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Abstract
Exercise is restricted for individuals with reduced renal function because exercis-
ing reduces blood flow to the kidneys. Safe and effective exercise programs for in-
dividuals with reduced renal function have not yet been developed. We previously 
examined the relationship between exercise intensity and renal blood flow (RBF), 
revealing that moderate- intensity exercise did not reduce RBF. Determining the 
effects of exercise duration on RBF may have valuable clinical applications. The 
current study examined the effects of a single bout of continuous exercise at 
lactate threshold (LT) intensity on renal hemodynamics. Eight adult males par-
ticipated in this study. Participants underwent 30 min of aerobic exercise at LT 
intensity using a cycle ergometer. Evaluation of renal hemodynamics was per-
formed before and after exercise, in the recovery phase using ultrasound echo. 
Furthermore, blood and urine samplings were conducted before and after exer-
cise, in the recovery phase. Compared with resting, RBF was not significantly 
changed immediately after continuous exercise (319 ± 102 vs. 308 ± 79 ml/min; 
p = 0.976) and exhibited no significant changes in the recovery phase. Moreover, 
urinary kidney injury molecule- 1 (uKIM- 1) level exhibited no significant change 
immediately after continuous exercise (0.52 ± 0.20 vs. 0.46 ± 0.27 μg/g creatinine; 
p  =  0.447). In addition, the results revealed no significant change in urinary 
uKIM- 1 in 60- min after exercise. Other renal injury biomarkers exhibited a simi-
lar pattern. These findings indicate that a single bout of moderate- intensity con-
tinuous exercise maintains RBF and does not induce renal injury.
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1  |  INTRODUCTION

Previous studies have reported that habitual exercise pro-
vides numerous benefits to various organs, including the 
brain, heart, and skeletal muscles (Rowe et al., 2014). In 
addition, accumulating evidence supports an inverse 
relationship between physical activity and cardiovas-
cular disease, hypertension, stroke, osteoporosis, type 2 
diabetes mellitus, obesity, and colon cancer (Kesaniemi 
et al., 2001). On the other hand, the number of patients 
with chronic kidney disease (CKD) has increased over 
time, and specific management strategies are needed. 
However, exercise for CKD patients was often restricted 
because of concerns that exercise may worsen proteinuria 
and kidney dysfunction (Clorius et al.,  1996; Poortmans 
et al.,  1996). In recent years, Yang et al.  (2020) reported 
that exercise training does not aggravate proteinuria in 
adults with CKD, and exercise could potentially provide a 
treatment option for CKD patients to enable the suppres-
sion of dialysis introduction and extending healthy life 
expectancy.

Exercise prescription is needed to ensure safe and ef-
fective exercise for CKD patients to obtain the beneficial 
effects from habitual exercise. Exercise prescription for 
health benefits (e.g., reduction of mobility and/or mor-
tality, improvement of cardiorespiratory fitness) consists 
of exercise intensity, duration, and frequency. Because 
renal hemodynamics are strongly influenced by exercise 
intensity, the decisions about exercise intensity are partic-
ularly important for CKD patients. We conducted several 
previous studies to investigate the relationship between 
exercise intensity and renal blood flow (RBF) using ultra-
sound echo (Kawakami et al., 2018; Kotoku et al., 2019). 
Although para- aminohippuric acid clearance has been 
used as a standard method for evaluating RBF (Clorius 
et al., 1996; Grimby, 1965; Kenney & Ho, 1995; Poortmans 
et al., 1996), it has the disadvantage of being highly inva-
sive and unable to quickly evaluate RBF. Therefore, we fo-
cused on ultrasound echo can be performed noninvasively 
and is able to quickly evaluate RBF, which place less strain 
on participants compared with the traditional methods. 
Then, our results revealed that exercise at moderate inten-
sity, particularly lactate threshold (LT) intensity, caused no 
decrease in RBF. This findings indicated that LT intensity 
is a safe exercise intensity (Kawakami et al., 2018; Kotoku 
et al., 2019). Recently, moderate- intensity exercise in non-
dialysis CKD patients has been reported to have beneficial 
effects (Howden et al.,  2012) including antihypertensive 
effects (Thompson et al., 2019) and improvement of car-
diopulmonary fitness (Vanden Wyngaert et al.,  2018), 
physical function (Afsar et al.,  2018), and quality of life 
(Pei et al., 2019). Therefore, the attitudes regarding exer-
cise for CKD patients are shifting from exercise restriction 

to exercise therapy. Our previous studies revealed that 
exercise at LT intensity did not decrease RBF, although it 
remains unclear how continuous exercise at LT intensity 
affects renal hemodynamics. The appropriate amount of 
exercise is affected by the exercise intensity and duration, 
and it is necessary to investigate the influence of exercise 
duration on renal hemodynamics for clinical practice.

