health & Research Institute (2019).

Author contributions

T.Y. and S.K. conceived and designed the study. T.Y. and S.K. conducted the trial. T.S. supervised the trial.
T.Y., M.Z. and H.A. analyzed the data. T.Y. and M.Z. wrote the manuscript. All authors read and approved the
manuscript.

Competing interests
The authors declare no competing interests.

Additional information
Correspondence and requests for materials should be addressed to T.Y.

Reprints and permissions information is available at www.nature.com/reprints.

SCIENTIFICREPORTS|  (2020) 10:2891 | https://doi.org/10.1038/s41598-020-59598-9


https://doi.org/10.1038/s41598-020-59598-9
https://doi.org/10.3390/nu11030592
https://doi.org/10.14814/phy2.13285
http://www.editage.jp
http://www.nature.com/reprints

www.nature.com/scientificreports/

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

T ] icense, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2020

SCIENTIFICREPORTS|  (2020) 10:2891 | https://doi.org/10.1038/s41598-020-59598-9


https://doi.org/10.1038/s41598-020-59598-9
http://creativecommons.org/licenses/by/4.0/

	Pool walking may improve renal function by suppressing the renin-angiotensin-aldosterone system in healthy pregnant women

	Methods

	Study settings. 
	Study design and participants. 
	Assessments of clinical and renal function parameters. 
	Statistical analysis. 

	Results

	Discussion

	Main findings. 
	Interpretation. 
	Strengths and limitations. 

	Conclusion

	Acknowledgements

	Figure 1 Renal function parameters during 1-h pool and land walking activities in 15 pregnant women.
	Table 1 Baseline characteristics of the study participants.
	Table 2 Starting and ending levels of clinical and renal function parameters within each activity.




