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Chronodisruption of the acute 
inflammatory response by night 
lighting in rats
Viera Jerigova , Michal Zeman  & Monika Okuliarova *

Daily oscillations are present in many aspects of the immune system, including responsiveness to 
infections, allowing temporal alignment of defence mechanisms with the external environment. Our 
study addresses whether compromised circadian timing function by dim artificial light at night (ALAN) 
impacts the time dependency of the acute inflammatory response in a rat model of lipopolysaccharide 
(LPS)-induced inflammation. After 2 weeks of exposure to low-intensity ALAN (~2 lx) or a standard 
light/dark cycle, male rats were challenged with LPS during either the day or the night. Dim ALAN 
attenuated the anorectic response when rats were stimulated during their early light phase. Next, 
ALAN suppressed daily variability in inflammatory changes in blood leukocyte numbers and increased 
the daytime sensitivity of neutrophils to the priming effects of LPS on oxidative burst. An altered renal 
inflammatory response in ALAN-exposed rats was manifested by stimulated T-cell infiltration into 
the kidney upon night-time LPS injection and the modified rhythmic response of genes involved in 
inflammatory pathways. Moreover, ALAN disturbed steady-state oscillations of the renal molecular 
clock and eliminated the inflammatory responsiveness of Rev-erbα. Altogether, dim ALAN impaired 
time-of-day-dependent sensitivity of inflammatory processes, pointing out a causal mechanism 
between light pollution and negative health effects.

Innate immune mechanisms are activated as the first line of defence upon infection or tissue injury. The acute 
inflammatory response, a part of innate immunity, involves behavioural and physiological changes that are medi-
ated by a wide spectrum of immune chemical regulators (e.g., cytokines, acute phase proteins and hormones) and 
immune  cells1. The course of the inflammatory response is documented by dynamic changes in the number of 
circulating white blood cells (WBCs), which reflects the rate of their recruitment into the tissues and their forma-
tion and supply from the bone  marrow2. The magnitude of the inflammatory response must be tightly regulated to 
ensure elimination of the triggering stimulus and simultaneously to minimize collateral damage of host  tissues3.

The time of day at which the infection attacks the host has been shown to significantly affect the strength of 
the inflammatory  response4, 5. This daily variability is expected to be driven by circadian rhythms, which have 
been identified in most immune parameters, including WBC  trafficking6. Endogenous circadian rhythms are 
generated by circadian clocks that have evolved to maintain temporal synchrony of individual body systems and 
processes with each other, as well as with periodic fluctuations in the  environment7. The light/dark (L/D) cycle 
is the most important environmental cycle entraining the mammalian circadian system. Light information first 
enters the central clock in the suprachiasmatic nuclei (SCN) of the hypothalamus, which in turn transmits a 
synchronized signal to the peripheral cell-autonomous oscillators via rhythms in neural and humoral  pathways8. 
In the modern world, marked by widespread light pollution and a lifestyle independent of the solar day, optimal 
timekeeping function of the circadian system is extensively challenged by exposure to artificial light at night 
(ALAN)9, 10. Experimental studies in rats have demonstrated that dim ALAN (≤ 5 lx) compromises circadian 
organisation by dampening the rhythmicity of the central clock and suppressing or abolishing the rhythmic 
pattern of specific metabolic genes, hormones and  behaviour11, 12.

Disruption of circadian timing function can also impact daily rhythms in the immune system and in turn 
disturb host defence  mechanisms13. A recent study showed that rats exposed to dim ALAN exhibited impaired 
daily variation of the main leukocyte subsets in the blood, which was associated with reduced blood monocyte 
counts and disturbed immune homeostasis in the  kidney14. Dim ALAN has also been reported to alter the respon-
siveness of the immune system under experimentally induced acute inflammation. Specifically, an excessive 
inflammatory response was found in  mice15, whereas diminished immune responses were observed in Siberian 
hamsters exposed to dim  ALAN16. Such variable immune responsiveness under ALAN conditions can result 
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from disruption of circadian rhythms in the immune system. However, data examining the effects of ALAN on 
the immune response induced at more than one time point over 24 h are missing.

Therefore, here we aimed to evaluate diverse aspects of the acute inflammatory response in a time-of-day-
dependent manner and whether dim ALAN can disrupt this daily rhythmicity through the effects on leukocyte 
trafficking between the blood and tissues. We focused on the immune state in the kidney and renal immune cells, 
which participate profoundly in tissue homeostasis and shape the course of the disease  response17. Moreover, 
kidney inflammation is an important player in renal kidney injury and chronic kidney disease, while the progres-
sion of these pathologies has been shown to accelerate by circadian  disruption18. In our study, we used a model 
of lipopolysaccharide (LPS)-induced inflammation in rats that were exposed to dim ALAN (~2 lx) for 2 weeks.