Several studies have shown that the urinary acute 
kidney injury (AKI) biomarkers such as urinary liver- 
type fatty acid- binding protein (L- FABP) and kidney in-
jury molecule- 1 (KIM- 1) are increased following exercise 
(Kosaki et al., 2020; Wołyniec et al., 2018, 2020). These bio-
markers are highly sensitive urinary biomarker reflecting 
the degree of glomerular and/or tubular damage, these re-
sults indicate the possibility that glomerular abnormality, 
tubular hypoxia, and tubulointerstitial damage are caused 
by exercise. However, the changes of these biomarkers 
are dependent on the duration and intensity of exercise, 
most studies investigated changes in AKI biomarkers fol-
lowing high- intensity exercise involved in reduction in 
RBF (Kosaki et al., 2020; McDermott et al., 2018; Poussel 
et al., 2020; Wołyniec et al., 2018, 2020). It is considered 
that examining the influence of moderate- intensity con-
tinuous exercise on AKI biomarkers is of considerable 
clinical important.

Therefore, we hypothesized that moderate- intensity 
continuous exercise does not impair renal hemodynamics, 
renal function, and/or induce kidney injury. Thus, we de-
termined variations in renal hemodynamics and the level 
of burden on the kidneys following continuous exercise 
at LT intensity by focusing on the relationship between 
exercise duration and renal hemodynamics.

2  |  MATERIALS AND METHODS

2.1 | Participants

Eight middle- aged men were included in this study. The 
mean ± standard deviation for age, height, and weight 
were 38 ± 8 years, 176.8 ± 5.7  cm, 68.8 ± 7.3  kg, respec-
tively (Table 1). No participant had any specific underly-
ing diseases (cardiovascular or cerebrovascular disease, 
receiving dialysis) or a history of associated symptoms and 
no participants on medications in the current study. All 
participants underwent a complete medical examination 
including an electrocardiogram and met all the require-
ments for participation in this study. Participants avoided 
strenuous exercise the day before testing and fasted for 
8 h prior to testing (drinking water was acceptable) and 
avoided breakfast, caffeine, exercise on the day. We kept 
at least a week as a washout period between exercise test-
ing for LT determination and the experimental protocol. 
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Sample size was calculated using G × power version 3.1.9 
software (Dusseldolf University, Düsseldorf, Germany) 
considering the acute effects of moderate- intensity con-
tinuous exercise on renal physiology based on a previous 
study (Santana et al., 2017) to generate a power of 80% and 
an alpha risk of 5%. A sample size of eight participants was 
estimated to be statistically appropriate. All potential risks 
and procedures were explained to the participants, who 
provided written informed consent. This study involving 
human participants was conducted in accordance with 
the ethical standards of the institutional and national re-
search committee and with the 1964 Helsinki Declaration 
and its later amendments or comparable ethical stand-
ards. This study was approved by the Ethics Committee 
of Fukuoka University Hospital Approval (No. 21- 02- M1).

2.2 | Exercise testing for 
determination of optimal exercise intensity

All participants performed incremental maximal ex-
ercise test using a cycle ergometer (Lode; Corival, the 
Netherlands) in advance, and blood was drawn from the 
ear lobe during exercise to measure blood lactate concen-
trations. The incremental maximal exercise test consists 
of a 1- min warm- up at 10 W followed by a 20 W in-
crease every minute, as described previously (Kawakami 
et al., 2018). The discontinuation of incremental maximal 
exercise test was carried out according to the exercise dis-
continuation criteria of the American College of Sports 
Medicine (Liguori et al., 2021). On the basis of our previ-
ous findings (Kawakami et al., 2018; Kotoku et al., 2019), 
we defined exercise at LT intensity that did not show a 

decrease in RBF as moderate intensity. Regarding exercise 
intensity for each participant, we determined LT intensity 
from incremental maximal exercise test. Five technicians 
assessed the steep increase point of lactate from visual in-
spection of graphical plots of lactate versus workload dur-
ing the incremental maximal exercise test. We adopted the 
mean of three of five measurements of LT intensity, which 
excluded the maximum and minimum values obtained.

2.3 | The evaluation of variations 
in renal hemodynamics during 
continuous exercise

On arrival at the laboratory, all participants provided 
urine samples and rested in a sitting position for 5  min 
(Figure  1). Measurement of renal hemodynamics was 
then performed using ultrasound echo. Following a 20- 
min resting period, blood samples were obtained to de-
termine the blood biochemistry. Participants underwent 
30- min of aerobic exercise at LT intensity using a cycle er-
gometer. Regarding measurements, renal hemodynamics 

T A B L E  1  Participant characteristics

Age, years 38 ± 8

Height, cm 176.8 ± 5.7

Weight, kg 68.8 ± 7.3

Body mass index, kg/m2 22.1 ± 3.1

Systolic blood pressure, mmHg 113 ± 9

Diastolic blood pressure, mmHg 79 ± 8

Creatinine, mg/dl 0.89 ± 0.04

eGFR, ml/min/1.73 m2 79 ± 6

Work load@LT, watts 60 ± 18

VO2peak, ml/kg/min 33.9 ± 6.4

VO2@LT, ml/kg/min 12.1 ± 3.8

Heart rate@LT, bpm 113 ± 12

%HRR@LT, % 37 ± 14

Note: Data are expressed as the mean ± SD.
Abbreviations: eGFR, estimated glomerular filtration rate; HRR, heart rate 
reserve; LT, lactate threshold; VO2peak, peak oxygen uptake.

