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Abstract: Artificial light is characterized by certain features of its impact on the body in terms of
its spectral distribution of power, duration of exposure and intensity. Short waves, perceived as
blue light, are the strongest synchronizing agent for the circadian system. In the present work, we
investigated the features of the circadian rhythms of blood pressure (BP), heart rate (HR), the excretion
of electrolytes and the secretion of melatonin in normotensive (Wistar–Kyoto) and hypertensive
(SHR) rats under the action of monochromatic blue light in the daytime period. It was found that
the exposure of Wistar–Kyoto rats to monochromatic blue light was accompanied by a significant
decrease in nighttime and 24 h systolic BP. The most remarkable changes are characteristic of the
HR in SHR rats under monochromatic light. A significant decrease in HR in each time period was
found, but the predominance of nighttime over daytime values remained in SHR animals. There
was also a significant increase in the mesor of the HR in SHR rats. Additionally, the amplitude of
diastolic BP and HR, as well as the range of oscillations in HR, were significantly increased compared
with the standard light pattern. In contrast to SHR rats, the regulation of the circadian rhythms
in Wistar–Kyoto rats was more flexible and presented more changes, which may be aimed at the
adaptation of the body to environmental conditions. For Wistar–Kyoto rats, an increase in the level of
excreted electrolytes was observed under the action of monochromatic light, but no similar changes
were found in SHR rats. For Wistar–Kyoto rats, a significant decrease in the urine concentration of
aMT6s in the daytime and nighttime periods is characteristic, which results in the loss of the circadian
rhythm. In SHR rats, there was a significant decrease in the nighttime content of aMT6s in the urine,
while the daytime concentration, on the contrary, increased. The obtained data demonstrate that
prolonged exposure to monochromatic blue light in the daytime period affects the circadian structure
of the rhythms of the cardiovascular system, the rhythm of electrolyte excretion and the production
of epiphyseal melatonin in wild-type and hypertensive animals. In SHR rats, the rhythms of BP and
HR exhibit a more rigid pattern.

Keywords: monochromatic light; blood pressure; heart rate; hypertension; circadian rhythm

1. Introduction

Artificial light is an integral component of modern life. It provides illumination when
natural light is not available and supports useful activity when darkness falls. People
are increasingly exposed to artificial light, which differs from natural light in terms of its
spectral power distribution, exposure time and duration, as well as its intensity. Excessive
exposure of the body to artificial light at night, known as “light pollution”, is becoming
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more common in urban environments around the world every year [1,2]. It has been
shown in a number of studies that the unrestricted use of electronic devices in the evening
led to the self-selection of a later time for sleep, which was certainly associated with the
suppression of melatonin, which contributes to better sleep. Additionally, there was also
a decrease in evening sleepiness, a deceleration of the circadian rhythm, a later onset of
sleep and increased morning sleepiness compared to evenings with the unrestricted use of
printed materials only. On the whole, the biological effects of the use of LEDs just before
bed are detrimental to performance and health [3–5].

Short waves, perceived as blue, are the strongest synchronizing agent for the circadian
system, which maintains the internal synchronization of most biological and physiological
rhythms. This effect is predominantly realized by inducing the production of epiphyseal
serotonin; however, it has a positive and useful character for the functions of the CNS
if it only occurs in the morning and early afternoon hours. Despite the presence of a
certain amount of research indicating the negative effects of monochromatic light in the
evening and at night on the functions of the CNS, there is still very little data describing
the regulation of the circadian rhythms of the cardiovascular system, particularly in essen-
tial hypertension. The circadian pacemaker—the suprachiasmatic nuclei (SCN)—of the
hypothalamus is synchronized by the surrounding light–dark cycles with the help of pho-
toreceptors of the hypothalamic tract. The SCN subsequently synchronize the peripheral
“clocks” with each other and the circadian system with geophysical time [6–8].

The circadian rhythm is important for optimal body function, and circadian distur-
bances in sleep–wake cycles or the chronic desynchronization of biological rhythms may
even lead to mental and neurodegenerative disorders [9]. Daytime exposure to blue light is
important for suppressing the secretion of melatonin—a hormone produced by the pineal
gland, which plays a critical role in the regulation of the circadian rhythm. While exposure
to blue light is necessary for maintaining proper performance, alertness and cognitive
function during the day hours, chronic exposure to low-intensity blue light before bed
and at night can have serious consequences for sleep quality, circadian phase and cycle
duration [10,11]. Changes in the structure of biological rhythms resulting from the effect of
certain environmental factors on the body are associated with the pathogenesis of a number
of modern diseases, in particular, essential hypertension [12].