Materials and methods
Animals. Male Wistar rats (282 ± 4 g) were obtained from the breeding station of the Institute of Experi-
mental Pharmacology and Toxicology, Slovak Academy of Sciences (Dobrá Voda, Slovak Republic). The animals 
were housed in plastic cages in groups of three to four rats at an ambient temperature of 21.5 ± 1.3 °C and humid-
ity of 55–65%. A standard pelleted diet and water were provided ad libitum. During the 2-week acclimation 
period, all rats were adapted to the 12/12 L/D cycle with lights on at 6:00 h (designed as Zeitgeber time 0, ZT0). 
Broad-spectrum white light with an illumination of 150–200 lx and a colour temperature of 2900 K was used 
during the daytime. Rats were assigned to either the control group (CTRL, n = 28) with the standard lighting 
regime described above or to the experimental group (ALAN, n = 30), which was exposed to low-illuminance 
levels of 2 lx during the entire dark  phase11. Dim illuminance was provided by a LED light strip with colour tem-
perature of 3,000 K. Illuminance and colour temperature were measured at the level of the animal cages using an 
illuminance spectrophotometer CL-500A (Konica Minolta Sensing Europe BV, Bremen, Germany)12.

The experimental procedures followed the ARRIVE guidelines and they were approved by the Ethical Com-
mittee for the Care and Use of Laboratory Animals at the Comenius University in Bratislava, Slovak Republic 
and the State Veterinary Authority of the Slovak Republic (Ro-1648/19-221/3). All methods were performed in 
accordance with the relevant guidelines and regulations.

Experimental design. After 2 weeks, CTRL and ALAN-exposed rats were injected intraperitoneally (i.p.) 
with either sterile saline or LPS from Escherichia coli (serotype 0111:B4; Sigma-Aldrich, Saint Louis, MO, USA) 
at a dose of 1 mg/kg body weight. One half of each group was challenged at the beginning of the light phase 
(ZT2) and the other half at the beginning of the dark/dim light phase (ZT14). Then, 24 h post-saline or LPS 
injection, rats were anaesthetised by isoflurane inhalation, and blood was collected from a lateral tail vein into 
tubes with either ethylenediaminetetraacetic acid (EDTA, for immunophenotypic analysis) or heparin (for anal-
ysis of the oxidative burst of neutrophils). The LPS injection and blood sampling were performed under a dim 
red light during the dark phase. Body weight and food intake were recorded before stimulation and on days 3, 5 
and 8 post-immune challenge. To analyse acute inflammatory changes, rats received on day 9 another i.p. injec-
tion of saline or LPS (at the same times of day as the first one) and were sacrificed 3 h later under brief isoflurane 
anaesthesia. Blood and tissue samples were collected. Serum and EDTA plasma were separated by centrifugation 
at 2500 g, 15 min, 4 °C and used for measurements of hormones and cytokines by radioimmunoassay (RIA) and 
enzyme-linked immunosorbent assay (ELISA). The left kidney was dissected and cut into three pieces. The mid-
dle part was processed for immunostaining, and both ends were immediately frozen in liquid nitrogen and used 
for protein and gene expression analyses by Western blot and real-time PCR (qPCR), respectively. Samples were 
stored at –76 °C. Schematic experimental design is illustrated in Figure 1.

Figure 1.  Experimental design. Rats were exposed to either the control light/dark (L/D) regime (CTRL, n=28) 
or dim artificial light (~2 lx) at night (ALAN, n = 30) for 2 weeks, Thereafter, on day 0, one half of each group 
received saline or lipopolysaccharide (LPS) injection I. at ZT2 and the other half was injected at ZT14 (ZT0 
= lights on). Blood samples were collected 24 h post-injection. Body weight and food intake were monitored 
for the next 8 days. On day 9, rats received saline or LPS injection II. at the same times of day as the first one. 
Animals were sacrificed 3 h later to collect blood and kidney samples.
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Immunophenotypic analysis. To examine the numbers of specific WBC populations, aliquots of blood 
(50 µL) were stained with three panels of fluorescence-labelled antibodies and incubated for 30 min at 4 °C in the 
dark. Red blood cells were lysed using ammonium chloride–potassium buffer for 5 min. After washing, WBCs 
were dissolved in 0.3 mL of phosphate-buffered saline (PBS) supplemented with 0.5% bovine serum albumin 
(BSA) and 0.1% sodium azide and analysed on a BD Accuri C6 cytometer (BD Bioscience, San Diego, CA, USA). 
The list of fluorochrome-conjugated monoclonal antibodies is in Supplementary Table S1. Leukocyte subsets 
were identified based on specific surface markers in the gate for total leukocytes  (CD45+): T cells  (CD3+), helper 
T cells  (CD3+CD4+), cytotoxic T cells  (CD3+CD8a+), B cells  (CD45RA+), NK cells  (CD3−CD161a+), neutrophils 
and monocytes  (HIS48+ and side scatter gating)14. Reciprocal expression of CD43 and HIS48 markers was used 
to identify classical  (CD43loHIS48hi) or non-classical monocytes  (CD43hiHIS48lo)14, 19. All cytometric data were 
evaluated using FlowJo software (TreeStar, Ashland, OR, USA).

Oxidative burst of neutrophils. The oxidative burst of neutrophils was measured in whole heparinised 
blood diluted with PBS using a flow cytometry-based assay with 2′,7′-dichlorodihydrofluorescein diacetate 
 (H2-DCF-DA; Sigma-Aldrich)14. Within the cell,  H2-DCF-DA is converted to fluorescent 2′,7′-dichlorofluores-
cein (DCF), and this fluorescence is directly proportional to the formation of reactive oxygen species (ROS)20. 
The oxidative burst of the neutrophils was expressed as the fold increase in the median DCF fluorescence of the 
phorbol-12-myristate-13-acetate-stimulated aliquots over the non-stimulated aliquots.