F I G U R E  1  Experimental protocol. Participants underwent 
30 min of aerobic exercise at lactate threshold intensity using a 
cycle ergometer. Renal hemodynamics evaluation was performed 
in pre and post 0, post 30, and post 60. Blood samples were 
collected in pre and post 0, post 30, and post 60. Urine samples 
were taken in pre and post 0, and post 60. Pre, before exercise; post 
0, immediately after exercise; post 30, 30- min after exercise; post 60, 
60- min after exercise.

Resting Recovery phase

Renal hemodynamic evaluation

Blood sampling Urine sampling

Continuous exercise at LT intensity
( 30 min )

Pre Post 0 Post 30 Post 60
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evaluation and blood sampling were carried out at rest 
and immediately after exercise, 30- min after exercise, and 
60- min after exercise. Urine samples were taken at rest 
and immediately after exercise and 60- min after exercise. 
In the current study, variations in renal hemodynamics 
were evaluated noninvasively using ultrasound echo fol-
lowing long periods of exercise. Furthermore, blood-  and 
urine sampling before and after exercise, and in the re-
covery phase, were obtained to elucidate the mechanism 
responsible for the regulation of renal hemodynamics and 
the degree of burden on the kidneys. Participants received 
hydration freely during and following the experiment.

2.4 | Evaluation of renal hemodynamics

Evaluation of renal hemodynamics was performed with 
a pulse Doppler method using a 3.5  MHz convex elec-
tronic scanning probe of an ultrasound system (Aplio 
300; Toshiba Medical Systems) as described previously 
(Kawakami et al., 2018). In this study, RBF, peak systolic 
flow velocity (PSV), end- diastolic flow velocity (EDV), 
blood flow velocity (BFV), renal resistive index (rRI), 
renal pulsatility index (rPI), ratio of PSV to EDV (S/D), 
and cross- sectional area (CSA) were determined. First, we 
placed the probe on the left lateral region of the partici-
pant in the seated position and detected the renal artery. 
We determined the BFV using the pulse Doppler method, 
and the CSA was determined. RBF was automatically cal-
culated based on BFV and CSA. RBF was calculated as 
follows: RBF (ml/min) = BFV (cm/sec) × CSA (mm2) × 60 
(sec). Renal hemodynamic assessment with ultrasound 
echo has several advantages. For instance, renal hemody-
namic assessment with ultrasound echo can noninvasively 
visualize blood vessels by applying the probe, allowing for 
repeated measurements over time, leading to diminish 
the strain on participants. Besides, further benefit of ul-
trasound echo is that it measures BFV and CSA of renal 
artery in the kidney independently, enable to determine 
whether the change in RBF is due to changes in BFV or 
CSA. Average blood flow rate was defined as the average 
of three pulsed Doppler waveforms with the participant in 
the seated position and the probe applied to the left flank. 
The Doppler incident angle to blood flow direction was 
measured to within 60° to obtain an accurate measure 
of BFV. We decided in advance where we would apply 
the probe and measured at the same position each time. 
At the time of measurement, the participant held their 
breath, the probe was placed at the same position, and 
the measurement was carried out using a high- resolution 
echo. The same technician consistently performed the 
renal hemodynamic assessment throughout this study. 
The assessment of renal hemodynamics was performed at 

rest and immediately after exercise, 30- min after exercise, 
and 60- min after exercise.

2.5 | Measurement of blood and 
urinary biomarkers

Blood and urine samples were obtained in the morning 
after 8 h of overnight fasting. A venous blood sample was 
drawn to measure adrenaline, noradrenaline, plasma 
renin activity, angiotensin II, aldosterone, creatinine, and 
cystatin C. In addition, serum creatinine and cystatin C 
estimation equations (eGFRcre and eGFRcys) and filtra-
tion fraction (FF) as an indicator of renal function and 
renal hemodynamics were calculated as follows (Horio 
et al., 2013; Matsuo et al., 2009):