Blood pressure (BP) is regulated by a complex of neurogenic and humoral mechanisms,
which largely depend on the state of their chronostructures. The kidneys play a key role in
BP control. It is well-known that perfusion pressure in the renal arteries determines the
mechanisms of water excretion and the activity of the renin–angiotensin–aldosteron system
(RAAS). In the case of kidney pathology, electrolyte metabolism is disordered, the RAAS
is activated, and the afferent renal sympathetic activity increases, which contribute to the
development and maintenance of hypertension [13,14].

At present, there is no clear understanding of the effects of excessive exposure to
visible light, with a predominance of the short-wavelength part of the spectrum, on the
chronostructure of the cardiovascular and excretory systems in essential hypertension.

Under natural conditions, the short-wavelength part of the visible spectrum is grad-
ually declined towards the evening and nighttime. However, in the modern world, the
duration of exposure to the blue part of the spectrum is significantly extended in time,
mostly due to the use of artificial light and electronic LED devices. In our experiment, we
simulated the conditions of prolonged action of blue lighting by the animal exposure to
isolate the short-wavelength part of the spectrum for 12-h periods every day.

In the present work, we investigated the features of the circadian rhythms of BP, the
heart rate (HR), the excretion of electrolytes and the secretion of melatonin in normotensive
(Wistar–Kyoto) and hypertensive (SHR) rats under the action of monochromatic blue light
in the daytime period.
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2. Materials and Methods
2.1. Animals and Housing

A total of 20 male rats, including 10 SHR (spontaneously hypertensive rats) and
10 Wistar–Kyoto rats (controls), were used in the experiment. The animals were ob-
tained from the Nursery for Laboratory Animals “Pushchino” (branch of the Shemyakin–
Ovchinnikov Institute of Bioorganic Chemistry of the Russian Academy of Sciences). By
the beginning of the experiment, the animals were 34–36 weeks old. Before beginning the
research, all animals were acclimatized for 2 weeks in the laboratory where the experiment
was carried out. During the experiment, each animal was kept in an individual cage in
artificial light under a free-motion regime and with free access to water and food. The
animals were consistently fed at the same time—19:00 h. The room was kept at a constant
temperature—+23 ◦C. The experiment was carried out in accordance with the European
Convention for the Protection of Vertebrate Animals used for Experimental and Other
Scientific Purposes (Strasbourg, 18 March 1986) and was also approved by the Ethical
Committee of the RUDN Institute of Medicine.

2.2. Experimental Design

The experiment was performed in 2 separate series of 10 animals. In the first series
(SHR, n = 5; Wistar–Kyoto, n = 5) of the telemetric monitoring of BP, biopotentials of the
heart were performed under a standard artificial light–dark pattern, with a ratio of light
and dark phases of 12:12 h (light phase—07:00 h–19:00 h, lighting of 350 lux at the level of
the animals’ eyes; dark phase—19:00 h–07:00 h, lower than 0.5 lux). For the first 7 days,
ordinary white light was used during the light phase (control). For the next 7 days, the
animals were exposed to monochromatic light with a wavelength of 520 nm in the phase.
The assessment of the corresponding indicators was carried out on the 7th day of each
period. In the second series, the animals were divided into groups in the same way as in
the first series. The excretion of electrolytes (Na+, K+, Ca2+ and Mg2+) in the urine was
assessed using capillary electrophoresis. In the same samples of urine, the concentration of
6-sulfatoxymelatonin (aMT6s) was evaluated using an ELISA.

2.3. Monitoring of BP and ECG

The continuous 24 h registration of BP and ECG in standard lead II was carried out
with a telemetric monitoring technique using the radio telemetry system DSi (New Brighton,
MN, USA). For this purpose, DSi HD-S11 radio transmitters were surgically implanted,
under general anesthesia, into the animals (Zoletil, Virbac (Carros, France), EC). Radio
transmitters are devices that monitor BP, biopotentials of the heart, body temperature and
activity, and transmit data as a radio signal to special receivers placed near animals’ cages.
BP was monitored using a catheter installed in the lumen of the abdominal aorta and
fixed with a tissue hemostatic adhesive. For ECG monitoring, electrodes were fixed under
the chest muscles in the projection of the electrical axis of the heart. Recording of all the
mentioned parameters was started 10 days after the implantation of transmitters.

The obtained data were processed using the DataquestA.R.T. (St. Paul, MN, USA,
Version 4.2 Gold) and ChronosFit (Heidelberg, Germany, Version 1.05) software. In rats of
the control and experimental groups, the following parameters were determined for 2-min
periods with intervals of 15 min for 24 h periods: systolic blood pressure (SBP), diastolic
blood pressure (DPB) and heart rate (HR). Furthermore, the obtained data were evaluated
by the methods of linear and nonlinear rhythm analysis using the ChronosFit program [15].