Immunofluorescence and immunohistochemistry. The kidney samples were fixed, stored at –76 °C, 
and immunostained according to the previously published  protocol14. Briefly, frozen samples were cut into 
8-µm-thick sections, which were mounted on adhesive slides. For immunofluorescence, the sections were rehy-
drated, incubated with 50  mM ammonium chloride for 30  min followed by 0.25% Triton X-100 in PBS for 
10 min and blocked with 5% goat serum in PBS for 1 h at room temperature. Then, the sections were stained with 
the following primary antibodies: mouse anti-rat CD68 (MCA341R, Bio-Rad, Hercules, CA, USA; diluted 1:100) 
to identify macrophages or rabbit antibody against myeloperoxidase (MPO) (ab9535, Abcam, Cambridge, UK; 
diluted 1:25) to identify neutrophils. After overnight incubation at 4 °C in the dark, the sections were stained 
with the following secondary antibodies: anti-mouse Alexa Fluor 660 (A-21055, Thermo Fisher Scientific, 
Waltham, MA, USA; diluted 1:750) and anti-rabbit Alexa Fluor 488 (A-11008, Thermo Fisher Scientific; diluted 
1:500) for 1 h at room temperature. Cell nuclei were counterstained with DAPI (Roche, Indianapolis, IN, USA; 
diluted 1:10,000). Positive signals were analysed using a Zeiss Axioscope fluorescence microscope (Carl Zeiss, 
Oberkochen, Germany).

Immunohistochemistry was used to quantify T cells in the renal cortex. First, the rehydrated sections were 
incubated with Hydrogen Peroxide Blocking Reagent (Abcam) for 10 min to eliminate endogenous peroxidase 
activity. Next, the sections were treated with 5% goat serum for 1 h at room temperature and then with the 
Avidin/Biotin Blocking Kit (Vector Laboratories, Burlingame, CA, USA). The sections were stained with rabbit 
anti-CD3 primary antibody (ab16669, Abcam; diluted 1:300) overnight at 4 °C and biotinylated anti-rabbit IgG 
secondary antibody (BA-1000, Vector Laboratories; diluted 1:200) for 1 h at room temperature. The biotinylated 
signal was detected with Vectastain Elite ABC-HRP Reagent (Vector Laboratories) and diaminobenzidine (DAB 
Substrate Kit, Vector Laboratories). Finally, cell nuclei were counterstained with Mayer’s haematoxylin (Dia-
Path, Martinengo, Italy). After staining, the sections were dehydrated in a graded series of ethanol, cleared in 
xylene and coverslipped with DPX mounting medium (Sigma-Aldrich). Stained sections were imaged using 
light microscopy.

The  CD68+,  MPO+ and  CD3+ cells were counted in 30 randomly selected images of the renal cortex and aver-
aged from two sections per individual. The cell numbers were calculated per  mm2.

Western blot. Samples of the renal cortex were homogenised on ice in sucrose buffer supplemented with 
protease  inhibitors14. The protein concentrations were determined with the BCA protein assay kit (23227, 
Thermo Fisher Scientific). Total proteins (20–60 µg) were separated with 10%–12% SDS-PAGE and transferred 
to a 0.45-µm nitrocellulose membrane. Membranes were blocked with either 5% non-fat dry milk or 5% BSA 
in Tris-buffered saline containing Tween 20 (TBS-T). Afterwards, the membranes were incubated with rabbit 
anti-Lipocalin-2 (NGAL) (ab63929, Abcam; diluted 1:1000), rabbit anti-phosphorylated-NF-κB/p65 (Ser536) 
(ab76302, Abcam; diluted 1:1000) or rabbit anti-NF-κB/p65 (ab16502, Abcam; diluted 1:1000) primary anti-
bodies overnight at 4 °C or with mouse anti-glyceraldehyde-3-phosphate dehydrogenase (GAPDH) antibody 
(MAB374, Sigma-Aldrich; diluted 1:5000) for 1 h at room temperature. Then the membranes were incubated 
with the appropriate horseradish peroxidase-conjugated secondary antibodies: anti-mouse (7076, Cell Signal-
ing Technology, Danvers, MA, USA; dilution 1:2000) or anti-rabbit (7074, Cell Signaling Technology; dilution 
1:2000) for 1 h at room temperature. Primary and secondary antibodies were diluted in TBS-T containing either 
1% non-fat dry milk or 1% BSA. The signals were visualised with Clarity Western ECL substrate (Bio-Rad) using 
the Vü-C chemiluminescence Imaging System (Pop-Bio Imaging, Cambridge, UK) and quantified with Image 
Studio Lite Software (LI-COR Biosciences, Lincoln, NE, USA). The amount of target proteins was normalized 
relative to that of GAPDH.

RIA and ELISA. Plasma melatonin levels were analysed by RIA as previously  described11. All samples were 
measured within a single assay with an intra-assay coefficient of variation of 7.3%. Serum corticosterone (CORT) 
levels were determined using the rat corticosterone 125I RIA kit (RIA-1364, DRG Instruments GmBH, Marburg, 
Germany), according to the manufacturer’s instructions. ELISA kits for rats were used to measure plasma levels 
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of C-reactive protein (CRP) (88-7501, Thermo Fisher Scientific) and tumour necrosis factor alpha (TNF-α) 
(ER1393, FineTest, Wuhan Fine Biotech, Wuhan, China).