All participants provided a urine sample to examine 
creatinine, albumin, β2- microglobulin (β2MG), L- FABP, 
and N- acetyl- beta- d- glucosaminidase (NAG) to determine 
renal injury in response to exercise. Besides, we measured 
urinary KIM- 1 in duplicate using a sandwich ELISA kit 
(Human Urinary KIM- 1 Quantikine ELISA Kit; R&D 
Systems) to determine the renal injury response to exercise. 
Moreover, AKI was defined on the Acute Kidney Injury 
Network (AKIN) criteria for severity of AKI using either 
parameter: increased serum creatinine or decreased GFR 
(Mehta et al.,  2007). Stage 1 was defined as a 1.5– 2- fold 
or 0.3 mg/dl increase in serum creatinine concentration 
from baseline to peak value, whereas stage 2 was defined 
as a 2– 3- fold increase in serum creatinine concentration. 
We used the cutoff values with respect to urinary L- FABP 
(8.4  μg/g creatinine) and (micro- ) albuminuria (30 mg/g 
creatinine) to define a kidney injury. Besides, we used the 
cutoff value for urinary KIM- 1 (31– 40 years: 2.14 μg/g cre-
atinine, 41– 50 years: 2.24 μg/g creatinine) that has been 
used to define kidney injury (Pennemans et al.,  2013). 
Each blood sample was centrifuged for 10 min at 1175 g 
at 4°C, and a part of the urine sample was centrifuged for 
5 min at 400 g at 4°C. Samples were stored at −80°C until 
analysis. Analyses were performed by a commercial blood 
and urine company (LSI Medience Corp., SRL Inc.).

eGFRcre = 194 × Scr−1.094 × age−0.287,

eGFRcys =
(

104×Cys−C−1.019×0.996age
)−8

,

FF (%) = eGFR
(

ml∕min∕1.73m2
)

∕renal plasma flow (RPF)�,

�RPF = RBF × hematocrit (%)

= RBF × 0.5.



   | 5 of 13KAWAKAMI et al.

2.6 | Statistical analysis

Experimental data are presented as the mean ± standard 
deviation. The effects of moderate- intensity continuous 
exercise on all outcome measures were analyzed using 
one- way analysis of variance with Tukey's post hoc test. 
Nonparametric data were assessed using the Friedman 
test. Statistical analyses were performed using Prism ver-
sion 9.0 (GraphPad Software), and a p value of <0.05 was 
considered to indicate statistical significance.

3  |  RESULTS

3.1 | Renal hemodynamics following 
continuous exercise

RBF immediately after continuous exercise was not sig-
nificantly changed compared with that before exercise 
(319 ± 102 vs. 308 ± 79  ml/min, p  =  0.976). In addition, 
there was no significant change in RBF in the recovery 
phase (Figure  2a). RBF is composed of BFV and CSA. 
In addition, there were no significant changes in BFV 
at any point compared with before exercise (Figure 2b). 
However, the CSA at 30 min after continuous exercise was 
significantly lower than that before exercise (31.9 ± 7.9 vs. 
27.8 ± 6.1 mm2, p =  0.032; Figure  2c). Figure  3 indicates 
the variations in other renal hemodynamics parameters 
before and immediately after continuous exercise and in 
the recovery phase. There were no significant changes in 
PSV and EDV at any point (Figure 3a,b). Compared with 
before exercise, the rPI (an indicator of peripheral vascu-
lar resistance) showed no significant changes immedi-
ately after continuous exercise (0.98 ± 0.15 vs. 0.88 ± 0.16, 
p =  0.329) and showed a significant decrease in 30- min 
after continuous exercise (0.98 ± 0.15 vs. 0.80 ± 0.11, 
p = 0.039; Figure 3c). In addition, rRI immediately after 
continuous exercise exhibited no significant changes 
(0.56 ± 0.06 vs. 0.51 ± 0.05, p  =  0.104). However, rRI in 
30- min after exercise significantly decreased compared 
with before exercise (0.56 ± 0.06 vs. 0.47 ± 0.07, p = 0.025; 
Figure  3d). Moreover, S/D did not significantly change 
immediately after exercise compared with before exercise 
(2.32 ± 0.32 vs. 2.05 ± 0.22, p = 0.111) and was significantly 
lower in 30- min after exercise (2.32 ± 0.32 vs. 1.91 ± 0.26, 
p = 0.024; Figure 3e).

3.2 | Renal function and injury

Regarding variations in renal function with exercise, 
there were no significant changes in serum creatinine and 
cystatin C level at any point (Figure 4a,b). Furthermore, 

eGFRcre and eGFRcys consistently showed no significant 
changes before and immediately after continuous ex-
ercise and in the recovery phase (Figure  4c,d). In addi-
tion, continuous exercise at LT intensity had no impact 
on FFcre and FFcys (Figure 4e,f). Figure 5 shows urinary 
creatinine, albumin, β2MG, NAG, L- FABP, and KIM- 1 
excretion response to continuous exercise. The urinary 
creatinine concentrations immediately after continuous 
exercise and in 60- min after exercise were significantly 
decreased compared with those before exercise (p = 0.019 