For all the indicators, the method of linear analysis was used to determine the day-
time average (from 07:00 h to 19:00 h), nighttime average (from 19:00 h to 07:00 h) and
daily average (form 07:00 h to 07:00 h of the next day) values. Therefore, the following
indicators were assessed: daytime systolic blood pressure (SBPday), daytime diastolic
blood pressure (DBPday), daytime heart rate (HRday), nighttime systolic blood pressure
(SBPnight), nighttime diastolic blood pressure (DBPnight), nighttime heart rate (HRnight),
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daily systolic blood pressure (SBP24h), daily diastolic blood pressure (DBP24h) and daily
heart rate (HR24h).

Nonlinear analysis is a combination of partial Fourier analysis with stepwise regression.
Using nonlinear analysis for SBP, DBP and HR, the following indicators were determined:
mesor—the average level of the indicator for a 24 h period; max and min—maximum and
minimum values of the corresponding parameter over a 24 h period; range of oscillations—the
difference between the maximum and minimum value of an indicator; % rhythm (power of
oscillations)—chronobiological index reflecting the proportion of oscillatory processes (the
proportion of the indicator values having an oscillatory distribution for a 24 h period); and
amplitude—maximum deviation of the corresponding indicator from the mesor for 24 h.

2.4. Assessment of Electrolyte Excretion

The capillary electrophoresis (CE) technique was used to measure the levels of Na+, K+,
Ca2+ and Mg2+ excreted with urine for a 24 h period (07:00 h–07:00 h), the daytime period
(07:00 h–19:00 h) and the nighttime period (19:00 h–07:00 h). To collect urine, metabolic
cages for rats, AE0906, produced by the production company “Open Science” (Krasnogorsk,
Russia), were used. The concentration of electrolytes in urine was determined using
the CE system “Kapel-105M”, with the methods and reagents of the company “Lumex”
(Saint Petersburg, Russia). The amount of excreted electrolytes was calculated by taking
into account the data on the volume of urine in the corresponding samples.

2.5. Assessment of Epiphyseal Melatonin Secretion

Changes in the blood concentration of melatonin have a marked circadian rhythm,
commonly with higher levels at night. Most circulating melatonin is metabolized in
the liver into 6-hydroxymelatonin and then into 6-sulfatoxymelatonin (aMT6s), which
is excreted with urine. The concentrations of epiphyseal melatonin and aMT6s in the
urine are in direct correlation [16–18]. The concentration of aMT6s was measured in urine
collected in the daytime (07:00 h–19:00 h) and nighttime (19:00 h–07:00 h) periods using a
6-Sulfatoxymelatonin ELISA (Buhlmann Laboratories AG, Switzerland). For this purpose,
the samples of urine collected for CE (item 2.4) were used. An ELISA was performed using
a Sunrise absorbance microplate reader (Tecan, Austria).

2.6. Statistics

Statistical analysis of the obtained data was carried out using the program “STATIS-
TICA 6.0” (StatSoft, Inc., Tulsa, OK, USA). The mean value and the error of the mean were
counted for each of the studied indices. The significance of the differences in the means
was checked using the Mann–Whitney U test (the difference in the mean values was taken
as significant at p ≤ 0.05).

3. Results
3.1. Telemetric Monitoring of BP and HR

In Wistar–Kyoto rats, the tendency for a decrease in SBPday was noted under the action
of monochromatic blue light compared to standard lighting with ordinary blue light. At
the same time, there was a significant decrease in SBPnight and SBP24h. In SHR rats, only a
similar tendency was seen; however, there were no significant differences (Figure 1).

Moreover, the use of monochromatic light did not induce any changes in DBP in the
animals of both genetic strains (Figure 2).
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Figure 1. Indicators of the telemetric monitoring of SBP in Wistar–Kyoto and SHR rats under the 
standard light pattern (12 h:12 h) with ordinary white light and monochromatic blue light. *—p ≤ 
0.05. 
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animals of both genetic strains (Figure 2). 

 
Figure 2. Indicators of the telemetric monitoring of DBP in Wistar–Kyoto and SHR rats under the 
standard light pattern (12 h:12 h) with ordinary white light and monochromatic blue light. 

For Wistar–Kyoto and SHR rats, no significant changes were observed between 
SBPday and SBPnight as well as DBPday and DBPnight under standard lighting with ordinary 
white light. At the same time, exposure to monochromatic light did not lead to any 
changes in the 24 h distribution of BP in Wistar–Kyoto rats, but in SHR rats, the circadian 
rhythm of DBP was characterized by the predominance of nighttime over daytime values. 

The most considerable changes are characteristic of the HR in SHR rats under mon-
ochromatic light. A significant decrease in HR in each time period was found, but the 
predominance of nighttime over daytime values remained (Figure 3). 

