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Diurnal rhythms of urine volume 
and electrolyte excretion in healthy 
young men under differing 
intensities of daytime light 
exposure
Isuzu Nakamoto1, Sayaka Uiji1, Rin Okata2, Hisayoshi Endo2, Sena Tohyama2, Rina Nitta2, 
Saya Hashimoto2, Yoshiko Matsushima1, Junko Wakimoto3, Seiji Hashimoto3, 
Yukiko Nishiyama3, Dominika Kanikowska4, Hiromitsu Negoro5 & Tomoko Wakamura1*

In humans, most renal functions, including urine volume and electrolyte excretions, have a circadian 
rhythm. Light is a strong circadian entrainment factor and daytime-light exposure is known to affect 
the circadian rhythm of rectal temperature (RT). The effects of daytime-light exposure on the diurnal 
rhythm of urinary excretion have yet to be clarified. The aim of this study was to clarify whether 
and how daytime exposure to bright-light affects urinary excretions. Twenty-one healthy men 
(21–27 years old) participated in a 4-day study involving daytime (08:00–18:00 h) exposure to two 
light conditions, Dim (< 50 lx) and Bright (~ 2500 lx), in a random order. During the experiment, RT was 
measured continuously. Urine samples were collected every 3 ~ 4 h. Compared to the Dim condition, 
under the Bright condition, the RT nadir time was 45 min earlier (p = 0.017) and sodium (Na), chloride 
(Cl), and uric acid (UA) excretion and urine volumes were greater (all p < 0.001), from 11:00 h to 13:00 h 
without a difference in total daily urine volume. The present results suggest that daytime bright 
light exposure can induce a phase shift advance in urine volume and urinary Na, Cl, and UA excretion 
rhythms.

Most organisms have circadian systems that are associated with the earth’s 24-h light–dark cycle and adapted 
to their particular niches. In humans, renal functions including renal blood flow, glomerular filtration rate 
(GFR), urine volume, and some electrolyte excretion are highest from afternoon to early evening and lowest at 
midnight1. These circadian rhythms persist independent of meal timing, activity level, sleep, and body posture, 
indicating that they are driven by an internal time-keeping system2–5. In most entrained 24-h studies, subject 
lives in a laboratory with constant meal time, timed activities, and sleep deprivation (i.e., the constant routine). 
However, it is necessary to examine how circadian rhythms are affected with sleep–wake rhythm in real life that 
is not such a restricted life.

The primary role of the kidney is to support homeostasis by eliminating waste products through glomerular 
filtration, reabsorption, and excretion of water and electrolytes in the renal tubules. Kidney function is closely 
associated with blood pressure (BP) regulation, and the renin–angiotensin–aldosterone system modulates daily 
BP variation through physiological mechanisms that regulate water and sodium (Na)6. As well known, Arginine 
vasopressin, the antidiuretic hormone, regulates the circadian rhythm of urine volume7.

In mammals, the suprachiasmatic nucleus (SCN) of the hypothalamus serves as a master circadian clock. This 
body clock is constituted by oscillation-generating neurons. The resultant circadian rhythms are fundamentally 
genetic, but also regulated by external entrainment factors, such as the light–dark cycle, eating, and exercise.

The light–dark cycle is the most profound synchronizer of SCN activity8–11, with the magnitude and direc-
tion of circadian resetting responses being dependent on the circadian phase during which light stimulation 
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is present12–15. Rectal temperature (RT) and melatonin rhythms are peripheral indicators of the timing of the 
human circadian pacemaker8,14. Bright daytime light (6000 lx) exposure from wake-up time to sunset can induce 
an earlier RT nadir time in humans16. Furthermore, compared to dim daytime light exposure, daytime light 
(5000 lx) exposure has been reported to result in greater nocturnal melatonin secretion17.

Given that bright light exposure during daytime hours influences diurnal rhythms for RT and melatonin 
levels, we suspect that it may also affect the diurnal rhythm of urinary excretion. Additionally, there is a need to 
examine how diurnal rhythms are altered in a real life-like context given that in most 24-h entrainment studies, 
subjects live in a laboratory-controlled environment with a consistent meal-time and activity routine as well 
as a sleep deprivation component. The aim of the present study was to compare how bright versus dim light 
exposure during the daytime affects the diurnal rhythms of urine volume, electrolyte levels, and uric acid (UA) 
excretion in human subjects.

Materials and methods
Participants.  This study was conducted in accordance with the guidelines established in the Declaration of 
Helsinki, approved by the Ethics Committee of Kyoto University Graduate School, and registered in the Uni-
versity Hospital Medical Information Network database (UMIN000038350). Twenty-one healthy young men 
(21–27 years old) were recruited from the authors’ university between November 2019 and February 2020. Prior 
to participating in this study, participants received a detailed explanation of the purpose and design of the study 
and then provided written informed consent.

Exclusion criteria were sleep disorders as determined by the Pittsburgh Sleep Quality Index18 or being extreme 
morning or evening types as determined by Morningness–Eveningness Questionnaire19. According to their 
Cornell Medical Index values20 and International Prostate Symptom Scores21, all participants were healthy and 
had no urination problems, respectively. None of the participants were tobacco smokers, taking medications, had 
food allergies, or had traveled across time zones within 3 months prior to the start of the experiment.

Study protocol.  An overview of the experimental protocol is shown in Fig. 1. For the 5 days preceding the 
experiments, participants were asked to go to bed at 24:00 ± 1 h and to get up at 07:00 ± 1 h. Their adherence to 
this schedule was checked via sleep diaries.

The experiments were conducted in a temperature (25 ± 2 °C) and humidity (55 ± 5%) controlled experi-
mental room with a bed, table, and full restroom. Participants spent two periods (4 days and 3 nights each) in 
the experimental room under different daytime light conditions (dim or bright). The order of the periods was 
randomized across subjects with at least 5 days between the dim/bright and bright/dim experimental periods. 
The daytime hours during which these conditions were applied spanned from 08:00 h to 18:00 h.