RNA isolation and qPCR. Total RNA from the renal cortex was isolated as previously  described14. For 
synthesis of complementary DNA, a Maxima cDNA synthesis kit (Thermo Fisher Scientific) was used. Ampli-
fication of cDNA was performed with Maxima SYBR Green qPCR Master Mix (Thermo Fisher Scientific) and 
the CFX Connect real-time PCR detection system (Bio-Rad). The relative expression of the target and reference 
genes was calculated using a standard curve method. The expression of the target genes was normalized to the 
expression of the ribosomal protein S29 (Rps29). Primer sequences are listed in Supplementary Table S2.

Statistical analysis. Statistical analysis was performed using GraphPad Prism v.8 (San Diego, CA, USA). 
Data for body weight and daily food intake were evaluated by two-way repeated measures analysis of variance 
(ANOVA) with Sidak’s multiple comparisons test. Multiple t-tests with Holm-Sidak correction were used to 
compare the percentage change in body weight between CTRL and ALAN groups. Data for all other variables 
were analysed by two-way ANOVA with Bonferroni’s multiple comparisons test. Time-of-day dependent differ-
ences in LPS response (ZT2 vs. ZT14) were compared within CTRL and ALAN groups with either the Student’s 
t-test or the Mann–Whitney test, depending on the normal distribution. Specific details of the statistics are given 
in the figure legends. Data are presented as means ± standard error of the mean (SEM).

Results
Effects of ALAN on symptoms of LPS-induced sickness. We first monitored the effects of ALAN on 
LPS-induced sickness behaviour in relation to the timing of LPS administration. Control and ALAN-exposed 
rats did not differ in their daily food intake and body weight prior to LPS administration. Three days after the 
endotoxin challenge at ZT2, daily food intake was significantly reduced in rats on both the CTRL and the ALAN 
regime (p < 0.001), but ALAN-exposed rats exhibited a smaller decline than controls (p < 0.05; Fig. 2a). In CTRL 
animals, food intake was still lower on day 5 as compared with pre-stimulation levels (p < 0.01) and was fully 
restored 8 days post-LPS injection in both groups (Fig. 2a). LPS administration at ZT14 elicited a decrease in 
food intake, which was significant on day 3 (p < 0.001) and day 5 (p < 0.001) post-injection without any interac-
tion with ALAN (Fig. 2b). Changes in food intake were not detected in saline-injected groups at ZT2 (Fig. 2a), 
though a transient decrease was observed in rats injected with saline at ZT14 (Fig. 2b).

LPS-induced anorectic behaviour was accompanied by body weight loss (Fig. 2c,d). Administration of LPS at 
ZT2 caused a significant reduction of body weight in both CTRL and ALAN-exposed rats on post-treatment days 
3 and 5 (p < 0.001; Fig. 2c). However, on day 3, the percentage change in body weight was significantly smaller 
in ALAN-exposed rats than in controls (p < 0.05; Fig. 2e). Under ALAN, body weight recovery was observed 
on day 8 post-LPS injection at ZT2, but the body weight of CTRL animals was still lower than the mean pre-
treatment value (p < 0.001). LPS challenge at ZT14 reduced body weight 3, 5 and 8 days post-LPS (p < 0.001), 
without any differences between CTRL and ALAN-exposed rats (Fig. 2d,f). Together, the results indicate that dim 
ALAN attenuated the anorectic response when rats were exposed to the endotoxin during their early light phase.

ALAN eliminates the time-of-day-dependent effect of LPS on the TNF-α and corticosterone 
response. Plasma melatonin levels were significantly lower during nights with dim light than during com-
pletely dark nights (p < 0.05; Supplementary Fig. S1). This is in line with our previous results, showing sup-
pressed circadian melatonin oscillations under dim  ALAN11. In both regimes, melatonin was not affected by LPS 
administration (Supplementary Fig. S1). TNF-α and CORT levels increased 3 h post-LPS challenge at ZT2 (p 
< 0.001 for TNF-α and p < 0.01 for CORT; Fig. 3a,c). LPS administration at ZT14 induced weaker response for 
TNF-α (p < 0.05; Fig. 3a) and non-significant increase for CORT (p = 0.063; Fig. 3c). ALAN-exposed rats also 
showed elevated TNF-α and CORT levels in response to LPS, but day-night variability observed in CTRL rats (p 
< 0.05) was missing under the ALAN regime (Fig. 3b,d).

The increase in plasma CRP was borderline significant 3 h post-LPS stimulation at ZT2 (p = 0.057; Fig. 3e) 
and was significant 24 h post-LPS administration at both ZT2 and ZT14 (p < 0.01; Fig. 3g). There was no time-
dependent variability in the CRP response to LPS (Fig. 3f,h). Interestingly, ALAN-exposed rats showed overall 
higher CRP levels than CTRL animals during the light phase (p < 0.05), whereas these group differences were not 
observed during the night (Fig. 3e,g). This indicates that ALAN disturbs daily CRP rhythm, which can participate 
in altered day-night inflammatory responsiveness of the immune system.