Figure 1. Indicators of the telemetric monitoring of SBP in Wistar–Kyoto and SHR rats under
the standard light pattern (12 h:12 h) with ordinary white light and monochromatic blue light.
*—p ≤ 0.05.
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Figure 2. Indicators of the telemetric monitoring of DBP in Wistar–Kyoto and SHR rats under the
standard light pattern (12 h:12 h) with ordinary white light and monochromatic blue light.

For Wistar–Kyoto and SHR rats, no significant changes were observed between SBPday
and SBPnight as well as DBPday and DBPnight under standard lighting with ordinary white
light. At the same time, exposure to monochromatic light did not lead to any changes in
the 24 h distribution of BP in Wistar–Kyoto rats, but in SHR rats, the circadian rhythm of
DBP was characterized by the predominance of nighttime over daytime values.

The most considerable changes are characteristic of the HR in SHR rats under
monochromatic light. A significant decrease in HR in each time period was found, but the
predominance of nighttime over daytime values remained (Figure 3).
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It is important that a significant excess of HRnight over HRday is typical for Wistar–
Kyoto and SHR rats in both ordinary white and monochromatic lighting. 

In Wistar–Kyoto rats, the mesor of SBP and DBP did not present any significant 
changes under monochromatic light in comparison with ordinary white lighting. How-
ever, there was a significant increase in the mesor of HR. The amplitude of DBP and HR, 
as well as the range of oscillations of HR, were significantly increased compared with the 
standard light pattern. In regard to the same rhythmological indices of BP and HR in SHR 
rats, no significant differences were found under the action of monochromatic blue light 
(Figures 4–8). 

 
Figure 4. Mesor of SBP and DBP in Wistar–Kyoto and SHR rats under the standard light pattern (12 
h:12 h) with ordinary white light and monochromatic blue light. 

Figure 3. Indicators of the telemetric monitoring of HR in Wistar–Kyoto and SHR rats under the stan-
dard light pattern (12 h: 12 h) with ordinary white light and monochromatic blue light. *—p ≤ 0.05.

It is important that a significant excess of HRnight over HRday is typical for Wistar–
Kyoto and SHR rats in both ordinary white and monochromatic lighting.

In Wistar–Kyoto rats, the mesor of SBP and DBP did not present any significant
changes under monochromatic light in comparison with ordinary white lighting. However,
there was a significant increase in the mesor of HR. The amplitude of DBP and HR, as
well as the range of oscillations of HR, were significantly increased compared with the
standard light pattern. In regard to the same rhythmological indices of BP and HR in SHR
rats, no significant differences were found under the action of monochromatic blue light
(Figures 4–8).
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(12 h:12 h) with ordinary white light and monochromatic blue light.
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Figure 5. Amplitude of SBP and DBP in Wistar–Kyoto and SHR rats under the standard light pattern 
(12 h:12 h) with ordinary white light and monochromatic blue light. *—p ≤ 0.05. 

 
Figure 6. Range of oscillations in SBP and DBP in Wistar–Kyoto and SHR rats under the standard 
light pattern (12 h:12 h) with ordinary white light and monochromatic blue light. 
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(12 h:12 h) with ordinary white light and monochromatic blue light. *—p ≤ 0.05.
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Figure 6. Range of oscillations in SBP and DBP in Wistar–Kyoto and SHR rats under the standard
light pattern (12 h:12 h) with ordinary white light and monochromatic blue light.

Hence, under the predominance of the blue spectrum in the visible light, the chronos-
tructure of the BP and HR in Wistar–Kyoto rats was more flexible and showed more
changes, which are probably aimed at the adaptation of the cardiovascular system to the
environmental conditions.
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Figure 8. Indicators of 24 h HR profiles obtained on the basis of nonlinear analysis in Wistar–Kyoto 
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standard light pattern (12 h:12 h) with ordinary white light and monochromatic blue light.
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Figure 8. Indicators of 24 h HR profiles obtained on the basis of nonlinear analysis in Wistar–
Kyoto and SHR rats under the standard light pattern (12 h:12 h) with ordinary white light and
monochromatic blue light. *—p ≤ 0.05.
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3.2. Electrolyte Excretion

In Table 1, the data reflected the amount of electrolytes (Na+, K+, Ca2+ and Mg2+)
excreted with urine for the 24 h, daytime and nighttime periods under ordinary white light
and monochromatic blue light.

Table 1. Indicators of electrolyte excretion in Wistar–Kyoto and SHR rats under the standard light
pattern (12 h:12 h) with ordinary white and monochromatic blue light (mmol, M ± m).