The dim condition was < 50 lx (21.94 μW/cm2) and the bright condition was ~ 2500 lx (769.77 μW/cm2). 
Light intensity was measured vertically at eye level by a seated researcher with a Lighting Passport spectrometer 
(Asensetek Inc., Taipei, Taiwan). The light sources were fluorescent lamps that illuminated the experimental room 
via a pseudo-window. Estimated irradiances were calculated with the Irradiance Toolbox22.

On the first experimental day, participants were brought to the experimental room at 12:00 h and then 
allowed to acclimate to the room environment. In the evening of day 1, they were kept in dim light from 18:00 h 
to 24:00 h, and then left in darkness from 24:00 h to 08:00 h to sleep. On subsequent days, they were exposed 
to dim or bright light from 08:00 h to 18:00 h and to dim light from 18:00 h to 24:00 h. At 08:00 h on day 2, the 
participants were asked to urinate to ensure that each started the experiment with an empty bladder. Subse-
quently, they were asked to collect their urine in a P-Flowdiary portable uroflowmetry device (Micronix Inc., 
Kyoto, Japan) to measure urine volume. Participants were asked to inform an experimenter when they needed 
to urinate and to place collected urine samples at the entrance to the experimental room. On day 3, participants 
were asked to collect urine every 3 ~ 4 h.
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Figure 1.   Overview of the experimental protocol. Numbers above the graphic indicate hours in the day that 
served as measurement period boundaries. RT was monitored continuously (arrow). Black circles indicate 
approximate urine sample collection times. White squares indicate BP measurement time points. Black squares 
indicate KSS implementations.
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Identical meals (each 700 kcal, 60% from carbohydrates, 25% from fat, and 15% from protein; 3.8 g salt) were 
provided to participants at 08:00 h, 13:00 h, and 18:00 h. Participants consumed 25 ml/kg body weight per day of 
water every 2 h from 08:00 h to 24:00 h. Overall, the mean volume of water consumed each day was 1621 ± 171 ml. 
Participants were allowed to read books, to listen to music, and to use portable devices (smartphones and lap-
tops) with a screen illuminance level < 50 lx. Although they were not expected to follow a strict daily routine, to 
prevent extremes in activity, participants were not permitted to engage in strenuous physical exercise or to take 
a nap. During the experiment, the participants wore a short-sleeved T-shirt and shorts without socks. Each took 
a shower for up to 30 min between 15:00 and 16:00 h.

Measurements.  RT was measured continuously and reported once per minute with an NT data logger 
(N543R, Nikkiso-Therm Co., Tokyo, Japan). BP and heart rate (HR) were measured every 2 h with a HEM-
7080IC monitor (Omron Healthcare Co., Kyoto, Japan). The RT, BP, and HR data were extracted with a com-
puter. Participants filled out a Kwansei Gakuin Sleepiness Scale (KSS) of subjective sleepiness every 2 h from 
08:00 h to 24:00 h. A higher KSS score indicates being sleepier (range 0–7).

Urinalysis was conducted to determine urine osmolality and to measure Na, K, chloride (Cl), calcium (Ca), 
phosphorus (P), magnesium (Mg), and UA concentrations. Urine samples collected were each transferred from a 
P-Flowdiary portable to a Urinemate P partition cup (Sumitomo Bakelite Co., Ltd., Tokyo, Japan), which enables 
1/50th of a urine volume to be collected accurately and proportionally. Promptly after being collected, a 10-ml 
portion of each urine sample was centrifuged at 3000 rpm for 5 min; the supernatant was transferred into plain 
tubes and stored at 4 °C until being submitted to urinalysis by the Kyoto University Hospital clinical laboratory 
with a TBA-2000FR automatic biochemical analyzer (Canon Medical Systems Corporation, Tochigi, Japan).

Statistical analysis.  Because two of the participants were excluded due missing data values, 19 participants 
were analyzed. Unless otherwise specified, data are reported as means ± standard errors of the mean (SEMs). 
To obtain diurnal rhythm nadir times and amplitudes, Cosinor analysis23 of RT data was conducted in Time 
Series Analysis Serial Cosinor 8.0 software (Expert Soft Technologies, France). Differences in RT nadir time 
and amplitude and in 24-h urine excretion values between the two daytime light conditions were analyzed with 
paired t-tests. Data from 3 participants were excluded from the 24-h urinalysis because of collection errors with 
Urinemate P partition cup operation, leaving a final N of 16 for the 24-h urinalysis variables. Urinary excretion 
values obtained from samples collected every 3–4 h were converted to volumes per hour. Then urine volume was 
categorized according to the following bins: daytime, 08:00–18:00 h; evening, 18:00–24:00 h; and sleep, 24:00–
08:00 h. Linear mixed modeling was performed with light condition and time as fixed factors and with subject 
as a random factor. When significant interaction effects were detected, Bonferroni post hoc tests were applied. 
BP and HR values were converted to in % of the individual 24-h means. Because seven of the participants were 
excluded due missing night time BP data, 12 participants were analyzed. A two-way repeated-measures ANOVA 
was performed. When significant interaction effects were detected, Bonferroni post hoc tests were applied. Pear-
son’s correlation analysis was used to examine whether RT nadir time difference and urine volume difference 
correlations were affected by light condition. Data analyses were performed in SPSS version 24 for Windows 
(IBM Japan Inc., Tokyo, Japan) with a significance criterion of p < 0.05.

Results
Participant characteristics.  The characteristics of the recruited cohort (N = 19), reported as means ± stand-
ard deviations (SDs) were: age, 23.7 ± 1.7 years; body weight, 64.8 ± 6.3 kg; height 174.2 ± 5.7 cm; body mass 
index 21.4 ± 1.5 kg/m2; Pittsburgh Sleep Quality Index scores, 3.8 ± 1.9 points; and Morningness-Eveningness 
Questionnaire scores, 50.8 ± 8.9 points.