F I G U R E  2  Variations in renal hemodynamics parameters 
before and after continuous exercise and recovery phase. Changes 
in (a) renal blood flow, (b) blood flow velocity, and (c) cross- 
sectional area in pre and post 0, recovery phases. Data are the 
mean ± standard deviation. *p < 0.05, compared with values in pre. 
Pre, n = 8; post 0, n = 8; post 30, n = 8; post 60, n = 8. Pre, before 
exercise; post 0, immediately after exercise; post 30, 30- min after 
exercise; post 60, 60- min after exercise.
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and p = 0.035, respectively; Figure 5a). Besides, the β2MG 
levels (233 ± 156 vs. 87 ± 71 μg/L, p = 0.026) and L- FABP 
levels (1.84 ± 1.45 vs. 0.56 ± 0.14 ng/ml, p = 0.012) in 60- 
min after exercise were significantly decreased compared 
with those before exercise (Figure  5b,c). There were no 
significant changes in albumin levels (18.4 ± 28.4 vs. 
12.2 ± 18.3  μg/ml, p  =  0.745), NAG levels (6.9 ± 7.4 vs. 
3.5 ± 3.5  U/L, p  =  0.137), and KIM- 1 levels (1.02 ± 0.70 
vs. 0.74 ± 0.77 ng/ml, p  =  0.745) before and after exer-
cise (Figure 5d– f). In addition, there were no significant 
changes in these parameters in 60- min after exercise. 
Furthermore, these parameters were adjusted for urinary 
creatinine concentrations to match the levels of these pa-
rameters in accordance with the concentration of urine. 
After adjusting for urinary creatinine concentrations, 
there were no significant changes in β2MG levels (169 ± 65 
vs. 210 ± 76 μg/g creatinine, p  =  0.234), L- FABP levels 
(1.26 ± 0.70 vs. 1.61 ± 1.28 μg/g creatinine, p  =  0.668), 

albumin levels (8.6 ± 10.6 vs. 8.3 ± 7.0  mg/g creatinine, 
p  =  0.999), NAG levels (4.6 ± 2.9 vs. 3.6 ± 1.8  U/g cre-
atinine, p  =  0.325), and KIM- 1 levels (0.52 ± 0.20 vs. 
0.46 ± 0.27 μg/g creatinine, p = 0.447) before and after ex-
ercise (Figure 5g– k). In addition, there were no significant 
changes in these parameters in 60- min after exercise.

3.3 | Biochemical parameters 
associated with the regulation of renal 
hemodynamics

Figure 6 shows the changes in biochemical parameters as-
sociated with the regulation of renal hemodynamics before 
and after continuous exercise and in the recovery phase. 
Plasma noradrenaline levels were significantly increased 
after exercise (194 ± 57 vs. 550 ± 221 pg/ml, p = 0.009) and 
remained significantly higher in 60- min after exercise 

F I G U R E  3  Variations in other renal hemodynamic parameters before and after continuous exercise and recovery phase. Changes in 
(a) peak systolic flow velocity, (b) end- diastolic flow velocity, (c) renal pulsatility index, (d) renal resistive index, and (e) S/D in pre and 
post 0, recovery phase. Data are the mean ± standard deviation. *p < 0.05, compared with values in pre. Pre, n = 8; post 0, n = 8; post 30, 
n = 8; post 60, n = 8. Pre before exercise, post 0, immediately after exercise, post 30, 30- min after exercise, post 60, 60- min after exercise. 
Renal pulsatility index (peak systolic flow velocity— end- diastolic flow velocity)/blood flow velocity, renal resistive index (peak systolic flow 
velocity— end- diastolic flow velocity)/peak systolic flow velocity, and S/D ratio of peak systolic flow velocity to end- diastolic flow velocity.
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(194 ± 57 vs. 404 ± 99 pg/ml, p = 0.009; Figure 6a). However, 
there were no significant changes in adrenaline, plasma 
renin activity, angiotensin II, and aldosterone at any point 
compared with before exercise (Figure 6b– e).

4  |  DISCUSSION

The current study is the first to reveal variations of renal 
hemodynamics following continuous exercise at LT in-
tensity using ultrasound echo. The two main findings of 
this study were as follows: (1) a single bout of continuous 
exercise at LT intensity maintains RBF, eGFR, and FF and 
(2) renal injury is not induced following a single bout of 
continuous exercise at LT intensity.