Parameter Ordinary White Light Monochromatic Blue Light

Wistar-Kyoto rats
24 h period

Na+ 1.70 ± 0.25 19.93 ± 3.07 *
K+ 4.8 ± 0.99 7.93 ± 1.14

Ca2+ 0.17 ± 0.02 0.40 ± 0.08 *
Mg2+ 0.83 ± 0.12 1.07 ± 0.14

Daytime period
Na+ 0.16 ± 0.06 7.15 ± 1.39 *
K+ 1.04 ± 0.22 2.55 ± 0.58 *

Ca2+ 0.07 ± 0.02 0.23 ± 0.06 *
Mg2+ 0.22 ± 0.04 0.50 ± 0.10 *

Nighttime period
Na+ 1.54 ± 0.28 � 12.78 ± 1.95 �*
K+ 3.76 ± 0.84 � 5.39 ± 0.58 �

Ca2+ 0.1 ± 0.01 0.16 ± 0.03
Mg2+ 0.61 ± 0.08 � 0.57 ± 0.11

SHR rats
24 h period

Na+ 3.94 ± 1.5 1.63 ± 0.65
K+ 7.96 ± 2.31 5.97 ± 0.74

Ca2+ 0.23 ± 0.08 0.19 ± 0.03
Mg2+ 1.52 ± 0.39 0.88 ± 0.17

Daytime period
Na+ 1.07 ± 0.19 1.44 ± 0.39
K+ 3.92 ± 0.62 1.98 ± 0.27 *

Ca2+ 0.08 ± 0.02 0.11 ± 0.01
Mg2+ 0.73 ± 0.12 0.60 ± 0.14

Nighttime period
Na+ 2.86 ± 1.34 0.98 ± 0.19
K+ 4.04 ± 1.76 3.99 ± 0.61 �

Ca2+ 0.15 ± 0.06 0.09 ± 0.02
Mg2+ 0.79 ± 0.3 0.28 ± 0.06

Note: p ≤ 0.05 *—in comparison with the standard light pattern (12 h:12 h) with ordinary white light;
�—in comparison with the daytime values.

In Wistar–Kyoto rats, the circadian rhythm of Na+, K+ and Mg2+ excretion with
a predominance of nighttime over daytime values was found under the standard light
pattern. For Ca2+, only a similar tendency was typical, but the difference was not statistically
significant. Under monochromatic light, there was a sharp enhancement of Na+ excretion in
all the studied periods; the excretion of K+ and Mg2+ significantly increased in the daytime
hours, and the excretion of Ca2+ increased for the 24 h and daytime periods. Due to an
increase in the daytime excretion of Mg2+, its circadian rhythm was also changed: the
difference between the daytime and nighttime values disappeared, while a similar increase
in the levels of Na+ and K+ during the day did not induce any changes, and their circadian
rhythm of excretion remains unchanged.

In contrast, for SHR rats, no differences between the daytime and nighttime values
of electrolyte excretion were characteristic under the standard light pattern (12 h:12 h)
with ordinary white light. Thereby, long-term hypertension was accompanied by the
disappearance of the circadian pattern in electrolyte excretion. The exposure of the animals
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to the conditions of blue spectrum predominance did not lead to any significant changes
in electrolyte excretion. The only exception was the daytime excretion of K+, which was
significantly lower than that under the standard light pattern, resulting in the formation
of a circadian rhythm in the excretion of this ion (the daytime value was 1.98 mmol,
while the nighttime value was 3.99 mmol). A slight decrease in the excretion of all the
studied electrolytes may probably be explained by a decrease in diuresis under simulated
experimental monochromatic lighting. On average, the amount of excreted urine decreased
in the daytime by 1.83 times, and at night by 1.87 times.

3.3. Epiphyseal Melatonin Secretion

Under the standard light pattern (12 h:12 h), in Wistar–Kyoto rats, there was a distinct
circadian rhythm in the concentration of aMT6s in urine, with a predominance of nighttime
over daytime values. Under the action of monochromatic blue light, a significant decrease
in the concentration of aMT6s in the daytime and nighttime hours was characteristic, which
led to the loss of its circadian rhythm (Figure 9).
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appearance of the circadian pattern in electrolyte excretion. The exposure of the animals 
to the conditions of blue spectrum predominance did not lead to any significant changes 
in electrolyte excretion. The only exception was the daytime excretion of K+, which was 
significantly lower than that under the standard light pattern, resulting in the formation 
of a circadian rhythm in the excretion of this ion (the daytime value was 1.98 mmol, while 
the nighttime value was 3.99 mmol). A slight decrease in the excretion of all the studied 
electrolytes may probably be explained by a decrease in diuresis under simulated experi-
mental monochromatic lighting. On average, the amount of excreted urine decreased in 
the daytime by 1.83 times, and at night by 1.87 times. 