Effects of illumination brightness on RT and urine excretion.  RT nadir times, RT amplitudes, urine 
volumes, and urine constituent concentrations are compared between the bright and dim daytime conditions 
in Table 1. At baseline on day 1, there was no difference in mean RT nadir time and mean RT amplitude in two 
light conditions. Notably, mean RT nadir time was significantly earlier (by 45 min) and mean RT amplitude was 
significantly greater (by 22%) in the bright condition than in the dim condition. Mean RT values are shown in 
Fig. 2. Mean 24-h urinary excretion values did not differ between the two conditions for urine volume or for Na, 
K, Cl, Ca, P, Mg, or UA levels (Table 1).

Analysis of changes in urine constituents across time-of-day intervals revealed a significant main effect 
of time of day on urine volume (F7, 268 = 31.50; p < 0.001), on Na, K, Cl, Ca, P, Mg, and UA concentrations 
(F7, 268 = 46.70; p < 0.001, F7, 268 = 13.39; p < 0.001, F7, 268 = 48.35; p < 0.001, F7, 268 = 75.14; p < 0.001, F7, 268 = 168.25; 
p < 0.001, F7, 268 = 64.41; p < 0.001, and F7, 268 = 58.88; p < 0.001, respectively), and on urine osmolality differences 
between the dim and bright condition (F7, 268 = 34.58; p < 0.001) (Fig. 3 and Supplementary Fig. 1). Significant 
interactions were observed for urine volume, Na, Cl, and UA (F7, 268 = 2.66; p = 0.011, F7, 268 = 5.37; p < 0.001, 
F7, 268 = 4.51; p < 0.001, F7, 268 = 2.72; p = 0.010, respectively). Post hoc tests revealed that, compared to the dim 
condition, the bright condition was associated with greater excretion of Na (p = 0.012), Cl (p = 0.035), and UA 
(p = 0.026) during the morning period (08:00–11:00 h) as well as higher excretion of urine volume, Na, Cl, and 
UA during midday period (11:00–13:00 h; all p < 0.001).

Relationship between light exposure effects on RT nadir time and light exposure effects on 
urine volume and participants’ characteristics.  As shown in Fig. 4, the differences in RT nadir time 
between the dim and bright light conditions correlated significantly with differences in urine volume between 
these two light conditions during the evening (r = 0.693, p = 0.001), but not during the daytime (r = 0.049, 
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p = 0.841). The differences in RT nadir time between the dim and bright light conditions were not correlated with 
PSQI scores, MEQ scores, and BMI (r = − 0.023; p = 0.925, r = − 0.140; p = 0.567, r = − 0.026; p = 0.917, respec-
tively).

Cardiovascular variables and subjective sleepiness.  As shown in Fig. 5 and Supplementary Fig. 2, 
significant main effects of time-of-day on % of the individual 24-h SBP means, % of the individual 24-h DBP 
means, % of the individual 24-h HR, and KSS score in dim and bright conditions were observed (F11, 264 = 10.02; 
p < 0.001, F11, 264 = 10.42; p < 0.001, F11, 264 = 25.09, F8, 306 = 23.13; p < 0.001, respectively). There were no significant 
main effects of light condition on these variables, nor were there any significant time × light interactions. Diurnal 
rhythm in SBP, DBP, and HR are shown in Supplementary Fig. 3.

Table 1.   Comparison of rectal temperature (RT) profile (N = 19) and 24-h urinary excretion variables 
(N = 16) between light condition groups. Ca calcium, Cl chloride, K potassium, Mg magnesium, Na sodium, P 
phosphorus, RT rectal temperature, UA uric acid. Statistical values are from paired t-tests.

Variable Condition Mean ± SEM t p

RT nadir time, h
On the day 1

Dim 5:31 ± 0.54
0.39 0.701

Bright 5:22 ± 0.51

RT amplitude, °C
On the day 1

Dim 0.38 ± 0.01
0.35 0.729

Bright 0.37 ± 0.01

RT nadir time, h
On the day 3

Dim 5:37 ± 0.30
2.63 0.017

Bright 4:52 ± 0.28

RT amplitude, °C
On the day 3

Dim 0.37 ± 0.03
2.43 0.026

Bright 0.45 ± 0.04

Urine volume, ml/day
Dim 1657 ± 75.3

0.81 0.433
Bright 1711 ± 72.8

Na, mEq/day
Dim 146 ± 5.3

1.14 0.272
Bright 155 ± 6.3

K, mEq/day
Dim 24.8 ± 2.0

0.77 0.454
Bright 23.3 ± 1.2

Cl, mEq/day
Dim 125 ± 4.5

0.78 0.446
Bright 131 ± 5.4

Ca, mg/day
Dim 172 ± 13.9

0.04 0.965
Bright 172 ± 14.3

P, mg/day
Dim 690 ± 33.7

0.61 0.548
Bright 680 ± 26.2

Mg, mg/day
Dim 82.8 ± 4.3

0.21 0.837
Bright 83.2 ± 4.6

UA, mg/day
Dim 440 ± 12.2

1.21 0.247
Bright 453 ± 16.5
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Figure 2.   Mean diurnal rhythms in RT under the two light conditions. SW, no data due to shower time. Light 
grey shading indicates SEM. N = 19.
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Discussion
In the present study, we found that the level of light exposure one experiences during daytime hours 
(08:00–18:00 h) affected urine volume and urinary Na, Cl, and UA excretions. Compared to subjects exposed 
to dim daytime light (< 50  lx), subjects exposed to bright daytime light (~ 2500  lx) had higher mid-day 
(11:00–13:00 h) excretion values, an earlier RT nadir, and an increased RT amplitude. Moreover, a more pro-
nounced shift in RT nadir time was associated with a more pronounced difference in urine volume. These data 
are consistent with the expectation that level of light exposure during daytime hours can affect diurnal regulation 
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Figure 3.   Effects of bright versus dim daytime light exposure on urine excretion variables. (A–F) Mean urine 
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Bonferroni post hoc tests were used (N = 19); *p < 0.05.
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correlation graph.