Many previous studies have indicated a relationship be-
tween exercise and RBF (Clorius et al., 1996; Grimby, 1965; 
Kenney & Ho,  1995; Poortmans et al.,  1996). Para- 
aminohippuric acid clearance has been used as a standard 
method for evaluating RBF in most of the previous stud-
ies. Although this method provides useful information, it 
has the disadvantage of being highly invasive and requir-
ing blood and urine sampling and making it difficult to 
assessment changes in RBF over time. Therefore, several 
previous studies evaluated RBF using magnetic resonance 
imaging and ultrasound echo (Chapman et al.,  2020; 
Eckerbom et al.,  2020; Khatir et al.,  2015; Shimamoto 
et al.,  2017). Assessment of RBF using ultrasound echo 
can be performed noninvasively and is able to quickly vi-
sualize blood vessels, allowing for repeated measurements 

F I G U R E  4  Variations in renal 
function parameters before and after 
continuous exercise and recovery phase. 
Changes in (a) serum creatinine, (b) 
serum cystatin C, (c) estimated GFRcre, 
(d) estimated GFRcys, (e) filtration 
fraction (creatinine), (f) filtration fraction 
(cystatin C) in pre and post 0, recovery 
phase. Data are the mean ± standard 
deviation. *p < 0.05, compared with values 
in pre. Pre, n = 8; post 0, n = 8; post 30, 
n = 8; post 60, n = 8. Pre, before exercise; 
post 0, immediately after exercise; post 30, 
30- min after exercise; post 60, 60- min after 
exercise. GFR, glomerular filtration rate.
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over time, which place less strain on participants when 
compared with the traditional methods. Furthermore, 
the advantage of measurement by ultrasound echo is that 
it enables the evaluation not only of RBF but also other 
renal hemodynamic parameters. In the current study, we 
also used ultrasound echo to determine the detailed renal 
hemodynamic responses, including RBF, to exercise. We 
examined the effects of moderate- intensity continuous ex-
ercise on BFV and CSA constituting RBF to explore the ef-
fects of exercise on RBF in more detail. BFV exhibited no 
significant changes before and after exercise and in recov-
ery phase, suggesting that moderate- intensity continuous 
exercise had no effect on BFV. In contrast, although the 
CSA did not significantly change immediately after exer-
cise, a significant decrease was observed in 30- min after 
exercise. In addition, we evaluated signaling molecules 
associated with the regulation of renal hemodynamics to 
elucidate the mechanism responsible for the regulation of 
renal hemodynamics. The results revealed that adrena-
line, plasma renin activity, angiotensin II, and aldosterone 
showed no significant changes before and after exercise 
and in recovery phase, and noradrenaline levels, which ex-
hibited a strong vasoconstrictive effect, were significantly 
increased after exercise and the recovery phase. Thus, 

the current findings suggest that increasing noradren-
aline following moderate- intensity continuous exercise 
contributes to a decrease in CSA. However, no decrease 
in RBF following moderate- intensity continuous exer-
cise was observed in this study, suggesting that enhanced 
sympathetic nervous system activity following moderate- 
intensity continuous exercise has some effect on CSA but 
does not induce a decrease in RBF.

Furthermore, we evaluated FF consisting of eGFR rel-
ative to RBF to examine the effect of moderate- intensity 
continuous exercise on intrarenal hemodynamics in this 
study. Therefore, our findings demonstrate that moderate- 
intensity continuous exercise caused no decreases in RBF 
and eGFR, resulting in nonsignificant changes in FF. 
Several previous studies have examined the impact of ex-
ercise on FF and have shown that exercise increases FF 
(Grimby, 1965; Svarstad et al., 2002). Svarstad et al. (2002) 
reported that exercise causes a significant increase in FF 
in CKD patients with hypertension. However, their results 
also revealed that the administration of enalapril sup-
presses this increase in FF, suggesting that RAS contributes 
to the increase in FF with exercise (Svarstad et al., 2002). 
This study also assessed the effects of moderate- intensity 
continuous exercise on plasma renin activity, aldosterone, 

F I G U R E  5  Changes in renal injury parameters before and after continuous exercise and recovery phase. Changes in (a) urinary 
creatinine, (b) urinary β2MG concentration uncorrected, (c) urinary L- FABP concentration uncorrected, (d) urinary albumin concentration 
uncorrected, (e) urinary NAG concentration uncorrected, (f) urinary KIM- 1 concentration uncorrected, (g) urinary β2MG concentration 
after correction for creatinine, (h) urinary L- FABP concentration after correction for creatinine, (i) urinary albumin concentration after 
correction for creatinine, (j) urinary NAG concentration after correction for creatinine, (k) urinary KIM- 1 concentration after correction for 
creatinine in pre and post 0, post 60. Data are the mean ± standard deviation. *p < 0.05, compared with values in pre. Pre, n = 8; post 0, n = 8; 
post 60, n = 8. aData are available as follows: Pre, n = 6; post 0, n = 6; post 60, n = 6. Pre, before exercise; post 0, immediately after exercise; 
post 60, 60- min after exercise. β2MG, beta 2 microglobulin; KIM- 1, kidney injury molecule 1; L- FABP, liver- type fatty acid- binding protein; 
NAG, N- acetyl- beta- d- glicosaminidase.
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and angiotensin II, which are indicators of RAS system 
function, and found that moderate- intensity continuous 
exercise caused nonsignificant changes in RAS indicators. 
Our findings demonstrate that moderate- intensity contin-
uous exercise does not activate the RAS system, resulting 
in no significant increase in FF.