3.3. Epiphyseal Melatonin Secretion 
Under the standard light pattern (12 h:12 h), in Wistar–Kyoto rats, there was a distinct 

circadian rhythm in the concentration of aMT6s in urine, with a predominance of 
nighttime over daytime values. Under the action of monochromatic blue light, a signifi-
cant decrease in the concentration of aMT6s in the daytime and nighttime hours was char-
acteristic, which led to the loss of its circadian rhythm (Figure 9). 

 
Figure 9. Urinary concentration of aMT6s in Wistar–Kyoto and SHR rats under the standard light 
pattern (12 h:12 h) with ordinary white light and monochromatic blue light. *—p ≤ 0.05. 

In SHR rats, the daytime level of aMT6s in urine was significantly lower in compari-
son with night hours under the standard light pattern with ordinary white light. However, 
under the action of monochromatic light, a significant decrease in the content of aMT6s in 
urine was noted at night, but its daytime concentration, on the contrary, increased. As a 
result, the difference between the nighttime and daytime levels of this metabolite in urine 
persisted, but in an inverted form. The daytime value of aMT6s was 34.81 ng/mL, and the 
nighttime value was 13.64 ng/mL. Apart from the changes associated with the action of 
monochromatic light, some other features of melatonin metabolism in Wistar–Kyoto and 

Figure 9. Urinary concentration of aMT6s in Wistar–Kyoto and SHR rats under the standard light
pattern (12 h:12 h) with ordinary white light and monochromatic blue light. *—p ≤ 0.05.

In SHR rats, the daytime level of aMT6s in urine was significantly lower in compari-
son with night hours under the standard light pattern with ordinary white light. However,
under the action of monochromatic light, a significant decrease in the content of aMT6s in
urine was noted at night, but its daytime concentration, on the contrary, increased. As a
result, the difference between the nighttime and daytime levels of this metabolite in urine
persisted, but in an inverted form. The daytime value of aMT6s was 34.81 ng/mL, and
the nighttime value was 13.64 ng/mL. Apart from the changes associated with the action
of monochromatic light, some other features of melatonin metabolism in Wistar–Kyoto
and SHR rats were also observed. Under the standard light pattern with ordinary white
light, the daytime concentration of aMT6s in urine in SHR rats was significantly lower
compared with Wistar–Kyoto rats, but, on the contrary, under monochromatic lighting, it
was significantly higher.

4. Discussion

In the present experiment, indicators reflecting the circadian rhythms of the cardio-
vascular system, the excretion of electrolytes and the production of epiphyseal melatonin
under exposure to monochromatic blue light were studied. The results of telemetric mon-
itoring showed that the circadian rhythm of HR was typical for both the standard light
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pattern with ordinary white light and for monochromatic lighting. Circadian rhythms
are characteristic of many functions of the cardiovascular system, including HR, BP and
molecular as well as gene reactions. In the case of cardiovascular pathology, survival
largely depends on the maintenance of normal circadian rhythms [19,20].

Under the action of monochromatic light, a significant decrease in SBP24h and SBPnight
was seen in Wistar–Kyoto rats. In SHR rats, only a similar tendency was noted; however,
there were no statistically significant differences. In the study performed by M. Stern
et al. [21], it was shown that exposure to blue lighting for 30 min over 2 days resulted in
a significant decrease in SBP compared to the controls. The hemodynamic effect of blue
light can be presumably explained by the release of NO into circulating blood [21]. These
data were obtained in a group of healthy volunteers with normal BP, and these findings
are consistent with what we have observed in normotensive Wistar–Kyoto rats. However,
in the SHR animals, we did not find similar changes, which indicates a higher rigidity of
the vascular tone control in comparison with Wistar–Kyoto rats. In the present experiment,
under the action of monochromatic light, a significant decrease in 24 h and nighttime SBP
was seen in Wistar–Kyoto rats. In SHR rats, only a similar tendency was noted; however,
there were no significant differences. This is probably due to the fact that, in the case of
arterial hypertension, there is a depression in the synthesis of endothelial NO. In general, it
can be noted that, in SHR rats, exposure to monochromatic blue light does not significantly
affect daytime and nighttime SBP and DBP, but reduces 24 h, daytime and nighttime HR,
bringing them closer to the normal values, which is most probably due to an inhibition of
the sympathetic activity. These findings allow us to consider the action of blue light as a
positive factor for the cardiovascular system, particularly in hypertension.