6

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13097  | https://doi.org/10.1038/s41598-021-92595-0

www.nature.com/scientificreports/

of physiology. To the best of our knowledge, this is the first study that has investigated the effects of daytime 
light conditions on the diurnal rhythms of urinary excretions, and the relationship of such an effect with RT.

Under both light conditions, urinary excretions exhibited a clear diurnal rhythm, being high during wakeful-
ness and low during sleep, with the exception of urinary P excretion, which increased from the evening period to 
the sleep period. Urinary osmolality was consistently low during daytime hours. These observations are consistent 
with those of several previous studies4,24–26. Notably, we found that daytime light exposure affected the diurnal 
rhythms of urine volume and of urinary Na, Cl, and UA concentrations. Moreover, the magnitude of the bright 
light-induced RT phase shift correlated with bright light-induced diminution of urine volume, especially dur-
ing the evening (18:00–24:00). Notwithstanding, there were no differences in total 24-h excretion volumes or 
electrolyte levels between the two daytime light exposure conditions. Hence, the effects of daytime light exposure 
on the variables analyzed in the study did not affect homeostasis, but rather induced a phase advance in urine 
volume and urinary Na, Cl, and UA excretion rhythms.

The mechanisms mediating the diurnal rhythm of urine excretion have not been elucidated in detail, likely 
because the regulation urine excretion and electrolyte levels is complex. The aforementioned phase advance 
associated with bright daytime light exposure could reflect an increased GFR, which in turn would be expected 
to result in increased urine volume and increased Na and Cl excretions (Fig. 3). However, an increase in GFR 
cannot explain why urinary K excretion was not increased in the bright light condition given that K excretion 
has a diurnal rhythm similar to Na excretion27.

A change in GFR is related specifically to the first of three phases of urine production, namely glomerular 
filtration, and does not account for changes affecting the subsequent phases of reabsorption and secretion. Hence, 
it is possible that the differing effects of daytime light exposure on the excretion of particular electrolytes reflect 
distinct influences on particular stages. For example, a modulatory effect on secretion and/or reabsorption within 
the renal tubule would be independent of overall GFR per se. The main hormones involved in natriuresis (Na 
excretion) are natriuretic peptides, including atrial natriuretic peptide, and aldosterone. Given that plasma con-
centrations of atrial natriuretic peptide and aldosterone have been shown to have diurnal rhythms28, we suspect 
that these hormones may have been involved in mediating the presently observed bright light exposure-related 
shift in natriuresis.

Diurnal rhythms of urine excretions are induced, at least in part, from diurnal changes in secretion and 
reabsorption capacities of the distal nephron and collecting ducts. Recent studies on the role of circadian clock 
proteins in the regulation of genes involved in renal transport suggest that circadian fluctuations in renal func-
tion are controlled partly by a molecular clock in the kidney11,29–31. In the present study, daytime light exposure 
effects on the SCN may have affected the peripheral clock in the kidney as like the advancement of RT rhythm. 
Another possibility is that the acute effect of bright light may have enhanced urine excretions and volume in the 
morning not correlated with the circadian clock. However, such an effect has not been published as far as we 
know. This effect can be proven by an experiment of the dim light condition followed by the bright light exposure. 
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It is valuable to examine the mechanism of how bright light exposure affects diurnal variation in urine excretions 
and volume in the future experiment.

Peripheral circadian rhythms can be influenced by the SCN via a combination of neural, hormonal, and body 
temperature signals32,33. Melatonin has been shown to facilitate aldosterone production in human adrenocortical 
cells34. Released aldosterone, which acts to increase renal tubular reabsorption of Na and water, has a circadian 
rhythm characterized by an increase through the night until it peaks in the morning35,36. Although melatonin 
and aldosterone were not measured in the present study, we would expect that morning melatonin levels would 
have been decreased under the present bright light condition because bright light exposure decreases melatonin 
secretion during morning hours, compared to dim light16,37. Hence, we posit that lower melatonin and aldos-
terone levels in subjects exposed to the bright condition, compared to those exposed to the dim condition, may 
elevate urinary Na excretion, especially in the morning (Fig. 3).

With respect to UA excretions, it is difficult to apply rodent UA excretion data to humans because, relative 
to rodents, humans have much lower expression of uricase, an enzyme that metabolizes UA to allantoin38. The 
relatively high serum UA levels found in humans has been suggested to serve an antioxidant role39. If so, the 
higher early-day (08:00–13:00 h) UA excretions observed in the bright condition than in the dim condition 
might reflect a physiological upregulation of UA for the purpose of activating its antioxidant effect. Melatonin 
has an antioxidant effect as well40. Therefore, daytime bright light exposure induced stimulation of melatonin 
secretion in the evening might affect antioxidant activity in addition to facilitating sleep. These are intriguing 
possibilities worthy of further research.

Though light sensitivity differed between individuals (Fig. 4), the individual response to different light intensi-
ties were not associated with PSQI, MEQ, or BMI. Individual traits such as age, sex, chronotype, race/ethnicity, 
genetic haplotypes have been reported for light sensitivity41, but the definitive ones are unknown. Evening-light 
exposure at even 10 lx beginning 4 h before bedtime results in later apparent melatonin onsets in the highest 
sensitivity participant42. However, the least sensitive participant did not achieve this level of suppression until 
exposed to the bright light of 400 lx. There are large interindividual differences in light sensitivity. Participants 
who did not advance the RT phase by daytime bright light exposure were considered to have a high sensitivity to 
evening light, and the dim evening light (50 lx) might delay the rectal RT phase. Notably, the difference in light 
sensitivity affected not only rectal RT but also a diurnal variation of urine volume.