ALAN disturbs the time-dependent reactivity of neutrophils to LPS. Neutrophils play an impor-
tant role during acute inflammation and show rhythmic patterns in many aspects of their physiology, which are 
entrained by the L/D  cycle21. Thus, we examined how blood neutrophil counts and their functional activity will 
change 24 h post-LPS challenge at either ZT2 or ZT14 and whether these responses will be affected by ALAN. In 
the CTRL regime, daily variability in total WBCs was inverted by time-of-day-dependent injection of LPS, since 
circulating counts were reduced following stimulation at ZT2 (p < 0.05) and elevated by stimulation at ZT14 (p 
< 0.01; Fig. 4a). This daily variability and response to LPS at the level of total WBCs was eliminated in ALAN-
exposed rats (Fig.  4a), indicating that the proportional response of individual leukocyte types was changed. 
Peripheral neutrophilia was detected in both CTRL and ALAN-exposed rats (Fig. 4b). CTRL rats showed a more 
pronounced rise in neutrophil counts after LPS challenge at ZT14 compared with ZT2 (p < 0.01), but this time-
dependent response was eliminated under the ALAN regime (Fig. 4c). Moreover, the daily pattern of neutrophil 
counts in saline-injected animals was altered in the ALAN group, as indicated by the lack of interaction between 
ZT and LPS (Fig. 4b).
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The ability of neutrophils to produce ROS against pathogens is an important determinant of their killing 
 function20. In the CTRL regime, the oxidative burst of neutrophils showed daily variability in both saline and 
LPS-treated animals (p < 0.001), while LPS did not exert a priming effect on the oxidative burst (Fig. 4d). 
Interestingly, in ALAN-exposed rats, LPS administered at ZT2 primed the oxidative burst (p < 0.05), thereby 
eliminating the daily variability observed in the saline-injected group (Fig. 4d). Basal ROS production was 
enhanced in neutrophils following LPS treatment, irrespective of the time of stimulation and lighting regime 
(Supplementary Fig. S2).

To evaluate neutrophil recruitment into the tissues, we quantified MPO-positive cells in kidney sections 
3 h post-LPS challenge (Fig. 4e). LPS stimulation elevated the neutrophil numbers in both CTRL and ALAN-
exposed animals (p < 0.001; Fig. 4f), with higher neutrophil infiltration in response to LPS administered at ZT2 
compared with ZT14 (Fig. 4g). However, independent of LPS, ALAN-exposed rats had higher renal neutrophil 
counts than controls during the light phase (p < 0.05, Fig. 4f), a period when fewer neutrophils are present in 
the kidney compared with the dark  phase21. Together, our data show that in response to endotoxin, an elevation 
in circulating and renal neutrophils shows mutually inverse day-night differences, and this time-dependent pat-
tern is impaired by ALAN. Moreover, ALAN perturbs the time-dependent capacity of neutrophils to produce 
an oxidative burst under inflammatory conditions, and all these effects of ALAN can result from a disturbed 
steady-state daily rhythm of neutrophil trafficking between blood and the kidney.

Figure 2.  ALAN attenuates the anorectic response to lipopolysaccharide (LPS) during the early light phase. 
(a, b) Daily food intake, (c, d) body weight (BW) and (e, f) the percentage change in BW after time-of-day-
dependent saline or LPS injection in rats exposed to either the control light/dark regime (CTRL) or artificial 
light at night (ALAN, ~2 lx). Data are shown on day relative to the day of injection (D0) at either Zeitgeber time 
(ZT) 2 or ZT14. ZT0 = lights on. Bars represent the mean ± SEM (n = 7–8 rats per group). (a–d) Data for daily 
food intake and BW were evaluated by two-way repeated measures ANOVA with Sidak’s multiple comparisons 
test. (e, f) The percentage change in BW between CTRL and ALAN groups was compared using multiple t-tests 
with Holm-Sidak correction. **p < 0.01 and ***p < 0.001 for comparisons -D1/D0 versus +D3, +D5, +D8 and 
+p < 0.05, ++p < 0.01 and +++p < 0.001 for comparisons -D1/D0 versus +D3, +D5, +D8 within CTRL and ALAN 
groups in the case of significant interaction. #p < 0.05 and ##p < 0.01 for comparisons CTRL versus ALAN.
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Effects of ALAN on the inflammatory responses of blood monocytes and renal mac-
rophages. Next, we measured the effects of ALAN on time-dependent changes in blood monocytes 24 h 
post-LPS stimulation. In CTRL rats, LPS challenge at ZT2 reduced total monocyte counts (p < 0.001), whereas 
no significant response was observed following LPS administration at ZT14 (Fig. 5a). Interestingly, in ALAN-
exposed rats, total monocyte counts did not change in response to LPS at either ZT2 or ZT14. The same pattern 
was observed for subpopulations of classical (Fig. 5b) and non-classical monocytes (Fig. 5c).