Postexercise proteinuria is one of the most common 
signs observed after exhausting exercise (Ene- Iordache 
et al.,  2016). Importantly, proteinuria is a marker of 
renal damage and a predictor of the progress of CKD 
(Ene- Iordache et al.,  2016). Albuminuria is increased 
during exercise because of altered permeability of the 
glomerular membrane and a saturation of the tubular 
reabsorption process of filtered proteins (Poortmans & 
Vanderstraeten,  1994). Zambraski et al.  (1981) suggest 
that exercise decreases the glomerular electrostatic barrier 
and could partially explain the enhanced transglomeru-
lar passage of macromolecules. In addition, Poortmans 
et al.  (1988) reported that the reabsorption of albumin 

and β2MG at the proximal tubules was inhibited by lysine 
perfusion in humans. The increased filtration fraction is 
likely to enhance the diffusion process of macromolecules 
into the tubular lumen, which is one of the causes of al-
buminuria during exercise. In addition, Poortmans and 
Vanderstraeten (1994) emphasized that marked albumin-
uria is observed only after the onset of blood lactate accu-
mulation. Organic acids such as lactic acid and pyruvic 
acid, which are produced by exercise, may alter glomeru-
lar permeability and inhibit the reabsorption of proteins 
at the proximal tubules. Postexercise proteinuria occurs 
during exhaustive exercise, suggesting that no significant 
increases in urinary albumin or β2MG were observed fol-
lowing exercise in this study because we adopted an exer-
cise intensity level (36% VO2max) that did not enhance FF 
and did not increase blood lactate concentration.

Serum creatinine and GFR need to be monitored to de-
fine AKI (Mehta et al., 2007). Meanwhile, previous studies 
have reported that the novel biomarkers of kidney injury 

F I G U R E  6  Changes in signaling molecules associated with the regulation of renal hemodynamics before and after continuous exercise 
and recovery phase. Changes in (a) noradrenaline, (b) adrenaline, (c) plasma renin activity, (d) angiotensin II, and (e) aldosterone in pre 
and post 0, recovery phase. Data are the mean ± standard deviation. *p < 0.05, compared with values in pre. **p < 0.01, compared with values 
in pre. Pre, n = 8; post 0, n = 8; post 30, n = 8; post 60, n = 8. Pre, before exercise, post 0 immediately after exercise, post 30, 30- min after 
exercise, post 60, 60- min after exercise.
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are elevated in AKI even before the increase in creati-
nine and the appearance of albuminuria (Schrezenmeier 
et al.,  2017). Some studies have demonstrated the influ-
ence of physical exercise on the levels of AKI biomark-
ers (Juett et al.,  2020; Kosaki et al.,  2020; McDermott 
et al.,  2018; Wołyniec et al.,  2018, 2020). Previously, 
Wołyniec et al. (2018) examined changes in urinary neu-
trophil gelatinase- associated lipocalin (NGAL) and KIM- 1 
after a short period of maximal exercise, reporting that 
KIM- 1 increased significantly after a very short period of 
exercise, whereas NGAL did not change. More recently, 
Kosaki et al. (2020) investigated the acute effects of a short 
period of maximal exercise on urinary L- FABP which is a 
highly sensitive tubular biomarker in adults. The results 
indicated that short maximal exercise may induce a sig-
nificant increase in L- FABP, suggesting that it may lead 
to acute slightly adverse effects on tubular conditions 
(Kosaki et al., 2020). Elevated AKI biomarkers following 
exercise may reflect glomerular and tubular (especially 
proximal tubules) damage and injury, which could be 
caused by higher exercise intensity and prolonged exercise 
duration, producing increased SNS and body temperature, 
dehydration, and muscle damage. As described above, 
most previous studies considering the effects of exercise 
on AKI biomarkers have examined the effects of high- 
intensity exercise. In contrast, regarding the effects of 
moderate- intensity continuous exercise on renal function 
and AKI biomarkers, Santana et al. (2017) investigated the 
acute effects of a 30- min moderate- intensity aerobic exer-
cise bout on GFR and albuminuria in nondialysis CKD pa-
tients, suggesting that a single bout of moderate- intensity 
exercise did not impair renal function. In addition, an in-
vestigation by Bongers et al. reported the effects of single 
versus repetitive bouts of exercise on kidney injury mark-
ers in a healthy population. It has been reported that a 
single bout of prolonged exercise significantly increased 
NGAL concentration, whereas no changes in KIM- 1 were 
found (Bongers et al., 2017). However, few studies have ex-
amined the effects of a single bout of moderate- intensity 
continuous exercise on AKI biomarkers. Safe and effective 
exercise conditions that do not impair renal function need 
to be considered for the development of exercise programs 
to prevent a decrease in renal function. Therefore, in the 
current study, we examined how moderate- intensity con-
tinuous exercise affects urinary novel AKI biomarkers and 
revealed no significant changes in urinary NAG, L- FABP, 
and KIM- 1 following moderate- intensity continuous exer-
cise. Our findings suggest that moderate- intensity contin-
uous exercise does not impair glomeruli or tubules.