Earlier studies have shown that resting HR is affected by the day/night cycle and
light levels [22–24]. It is known that exposure to light of different colors (wavelengths) and
intensities affects HR variability through various mechanisms, including the modulation of
sympathovagal balance, the renin–angiotensin–aldosterone system, the endocrine system
acting through anterior and posterior hypothalamic stimulation, etc. [25]. Various studies
have been carried out to identify and quantify the effect of different colors of light on HR
variability, but conclusions were indefinite and sometimes even contradictory [26–28]. In
our study, a significant decrease in HR was found in every time period.

The nonlinear analysis of BP and HR rhythm in SHR rats did not reveal any marked
changes in the mesor, range of oscillations, amplitude and power of the rhythm (% rhythm).
However, in Wistar–Kyoto rats, an increase in the mesor, amplitude and range of oscilla-
tions of HR as well as the amplitude of DBP was noted. Hence, the rhythmic organization
of some functions of the cardiovascular system in Wistar–Kyoto rats is characterized
by higher flexibility and mobility. It can be suggested that these changes are aimed at
expanding the adaptive capacities of the body. At the same time, the absence of rhyth-
mological changes in BP and HR in SHR rats indicated a more stable and rigid character
of these functions. The obtained data are consistent with our previous studies, showing
similar patterns of the responses under free-run rhythm and the conditions of prolonged
daylight duration [29,30].

In regard to the excretion of electrolytes, for Wistar–Kyoto rats kept under the standard
light pattern, a pronounced circadian rhythm of Na+, K+ and Mg2+ excretion, with a pre-
dominance of nighttime over daytime values, was characteristic. For Ca2+, the differences
were not significant. Similar findings were described earlier. In particular, in the experiment
on male rats, it was shown that the excretory function of the kidneys at night was higher by
more than 40% in comparison with the daytime period [31]. The exposure of Wistar–Kyoto
rats to the conditions of blue spectrum predominance led to the disappearance of the
circadian rhythm of Mg2+ excretion, while the rhythms of Na+ and K+ excretion remained
unchanged. Apparently, the excretion of these electrolytes is more resistant to the influence
of external factors. The action of monochromatic lighting was accompanied by an increase
in the level of excretion of all the studied ions. An increase in Na+ excretion was observed
in all time periods; the excretion of K+ and Mg2+ significantly increased in the daytime
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hours, and Ca2+ excretion was also increased in the daytime and 24 h periods. It was also
shown that acute sleep deprivation induced natriuresis and osmotic diuresis, leading to
excess nocturnal urine production, especially in men [32].

Kidney function is also under the control of the “circadian clock”. It has been shown
in rodent models that the dysregulation of the “molecular clock” was associated with
the aggravation of the kidney state and hypertension [33]. It has also been demonstrated
that the pineal gland of rats controls the ion-excretory function of the kidneys and
the circadian rhythm of diuresis. Additionally, exogenous light stimuli, forming the
daily rhythm of the kidneys, are mediated through the pineal gland [34]. The light–
dark cycle is the main synchronizer of circadian rhythms in the excretion of water and
electrolytes. In the absence of a cyclic light pattern, the persistent frequency of food
intake is not a sufficiently powerful synchronizer of the circadian rhythms of water and
electrolyte excretion [35,36]. It was established that the hypofunction of the rat pineal
gland indicated a disorder of the phase structure of the ion-regulating function compared
with the chronograms of the intact rats. After an experimental pinealectomy in animals,
an increase in the excretion of Na+ was observed, while its blood concentration remained
elevated around the clock [37]. In our study, a decrease in the content of melatonin was
also noted, which may have led to an increase in the excretion of electrolytes. At the
same time, in some studies, an association between an enhancement of natriuresis and
a decrease in aldosterone levels is suggested. The “circadian clock” has been shown
to control Na+ reabsorption in the kidneys through the modulation of aldosterone
production by the adrenal cortex [38–40].

In our study, there was no circadian rhythm in the excretion of electrolytes in SHR
animals under the standard light pattern. A long course of hypertension likely leads to a
disorder of the “biological clocks” in the kidneys, accompanied by the disappearance of
the circadian rhythm of electrolyte excretion; however, we cannot exclude kidney damage
due to hypertension as the leading mechanism [41,42]. At the same time, as shown in
some other studies, the concentration of plasma sodium obeys the circadian rhythm, which
is inversely related to the circadian rhythm of BP. Although plasma sodium rhythms in
SHR and Wistar–Kyoto rats are almost identical, the concentration of plasma sodium is
significantly higher in SHR rats throughout the 24 h cycle [43]. The exposure of the animals
to the conditions of blue spectrum prevalence did not lead to any significant changes in
the rate of excreted electrolytes. The observed decrease in diuresis contributed to a slight
decrease in the intensity of electrolyte excretion. For K+, differences were significant. Thus,
we observed liquid and electrolyte retention in SHR rats, which allows us to assume the
existence of a pathological system leading to an even more profound disadaptation of the
body under new environmental conditions.