Three hours post-LPS administration, the increased number of CD68-positive cells was found in the renal 
cortex of both CTRL and ALAN-exposed rats (p < 0.001 for LPS injection at ZT2 and ZT14; Fig. 5d,e). Day-night 
variability in this response was significant in ALAN (p < 0.05) but not in CTRL animals (Fig. 5f). Consistent 
with LPS-promoted macrophage infiltration, Cd68 mRNA levels were up-regulated in the kidney upon LPS 
stimulation at ZT2 (p < 0.05; Fig. 5g). In response to LPS challenge at ZT14, Cd68 mRNA levels did not change 
in CTRL animals, whereas a significant increase was observed in ALAN-exposed rats (p < 0.01; Fig. 5g,h). In 
the ALAN regime, rats showed higher daytime renal Cd68 mRNA levels than controls (p < 0.05; Fig. 5g), sug-
gesting a disturbed daily rhythm in this macrophage marker. ALAN and LPS-induced changes in renal Tlr4 
mRNA levels corresponded to Cd68 expression (Fig. 5i,j), as Tlr4 expression was daytime-specifically higher 
in ALAN-exposed rats than in controls (p < 0.05). Together, these results show that ALAN did not affect the 
inflammatory infiltration of macrophages into the kidney, although it enhanced the CD68-related inflammatory 
response upon night-time immune challenge.

ALAN eliminates the time-dependent inflammatory response of blood lymphocytes. Next, 
we evaluated LPS-induced changes in lymphoid cells in the blood and recruitment of T cells into the renal 
cortex. The T-cell numbers displayed typical daily variability in the circulation of CTRL rats, showing higher 
numbers during the day than during the night (p < 0.05), but this daily pattern was suppressed under the ALAN 
regime (Fig. 6a). In both the CTRL and the ALAN groups, blood T cells decreased 24 h post-LPS challenge (p < 
0.001; Fig. 6a). The reduction of T cells was enhanced upon LPS injection at ZT2 compared with ZT14 in con-
trols (p < 0.01), whereas this time-dependent response was eliminated in ALAN-exposed rats (Fig. 6b). ALAN 
also abolished the time-dependent response to LPS in the blood counts of both helper T cells  (TH) and cytotoxic 
T cells  (TC) (Fig. 6b). Moreover, the CD4/CD8 ratio increased in response to LPS in CTRL rats (p < 0.05), while 
this LPS effect was not significant in the ALAN group (Fig. 6c). Like T cells, blood B-cell number varied across 
the day only under the CTRL regime (p < 0.05; Fig. 6d). In CTRL rats, B cells decreased following LPS injection 
at ZT2 (p < 0.001), while no response was observed upon LPS injection at ZT14 (Fig. 6d). The suppressive effect 

Figure 3.  ALAN eliminates the time-of-day-dependent effect of lipopolysaccharide (LPS) on the tumour 
necrosis factor-α (TNF-α) and corticosterone (CORT) response. Absolute plasma/serum levels and the 
calculated LPS response normalized to the saline group for (a, b) TNF-α, (c, d) CORT and (e–h) C-reactive 
protein (CRP). Rats were exposed to either the control light/dark regime (CTRL) or ALAN (~2 lx) and injected 
with saline or LPS at either Zeitgeber time (ZT) 2 or ZT14. ZT0 = lights on. Blood samples were collected 3 
and 24 h post-injection. Bars represent the mean ± SEM (n = 7–8 rats per group). Data for absolute levels were 
evaluated by two-way ANOVA. The LPS response between ZT2 and ZT14 was compared by the Student’s t-test. 
*p < 0.05, **p < 0.01 and ***p < 0.001.
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of LPS on B-cell number was not time-dependent in ALAN-exposed rats (Fig.  6e). LPS administration also 
reduced blood number of NK cells (p < 0.001; Fig. 6f) with significant day-night variability (p < 0.05), which was 
preserved under the ALAN regime (p < 0.05; Fig. 6g).

Renal infiltration with T cells was evaluated by the number of CD3-positive cells 3 h post-stimulation 
(Fig. 6h). LPS administered at ZT2 caused a non-significant increase of CD3-positive cells in the kidney inde-
pendent of lighting conditions (p = 0.062), but when administered at ZT14, CD3-positive cells increased only 
in ALAN-exposed rats (p < 0.05; Fig. 6i). No differences were found for Cd3 mRNA levels in the renal cortex 
(Fig. 6j). Thus, the data show that ALAN eliminated the time-of-day-dependent inflammatory response of blood 
lymphocytes and promoted inflammatory infiltration of T cells during the dim light phase.

Effects of ALAN on NF-κB and molecules involved in renal inflammation. In response to LPS, 
renal gene expression of NF-κB subunit RelA (p65) was up-regulated in both CTRL and ALAN-exposed rats (p 
< 0.001 for ZT2 and p < 0.01 for ZT14; Fig. 7a). In the CTRL regime, there was a non-significant trend towards a 
lower response post-LPS injection at ZT14 compared with ZT2 (p = 0.097), whereas no day-night variability was 
observed under ALAN (Fig. 7b). In the kidney, protein levels of phosphorylated p65 (Pp65) and total p65 were 
not affected by daytime LPS injection and lighting regime but the Pp65/p65 ratio was reduced by both ALAN (p 
< 0.05) and LPS stimulation (p < 0.05; Fig. 7c).

The NF-κB pathway controls the expression of numerous inflammatory genes, including NGAL, which is 
associated with renal pathologies and can further amplify the proinflammatory  phenotype22. In the kidneys of 
both CTRL and ALAN-exposed rats, Ngal mRNA levels were up-regulated post-LPS injection (p < 0.001 for ZT2 
and p < 0.05 for ZT14; Fig. 7d). CTRL animals showed lower Ngal up-regulation following LPS administration at 
ZT14 compared with ZT2 (p < 0.05), and this day-night variability was missing under the ALAN regime (Fig. 7e). 
However, no significant changes were found in protein NGAL levels post-LPS injection (Supplementary Fig. S3), 
which can be attributed to a delay between LPS-induced changes in the mRNA and protein  levels23.