Under both experimental light conditions, we observed normal diurnal rhythms for BP, HR, and subjective 
sleepiness (Fig. 5 and Supplementary Fig. 2). The subjects’ BP and HR values differed between waking hours 
(high) and nighttime hours (low), but did not differ between the two light conditions. All subjects, regardless of 
light exposure condition, reported low subjective sleepiness through the bulk of daytime hours. Interestingly, just 
10 min of bright light exposure every 4 h has been shown previously to result in increased HR, relative to dim 
light exposure, from waking through the first 12 h after waking43. In addition, 20-min bright light exposure in 
the late morning (within the period of 10:00–12:00 h) enhanced muscle sympathetic nerve activity and increased 
HR44. In these previous studies, short-term light exposure activated sympathetic nerve activity and increased HR. 
However, there are no prior reports showing that continuous exposure to bright light for the bulk of one’s waking 
hours over multiple days (10 h/day for 3 days in this experiment) increases HR. Our not finding light exposure 
effects on HR suggest it did not affect sympathetic nerve activity or cardiovascular variables significantly and 
thus that short-term and long-term light exposure may have different effects on HR. Moreover, in prior studies 
that incorporated sleep deprivation, daytime bright light exposure (09:00–17:00 h, > 400 lx) increased systolic 
and diastolic BP at 16:00 h compared with values seen with dim light exposure (09:00–17:00 h, < 10 lx)45. Notably, 
the consistency of these variables across our experimental light exposure conditions suggests that the mental 
and physiological states of the participants were stable during this study. The fact that our subjects maintained 
a consistent sleep–wake cycle may have been a strong factor in sustaining their BP and HR values regardless 
of light exposure condition. Moreover, this consistency supports the reliability of the present results given that 
sleep deprivation leads to excessive natriuresis32.

The present study had several limitations. First, because this study was exploratory, blood electrolyte levels, 
hormonal levels (aldosterone, atrial natriuretic peptide, melatonin), and GFR were not measured. Therefore, 
our data cannot indicate which stages of urine production were influenced by light exposure and the detailed 
mechanisms mediating the presently reported effects remain to be resolved. Second, our results cannot be 
compared directly with data obtained with constant-routine protocols, which are generally used for internal 
circadian rhythm determination. We did not employ the constant-routine method because we aimed to evaluate 
diurnal rhythms under conditions that were closer to real-life conditions. Thirdly, a previous study has shown 
that habitual light exposure influence circadian rhythm phase and light sensitivity46, but habitual light exposure 
was not measured. Finally, because all of our subjects were healthy young men, it is uncertain whether similar 
results would be obtained in women, children, or aged men.

To establish clinical relevance, the present pattern of results would have to be verified in vulnerable individu-
als. In healthy aged people, the diurnal rhythms of water and electrolyte excretion are attenuated such that they 
experience reduced daytime excretions and increased nighttime excretions relative to young adults47,48. The 
tendency for older people to go to bed earlier than young adults, at a time of day when urine excretory function 
is still somewhat high, can lead to a need for nighttime voiding, thereby breaking up their sleep. Nocturia, a 
major problem in aged people, has been found to be associated with an increased risk of mortality49. The present 
results suggest that exposure to ample bright light during the daytime could induce an advance phase shift in 
the urine excretion rhythm that should alleviate nocturia by enabling more urination before going to bed and 
thus, perhaps, fewer sleep disruptions. It would be of great interest to determine how daytime light exposure 
affects the diurnal rhythm of urine excretion in aged people. If it induces a shift like that seen in young men in 
the present study, then light exposure may represent a new potential remedy for frequent nocturnal urination.



8

Vol:.(1234567890)

Scientific Reports |        (2021) 11:13097  | https://doi.org/10.1038/s41598-021-92595-0

www.nature.com/scientificreports/

Received: 15 April 2021; Accepted: 14 June 2021

References
	 1.	 Firsov, D., Tokonami, N. & Bonny, O. Role of the renal circadian timing system in maintaining water and electrolytes homeostasis. 

Mol. Cell. Endocrinol. 349, 51–55. https://​doi.​org/​10.​1016/j.​mce.​2011.​06.​037 (2012).
	 2.	 Koopman, M. G. et al. Circadian rhythm of glomerular filtration rate in normal individuals. Clin. Sci. (Lond.) 77, 105–111. https://​

doi.​org/​10.​1042/​cs077​0105 (1989).
	 3.	 Mills, J. N. & Stanbury, S. W. Persistent 24-hour renal excretory rhythm on a 12-hour cycle of activity. J. Physiol. 117, 22–37 (1952).
	 4.	 Minors, D. S. & Waterhouse, J. M. Circadian rhythms of urinary excretion: The relationship between the amount excreted and the 

circadian changes. J. Physiol. 327, 39–51. https://​doi.​org/​10.​1113/​jphys​iol.​1982.​sp014​218 (1982).
	 5.	 Voogel, A. J., Koopman, M. G., Hart, A. A. M., Van Montfrans, G. A. & Arisz, L. Circadian rhythms in systemic hemodynamics 

and renal function in healthy subjects and patients with nephrotic syndrome. Kidney Int. 59, 1873–1880. https://​doi.​org/​10.​1046/j.​
1523-​1755.​2001.​05900​51873.x (2001).

	 6.	 Dudoignon, E., Dépret, F. & Legrand, M. Is the renin–angiotensin–aldosterone system good for the kidney in acute settings?. 
Nephron 143, 179–183. https://​doi.​org/​10.​1159/​00049​9940 (2019).

	 7.	 Gizowski, C., Trudel, E. & Bourque, C. W. Central and peripheral roles of vasopressin in the circadian defense of body hydration. 
Best Pract. Res. Clin. Endocrinol. Metab. 31, 535–546. https://​doi.​org/​10.​1016/j.​beem.​2017.​11.​001 (2017).