Earlier, we also studied the features of electrolyte metabolism in SHR rats at the initial
stages of essential hypertension. According to the obtained data, there was an increase in
the rate of Na+ and Ca2+ excretion, which is suggestive of a compensatory reaction of the
body. However, over time Na+ retention was observed [44].

At present, it is generally accepted that melatonin secretion is suppressed in hyper-
tension. In hypertensive patients, the normal production of melatonin is observed during
the day, but in the nighttime hours, it is decreased. A similar pattern is typical for patients
suffering from hypertension without a physiological decrease in BP at night. Apart from
hypertensive patients, melatonin deficiency was also found in the case of coronary heart
disease [45]. The results of the present study showed that the content of aMT6s in the
urine of SHR rats was significantly lower during the daytime period (16.27 ± 1.23 ng/mL)
compared with Wistar–Kyoto rats (25.5 ± 1.49 ng/mL). However, at the same time, we
observed a distinct circadian rhythm of melatonin secretion in the animals of both genetic
strains under the standard light pattern. Therefore, we can conclude that long-term es-
sential hypertension does not affect the circadian rhythm of melatonin secretion by the
pineal gland. The prolonged exposure of animals to monochromatic lighting with the
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predominance of the blue spectrum was accompanied by different reactions in SHR and
Wistar–Kyoto rats.

The action of the blue light in the daytime (from 07:00 h to 19:00 h) caused a
significant decrease in the content of aMT6s in urine in Wistar–Kyoto rats for the 24 h
period. Such a significant decrease in the aMT6s level during the daytime and nighttime
periods led to the loss of the circadian rhythm in melatonin secretion. Disturbances of
the circadian pattern in melatonin production were also found in some of our previous
experiments. In particular, an increase in the duration of the light phase of the day
to 20 h (the ratio of light/dark phases was 20 h:4 h) induced the complete loss of
the circadian rhythm of melatonin secretion in both Wistar–Kyoto and SHR rats [46].
Cajochen et al. [25] showed that the most profound suppression of melatonin secretion
was observed under the action of blue light (460 nm). It was also found that blue light
inhibits the production of melatonin and worsens sleep, but, on the other hand, during
the light phase, it enhances cognitive functions and improves performance [47]. A
similar reaction is observed when exposed to artificial light at night. It was proven that
melatonin secretion is suppressed in this case [48,49].

The response of SHR rats to prolonged exposure to monochromatic blue light is
of the greatest interest. Under this light pattern, an inversion of the circadian rhythm
of melatonin secretion was observed, which occurred due to a significant decrease in
the aMT6s level at night and to an increase in the daytime period. We have to mention
that an increase in the concentration of aMT6s over the day has already been noted in
some of our previous work. In SHR rats, the prolongation of the light phase of the day
to 20 h (the ratio of light/dark phases was 20 h:4 h) was accompanied by a significant
increase in the aMT6s content in urine in the daytime period; under the standard light
pattern (12 h:12 h), it was 16.27 ± 1.23 ng/mL, and under the light/dark pattern (20 h:4 h),
it was elevated to 27.39 ± 1.13 ng/mL [30]. It can be assumed that an increase in the
daytime blood level of melatonin both under the extended light phase of the day and
in the case of monochromatic blue light action is associated with an enhancement of
serotonin (5-hydroxytryptamine) formation. Such a change in melatonin secretion is
probably explained by its phase shift. Changes in the dark/light cycle have both acute
and chronic effects on the melatonin rhythm. Even single flashes of bright light can affect
the rhythm of melatonin. Moreover, the effects of light, which are not responsible for
image formation, are largely dependent on some specific properties, including intensity,
duration, time, structure and wavelength [50,51]. Light with certain characteristics can
both delay and advance the circadian system. It was noted in some studies that short-
wavelength light (with light wavelengths between 435 and 540 nm) is more effective than
long-wavelength light in suppressing nighttime melatonin and slowing the melatonin
rhythm phase [52–54]. Since we did not measure the blood concentration of melatonin but
its metabolite in urine, it should also be taken into account that the acrophase of aMT6s is
located approximately 2 h after the acrophase of plasma melatonin [55]. Hence, a phase
shift of melatonin secretion towards its delay cannot be excluded.

5. Conclusions

The obtained data have shown that prolonged exposure to monochromatic blue
light in the daytime period does affect not only the circadian structure of rhythms of the
cardiovascular system but also the rhythm of electrolyte excretion and the production of
epiphyseal melatonin, both under normal and increased BP. It was also found that the
rhythms of BP and HR are more rigid to the action of monochromatic light in the case of
essential hypertension.
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