Additionally, we quantified the inflammatory response of specific chemokines, cell adhesion molecules and 
molecules that we previously identified to interfere with renal immune homeostasis under the ALAN  regime14. 
LPS injection up-regulated renal mRNA levels of C-C motif chemokine ligand 2 (Ccl2) (p < 0.001 for ZT2 and 
p < 0.01 for ZT14; Fig. 7f,g), Ccl5 (p < 0.05 for ZT2 and p < 0.01 for ZT14; Supplementary Fig. S4), and vascular 

Figure 4.  ALAN disturbs the time-dependent reactivity of neutrophils to lipopolysaccharide (LPS). Rats 
were exposed to either the control light/dark regime (CTRL) or ALAN (~2 lx) and injected with saline or LPS 
at either Zeitgeber time (ZT) 2 or ZT14. ZT0 = lights on. (a) Number of total white blood cells (WBCs), (b) 
number of blood neutrophils and (c) their calculated LPS response normalized to the saline group analysed 
24 h post-injection. (d) The oxidative burst of blood neutrophils 24 h post-injection was calculated as the fold 
increase in the median dichlorofluorescein (DCF) fluorescence of the phorbol myristate acetate-stimulated 
over the non-stimulated neutrophils. (e) Representative immunofluorescent images of myeloperoxidase (MPO, 
green) counterstained with DAPI (blue) in the sections of the renal cortex 3 h post-injection. Arrowheads 
indicate  MPO+ cells. (f) Quantification of  MPO+ cells from immunofluorescent images and (g) the calculated 
LPS response. Bars represent the mean ± SEM (n = 7–8 rats per group). Data were evaluated by two-way 
ANOVA with Bonferroni’s multiple comparisons test. The LPS response between ZT2 and ZT14 was compared 
by Student’s t-test. *p < 0.05, **p < 0.01 and ***p < 0.001.
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cell adhesion molecule-1 (Vcam1) (p < 0.001 for ZT2 and ZT14; Supplementary Fig. S5), but this effect was not 
dependent on the time of LPS administration and the regime. Next, renal gene expression of endothelial nitric 
oxide synthase (eNos) was downregulated upon LPS injection at ZT2 regardless of lighting conditions (p < 0.001; 
Fig. 7h), but ALAN eliminated this response following LPS challenge at ZT14, thereby resulting in day-night 
differences in the LPS response (p < 0.05; Fig. 7i). This could be attributed to an altered daily pattern of eNos 
expression, as ALAN-exposed rats displayed higher eNos mRNA levels during the day (p < 0.05) and lower 
levels during the night, compared with controls (p < 0.05; Fig. 7h). The same ALAN-induced changes in the 
daily profile were detected for expression levels of a transcription coactivator, peroxisome proliferator-activated 
receptor gamma coactivator-1 alpha (Pgc-1α) (p < 0.05; Fig. 7j). Therefore, these findings could indicate that 
an altered daily profile of the renal genes is associated with disruption of local circadian regulation by the renal 
molecular clock.

ALAN abolishes the acute Nr1d1 response to LPS in the kidney. Next, we analysed whether ALAN 
could disturb the acute response to endotoxin at the level of the molecular clockwork in the kidney. Cellu-
lar molecular clocks consist of several clock genes (Bmal1, Clock, Per1-3, Cry1/2, Nr1d1 and Rorα) and their 
protein products, which form interconnected transcriptional–translational feedback loops, driving rhythmic 

Figure 5.  Effects of ALAN on the inflammatory responses of blood and renal monocytes (Mo)/macrophages. 
Rats were exposed to either the control light/dark regime (CTRL) or ALAN (~2 lx) and injected with saline or 
lipopolysaccharide (LPS) at either Zeitgeber time (ZT) 2 or ZT14. ZT0 = lights on. (a) The numbers of total 
blood monocytes, (b) classical  CD43loHIS48hi and (c) non-classical  CD43hiHIS48lo monocyte subsets 24 h 
post-injection. (d) Representative immunofluorescent images of macrophage marker CD68 (red) counterstained 
with DAPI (blue) in the renal cortex 3 h post-injection. Arrowheads indicate  CD68+ cells. (e) Quantification 
of  CD68+ cells from immunofluorescent images and (f) the calculated LPS response normalized to the saline 
group. (g–j) Relative mRNA levels and the calculated LPS response for (g, h) Cd68 and (i, j) Toll-like receptor 4 
(Tlr4) in the renal cortex 3 h post-injection. Bars represent the mean ± SEM (n = 7–8 rats per group). Data were 
evaluated by two-way ANOVA with Bonferroni’s multiple comparisons test. The LPS response between ZT2 and 
ZT14 was compared by Student’s t-test. *p < 0.05, **p < 0.01 and ***p < 0.001.