Previous studies demonstrated that rRI and rPI, mea-
sures of intrarenal hemodynamics derived from ultrasound 
echo, are associated with albuminuria and AKI (Bellos 
et al., 2019; Hamano et al., 2008; Yamanaka et al., 2022), 

and these may be useful tools for examining the detailed 
renal hemodynamic responses to exercise. The PSV, EDV, 
and BFV are measured from the blood flow waveform pat-
tern of renal arteries, and the rRI and rPI obtained from 
the following formula are used as indicators to reflect pe-
ripheral vascular resistance rather than the measurement 
site: rRI =  [(PSV−EDV)/PSV], rPI =  [(PSV−EDV)/BFV] 
(Heine et al.,  2005; O'Neill,  2014). In the current study, 
decreases in rRI and rPI were observed in 30- min after ex-
ercise, and S/D also showed a significant decrease (ΔPSV: 
+1.1% and ΔEDV: +23.3% in 30- min after exercise; vs. 
Pre). A recent study reported that renal capillary wedge 
pressure and peripheral resistance contribute to EDV (Di 
Nicolò & Granata, 2017). Therefore, the decreases in rRI 
and rPI following exercise reflect the attenuation of pe-
ripheral vascular resistance in the kidneys, suggesting 
that moderate- intensity continuous exercise may have 
beneficial effects on renal circulation. However, a variety 
of factors have been reported to be involved in these in-
dices, and many of these factors are not fully understood 
(Di Nicolò & Granata, 2017). Thus, further research is re-
quired to explore the influence of exercise on intrarenal 
hemodynamics.

The current study involved several limitations. First, 
one of the main limitations of the study was a relatively 
small sample size, which should be kept in mind when 
interpreting the results. Second, we examined the acute 
effects of continuous exercise at LT intensity on renal he-
modynamics in this study. We found that a single bout of 
continuous exercise at LT intensity maintains RBF and does 
not induce any significant increase in indicators of renal 
injury. However, the effects of habitual continuous exercise 
at LT intensity on renal hemodynamics remain unclear. 
Elucidating the chronic effects of continuous exercise at 
LT intensity on renal hemodynamics may provide valuable 
evidence to inform the development of exercise programs 
for CKD patients. Therefore, we plan to clarify the chronic 
effects of continuous exercise at LT intensity on renal he-
modynamics on the basis of the current results. Third, we 
thought that the possibility of weight loss (hypovolemia) 
due to exercise- induced sweating was low because the room 
temperature was kept constant and all participants were 
allowed to hydrate freely throughout the experiment, but 
we did not evaluate body weight before and after exercise. 
Finally, it is possible that the renal hemodynamic response 
to exercise changes depending on the severity of renal func-
tional impairment. However, previous studies have reported 
an increased risk of cardiovascular disease or mortality 
with decreased renal function (Go et al.,  2004; Nakayama 
et al.,  2011). Thus, we should begin the study with indi-
viduals (eGFR ≥60 ml/min/1.73 m2) considering safety, so, 
we examined middle- aged individuals (38 ± 8 years) with 
relatively well- maintained renal function (eGFR ≥60  ml/
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min/1.73m2) in the current study. However, for clinical ap-
plications, similar studies should be conducted in nondialy-
sis CKD patients (eGFR <60 ml/min/1.73m2) in the future.

To date, appropriate exercise training programs for 
CKD patients have not been established, and safe and ef-
fective exercise conditions that minimize the burden on 
the kidneys are not fully understood. Elucidating safe and 
effective exercise conditions for CKD patients is a press-
ing issue for controlling the introduction of dialysis and 
growth in medical expenditure. Hence, our future per-
spective is to explore how exercise under different exer-
cise conditions affects kidneys in clinical applications, 
and this is very significant. The current study provides 
novel evidence that moderate- intensity continuous exer-
cise maintains RBF and does not induce increases in the 
biomarkers of renal injury. Our findings will provide basic 
data for the creation of effective exercise programs for pre-
venting reductions in renal function, which could make a 
significant contribution to the development of appropri-
ate medical care.

In conclusion, we investigated that the renal hemody-
namic response to moderate- intensity continuous exercise 
using ultrasound echo and revealed that a single bout of 
moderate- intensity continuous exercise maintained RBF 
and estimated glomerular filtration rate and filtration 
fraction. Furthermore, a single bout of moderate- intensity 
continuous exercise did not induce any significant in-
crease in renal injury biomarkers.
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