	 8.	 Boivin, D. B., Duffy, J. F., Kronauer, R. E. & Czeisler, C. A. Dose-response relationships for resetting of human circadian clock by 
light. Nature 379, 540–542. https://​doi.​org/​10.​1038/​37954​0a0 (1996).

	 9.	 Paul, S. & Brown, T. M. Direct effects of the light environment on daily neuroendocrine control. J. Endocrinol. 243, R1–R18. https://​
doi.​org/​10.​1530/​joe-​19-​0302 (2019).

	10.	 Prayag, A., Münch, M., Aeschbach, D., Chellappa, S. & Gronfier, C. Light modulation of human clocks, wake, and sleep. Clocks 
Sleep 1, 193–208. https://​doi.​org/​10.​3390/​clock​sslee​p1010​017 (2019).

	11.	 Wei, N., Gumz, M. L. & Layton, A. T. Predicted effect of circadian clock modulation of NHE3 of a proximal tubule cell on sodium 
transport. Am. J. Physiol. Ren. Physiol. 315, F665–F676. https://​doi.​org/​10.​1152/​ajpre​nal.​00008.​2018 (2018).

	12.	 Duffy, J. F. & Czeisler, C. A. Effect of light on human circadian physiology. Sleep Med. Clin. 4, 165–177. https://​doi.​org/​10.​1016/j.​
jsmc.​2009.​01.​004 (2009).

	13.	 Khalsa, S. B. S., Jewett, M. E., Cajochen, C. & Czeisler, C. A. A phase response curve to single bright light pulses in human subjects. 
J. Physiol. 549, 945–952. https://​doi.​org/​10.​1113/​jphys​iol.​2003.​040477 (2003).

	14.	 Minors, D. S., Waterhouse, J. M. & Wirz-Justice, A. A human phase-response curve to light. Neurosci. Lett. 133, 36–40. https://​
doi.​org/​10.​1016/​0304-​3940(91)​90051-t (1991).

	15.	 Zeitzer, J. M., Dijk, D. J., Kronauer, R. E., Brown, E. N. & Czeisler, C. A. Sensitivity of the human circadian pacemaker to nocturnal 
light: Melatonin phase resetting and suppression. J. Physiol. 526, 695–702. https://​doi.​org/​10.​1111/j.​1469-​7793.​2000.​00695.x (2000).

	16.	 Wakamura, T. & Tokura, H. The influence of bright light during the daytime upon circadian rhythm of core temperature and its 
implications for nocturnal sleep. Nurs. Health Sci. 2, 41–49. https://​doi.​org/​10.​1046/j.​1442-​2018.​2000.​00037.x (2000).

	17.	 Hashimoto, S. et al. Midday exposure to bright light changes the circadian organization of plasma melatonin rhythm in humans. 
Neurosci. Lett. 221, 89–92. https://​doi.​org/​10.​1016/​s0304-​3940(96)​13291-2 (1997).

	18.	 Buysse, D. J., Reynolds, C. F., Monk, T. H., Berman, S. R. & Kupfer, D. J. The Pittsburgh sleep quality index: A new instrument for 
psychiatric practice and research. Psychiatry Res. 28, 193–213. https://​doi.​org/​10.​1016/​0165-​1781(89)​90047-4 (1989).

	19.	 Horne, J. A. & Ostberg, O. A self-assessment questionnaire to determine morningness–eveningness in human circadian rhythms. 
Int. J. Chronobiol. 4, 97–110 (1976).

	20.	 Brodman, K. et al. The Cornell medical index; a adjunct to medical interview. J. Am. Med. Assoc. 140, 530–534. https://​doi.​org/​
10.​1001/​jama.​1949.​02900​41002​6007 (1949).

	21.	 Barry, M. J. et al. The American Urological Association symptom index for benign prostatic hyperplasia. The Measurement Com-
mittee of the American Urological Association. J. Urol. 148, 1549–1557. https://​doi.​org/​10.​1016/​s0022-​5347(17)​36966-5 (1992) 
(discussion 1564).

	22.	 Lucas, R. J. et al. Measuring and using light in the melanopsin age. Trends Neurosci. 37, 1–9. https://​doi.​org/​10.​1016/j.​tins.​2013.​
10.​004 (2014).

	23.	 Benloucif, S. et al. Stability of melatonin and temperature as circadian phase markers and their relation to sleep times in humans. 
J. Biol. Rhythms 20, 178–188. https://​doi.​org/​10.​1177/​07487​30404​273983 (2005).

	24.	 Aschoff, J. Circadian rhythms in man: A self-sustained oscillator with an inherent frequency underlies human 24-hour periodicity. 
Science 148, 1427–1432. https://​doi.​org/​10.​1126/​scien​ce.​148.​3676.​1427 (1965).

	25.	 Kräuchi, K. & Wirz-Justice, A. Circadian rhythm of heat production, heart rate, and skin and core temperature under unmasking 
conditions in men. Am. J. Physiol. 267, R819-829. https://​doi.​org/​10.​1152/​ajpre​gu.​1994.​267.3.​R819 (1994).

	26.	 Sakuma, M. et al. Nocturnal eating disturbs phosphorus excretion in young subjects: a randomized crossover trial. Nutr. J. https://​
doi.​org/​10.​1186/​s12937-​015-​0096-y (2015).

	27.	 Gumz, M. L. & Rabinowitz, L. Role of circadian rhythms in potassium homeostasis. Semin. Nephrol. 33, 229–236. https://​doi.​org/​
10.​1016/j.​semne​phrol.​2013.​04.​003 (2013).

	28.	 Graugaard-Jensen, C., Rittig, S. & Christian Djurhuus, J. Nocturia and circadian blood pressure profile in healthy elderly male 
volunteers. J. Urol. 176, 1034–1039. https://​doi.​org/​10.​1016/j.​juro.​2006.​04.​046 (2006).

	29.	 Castagna, A. et al. Circadian exosomal expression of renal thiazide-sensitive NaCl cotransporter (NCC) and prostasin in healthy 
individuals. Proteomics Clin. Appl. 9, 623–629. https://​doi.​org/​10.​1002/​prca.​20140​0198 (2015).

	30.	 Richards, J. et al. A role for the circadian clock protein Per1 in the regulation of the NaCl co-transporter (NCC) and the with-no-
lysine kinase (WNK) cascade in mouse distal convoluted tubule cells. J. Biol. Chem. 289, 11791–11806. https://​doi.​org/​10.​1074/​
jbc.​M113.​531095 (2014).

	31.	 Solocinski, K. et al. Transcriptional regulation of NHE3 and SGLT1 by the circadian clock protein Per1 in proximal tubule cells. 
Am. J. Physiol. Ren. Physiol. 309, F933-942. https://​doi.​org/​10.​1152/​ajpre​nal.​00197.​2014 (2015).

	32.	 Yamazaki, S. et al. Resetting central and peripheral circadian oscillators in transgenic rats. Science 288, 682–685. https://​doi.​org/​
10.​1126/​scien​ce.​288.​5466.​682 (2000).

	33.	 Brown, S. A., Zumbrunn, G., Fleury-Olela, F., Preitner, N. & Schibler, U. Rhythms of mammalian body temperature can sustain 
peripheral circadian clocks. Curr. Biol. 12, 1574–1583. https://​doi.​org/​10.​1016/​s0960-​9822(02)​01145-4 (2002).

	34.	 Hara, T. et al. Mutual effects of melatonin and activin on induction of aldosterone production by human adrenocortical cells. J. 
Steroid Biochem. Mol. Biol. 152, 8–15. https://​doi.​org/​10.​1016/j.​jsbmb.​2015.​04.​012 (2015).

	35.	 Kamperis, K., Hagstroem, S., Radvanska, E., Rittig, S. & Djurhuus, J. C. Excess diuresis and natriuresis during acute sleep depriva-
tion in healthy adults. Am. J. Physiol. Ren. Physiol. 299, F404–F411. https://​doi.​org/​10.​1152/​ajpre​nal.​00126.​2010 (2010).

	36.	 Thosar, S. S. et al. Separate and interacting effects of the endogenous circadian system and behaviors on plasma aldosterone in 
humans. Am. J. Physiol. Regul. Integr. Comp. Physiol. 316, R157–R164. https://​doi.​org/​10.​1152/​ajpre​gu.​00314.​2018 (2019).

	37.	 Leproult, R., Colecchia, E. F., L’Hermite-Balériaux, M. & Van Cauter, E. Transition from dim to bright light in the morning induces 
an immediate elevation of cortisol levels1. J. Clin. Endocrinol. Metab. 86, 151–157. https://​doi.​org/​10.​1210/​jcem.​86.1.​7102 (2001).

https://doi.org/10.1016/j.mce.2011.06.037
https://doi.org/10.1042/cs0770105
https://doi.org/10.1042/cs0770105
https://doi.org/10.1113/jphysiol.1982.sp014218
https://doi.org/10.1046/j.1523-1755.2001.0590051873.x
https://doi.org/10.1046/j.1523-1755.2001.0590051873.x
https://doi.org/10.1159/000499940
https://doi.org/10.1016/j.beem.2017.11.001
https://doi.org/10.1038/379540a0
https://doi.org/10.1530/joe-19-0302
https://doi.org/10.1530/joe-19-0302
https://doi.org/10.3390/clockssleep1010017
https://doi.org/10.1152/ajprenal.00008.2018
https://doi.org/10.1016/j.jsmc.2009.01.004
https://doi.org/10.1016/j.jsmc.2009.01.004
https://doi.org/10.1113/jphysiol.2003.040477
https://doi.org/10.1016/0304-3940(91)90051-t
https://doi.org/10.1016/0304-3940(91)90051-t
https://doi.org/10.1111/j.1469-7793.2000.00695.x
https://doi.org/10.1046/j.1442-2018.2000.00037.x
https://doi.org/10.1016/s0304-3940(96)13291-2
https://doi.org/10.1016/0165-1781(89)90047-4
https://doi.org/10.1001/jama.1949.02900410026007
https://doi.org/10.1001/jama.1949.02900410026007
https://doi.org/10.1016/s0022-5347(17)36966-5
https://doi.org/10.1016/j.tins.2013.10.004
https://doi.org/10.1016/j.tins.2013.10.004
https://doi.org/10.1177/0748730404273983
https://doi.org/10.1126/science.148.3676.1427
https://doi.org/10.1152/ajpregu.1994.267.3.R819
https://doi.org/10.1186/s12937-015-0096-y
https://doi.org/10.1186/s12937-015-0096-y
https://doi.org/10.1016/j.semnephrol.2013.04.003
https://doi.org/10.1016/j.semnephrol.2013.04.003
https://doi.org/10.1016/j.juro.2006.04.046
https://doi.org/10.1002/prca.201400198
https://doi.org/10.1074/jbc.M113.531095
https://doi.org/10.1074/jbc.M113.531095
https://doi.org/10.1152/ajprenal.00197.2014
https://doi.org/10.1126/science.288.5466.682
https://doi.org/10.1126/science.288.5466.682
https://doi.org/10.1016/s0960-9822(02)01145-4
https://doi.org/10.1016/j.jsbmb.2015.04.012
https://doi.org/10.1152/ajprenal.00126.2010
https://doi.org/10.1152/ajpregu.00314.2018
https://doi.org/10.1210/jcem.86.1.7102


9

Vol.:(0123456789)

Scientific Reports |        (2021) 11:13097  | https://doi.org/10.1038/s41598-021-92595-0

www.nature.com/scientificreports/

	38.	 Friedman, T. B., Polanco, G. E., Appold, J. C. & Mayle, J. E. On the loss of uricolytic activity during primate evolution—I. Silencing 
of urate oxidase in a hominoid ancestor. Comp. Biochem. Physiol. B 81, 653–659. https://​doi.​org/​10.​1016/​0305-​0491(85)​90381-5 
(1985).

	39.	 Glantzounis, G. K., Tsimoyiannis, E. C., Kappas, A. M. & Galaris, D. A. Uric acid and oxidative stress. Curr. Pharm. Des. 11, 
4145–4151. https://​doi.​org/​10.​2174/​13816​12057​74913​255 (2005).

	40.	 Chitimus, D. M. et al. Melatonin’s impact on antioxidative and anti-inflammatory reprogramming in homeostasis and disease. 
Biomolecules 10, 1211. https://​doi.​org/​10.​3390/​biom1​00912​11 (2020).

	41.	 Chellappa, S. L. Individual differences in light sensitivity affect sleep and circadian rhythms. Sleep https://​doi.​org/​10.​1093/​sleep/​
zsaa2​14 (2021).

	42.	 Phillips, A. J. K. et al. High sensitivity and interindividual variability in the response of the human circadian system to evening 
light. Proc. Natl. Acad. Sci. https://​doi.​org/​10.​1073/​pnas.​19018​24116 (2019).

	43.	 Scheer, F. A. J. L., Van Doornen, L. J. P. & Buijs, R. M. Light and diurnal cycle affect human heart rate: Possible role for the circadian 
pacemaker. J. Biol. Rhythms 14, 202–212. https://​doi.​org/​10.​1177/​07487​30991​29000​614 (1999).

	44.	 Saito, Y. et al. Effect of bright light exposure on muscle sympathetic nerve activity in human. Neurosci. Lett. 219, 135–137. https://​
doi.​org/​10.​1016/​s0304-​3940(96)​13171-2 (1996).

	45.	 Gubin, D. G. et al. Activity, sleep and ambient light have a different impact on circadian blood pressure, heart rate and body 
temperature rhythms. Chronobiol. Int. 34, 632–649. https://​doi.​org/​10.​1080/​07420​528.​2017.​12886​32 (2017).

	46.	 Shochat, T. et al. Sleep timing in late autumn and late spring associates with light exposure rather than sun time in college students. 
Front. Neurosci. https://​doi.​org/​10.​3389/​fnins.​2019.​00882 (2019).

	47.	 Kirkland, J. L., Lye, M., Levy, D. W. & Banerjee, A. K. Patterns of urine flow and electrolyte excretion in healthy elderly people. 
BMJ 287, 1665–1667. https://​doi.​org/​10.​1136/​bmj.​287.​6406.​1665 (1983).

	48.	 Negoro, H., Kanematsu, A., Yoshimura, K. & Ogawa, O. Chronobiology of micturition: Putative role of the circadian clock. J. Urol. 
190, 843–849. https://​doi.​org/​10.​1016/j.​juro.​2013.​02.​024 (2013).

	49.	 Kimura, T. et al. Impact of centralization in primary retroperitoneal sarcoma treatment: Analysis using hospital-based cancer 
registry data in Japan. Int. J. Clin. Oncol. 25, 1687–1694. https://​doi.​org/​10.​1007/​s10147-​020-​01709-7 (2020).

Acknowledgements
This work was supported by JSPS KAKENHI (Grant no. 17H04430 and 15H05682). This paper was edited by a 
scientific language editor at Write Science Right.

Author contributions
Experimental conception and design: I.N., S.U., R.O., Y.M., J.W., S.H., Y.N., D.K., H.N., T.W. Experimental 
execution: I.N., S.U., R.O., E.H., S.T., R.N., S.H., J.W. Data analysis: I.N., H.N., T.W. Manuscript draft: I.N., H.N., 
T.W. Revision and proofreading: I.N., S.U., R.O., E.H., S.T., R.N., S.H., Y.M., J.W., S.H., Y.N., D.K., H.N., T.W.

Competing interests 
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://​doi.​org/​
10.​1038/​s41598-​021-​92595-0.

Correspondence and requests for materials should be addressed to T.W.

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

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 
License, 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 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted 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 licence, visit http://​creat​iveco​mmons.​org/​licen​ses/​by/4.​0/.

© The Author(s) 2021

https://doi.org/10.1016/0305-0491(85)90381-5
https://doi.org/10.2174/138161205774913255
https://doi.org/10.3390/biom10091211
https://doi.org/10.1093/sleep/zsaa214
https://doi.org/10.1093/sleep/zsaa214
https://doi.org/10.1073/pnas.1901824116
https://doi.org/10.1177/074873099129000614
https://doi.org/10.1016/s0304-3940(96)13171-2
https://doi.org/10.1016/s0304-3940(96)13171-2
https://doi.org/10.1080/07420528.2017.1288632
https://doi.org/10.3389/fnins.2019.00882
https://doi.org/10.1136/bmj.287.6406.1665
https://doi.org/10.1016/j.juro.2013.02.024
https://doi.org/10.1007/s10147-020-01709-7
https://doi.org/10.1038/s41598-021-92595-0
https://doi.org/10.1038/s41598-021-92595-0
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Diurnal rhythms of urine volume and electrolyte excretion in healthy young men under differing intensities of daytime light exposure
	Materials and methods
	Participants. 
	Study protocol. 
	Measurements. 
	Statistical analysis. 

	Results
	Participant characteristics. 
	Effects of illumination brightness on RT and urine excretion. 
	Relationship between light exposure effects on RT nadir time and light exposure effects on urine volume and participants’ characteristics. 
	Cardiovascular variables and subjective sleepiness. 

	Discussion
	References
	Acknowledgements