9

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14109  | https://doi.org/10.1038/s41598-023-41266-3

www.nature.com/scientificreports/

oscillations across the 24-h  cycle24. The BMAL1/CLOCK heterodimer activates the rhythmic transcription of 
E-box-containing genes, such as Per2 and Nr1d1, whereas PER/CRY proteins inhibit their own transcription. 
REV-ERBα is a repressive circadian regulator, which negatively controls Bmal1  expression25. We found that 
Bmal1 mRNA levels showed a borderline significant decrease following LPS administration at ZT2 (p = 0.058), 
but they increased significantly post-LPS challenge at ZT14 (p < 0.001; Fig. 8a), thereby showing a day-night 
variability, which was preserved in ALAN-exposed rats (p < 0.001; Fig. 8b). For Per2 expression, a significant 
increase was induced by LPS administered at ZT2 (p < 0.001), and no response was found post-LPS challenge at 
ZT14 (Fig. 8c). ALAN did not eliminate this day-night variability (p < 0.001; Fig. 8d). In CTRL rats, renal Nr1d1 
expression increased following LPS challenge at ZT2 (p < 0.01) and, conversely, decreased post-LPS at ZT14 (p < 
0.05; Fig. 8e). Abolishment of the Nr1d1 response to LPS and elimination of day-night variability was observed 
in ALAN-exposed rats (Fig.  8f). Moreover, ALAN inversely changed renal expression of clock genes in the 
light and night phases, respectively (Fig. 8). Specifically, ALAN-exposed rats showed lower Bmal1 mRNA and 
higher Per2 and Nr1d1 mRNA levels compared with CTRL rats during the light phase, while the reverse differ-
ences were found during the night phase (Fig. 8a,c,e). Altogether, under the standard L/D cycle, the response of 

Figure 6.  ALAN eliminates the time-of-day-dependent inflammatory response of blood lymphocytes. Rats 
were exposed to either the control light/dark regime (CTRL) or ALAN (~2 lx) and injected with saline or 
lipopolysaccharide (LPS) at either Zeitgeber time (ZT) 2 or ZT14. ZT0 = lights on. (a) The number of blood T 
cells, (b) the calculated LPS response normalized to the saline group for total T cells and T-cell subpopulations, 
(c) the CD4/CD8 ratio, (d, e) the absolute numbers and the calculated LPS response for B cells and (f, g) NK 
cells 24 h post-injection. (h) Immunohistochemical staining of  CD3+ cells in the renal cortex 3 h post-injection. 
An arrowhead indicates  CD3+ cell. (i) Quantification of  CD3+ cells from immunohistochemical images. (j) 
Relative Cd3d mRNA levels in the renal cortex 3 h post-injection. Bars represent the mean ± SEM (n = 7–8 rats 
per group). Data were evaluated by two-way ANOVA with Bonferroni’s multiple comparisons test. The LPS 
response between ZT2 and ZT14 was compared by the Student’s t-test/Mann-Whitney test. *p < 0.05, **p < 0.01 
and ***p < 0.001.
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renal clock genes to LPS showed daily variability and exposure to ALAN impaired such time-of-day-dependent 
inflammatory sensitivity of Nr1d1 expression.

Discussion
To analyse the time-of-day-dependent inflammatory response, rats were stimulated with LPS at either ZT2 or 
ZT14, which represent times with the maximum respectively minimum numbers of WBCs in the  circulation26. 
Our data confirm daily variation for several components of the acute inflammatory response, meaning that 
the magnitude of changes in response to endotoxin varies with the timing of antigen exposure. Moreover, we 
demonstrated that compromising the standard L/D cycle with dim ALAN eliminated this time dependency at 
both the systemic and molecular levels. Dim ALAN suppressed daily oscillations of inflammatory changes in rat 
leukocyte numbers in the blood, including those of neutrophils, monocytes and lymphocytes, and in parallel, 
neutrophils displayed increased daytime sensitivity to the priming effects of LPS on oxidative burst. These effects 
appear to be consequent to disturbed homeostatic rhythms of leukocyte trafficking between the circulation and 
tissues, which was especially noted for neutrophil migration into the kidney. Dim ALAN also altered the renal 
inflammatory response, as was reflected in stimulated T-cell infiltration into the renal cortex upon night-time 
LPS challenge and a modified rhythmic response of genes involved in the inflammatory pathways, as well as in 

Figure 7.  Effects of ALAN on the inflammatory response of NF-κB and immune-relevant genes in the kidney. 
Rats were exposed to either the control light/dark regime (CTRL) or ALAN (~2 lx) and injected with saline or 
lipopolysaccharide (LPS) at either Zeitgeber time (ZT) 2 or ZT14. ZT0 = lights on. The samples were collected 3 
h post-injection. (a) RelA mRNA levels and (b) the calculated LPS response normalized to the saline group. (c) 
Protein levels of phosphorylated p65 (Pp65) and total p65 and the Pp65/p65 ratio post-injection at ZT2. (d–j) 
Relative mRNA levels and the calculated LPS response for (d, e) Ngal, (f, g) chemokine Ccl2, (h, i) endothelial 
nitric oxide synthase (eNos) and (j) transcriptional coactivator Pgc-1α. Bars represent the mean ± SEM (n = 7–8 
rats per group). Data were evaluated by two-way ANOVA with Bonferroni’s multiple comparisons test. The LPS 
response between ZT2 and ZT14 was compared by the Student’s t-test/Mann-Whitney test. *p < 0.05, **p < 0.01 
and ***p < 0.001.
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the renal molecular clock. We found impaired inflammatory responsiveness of Nr1d1, encoding REV-ERBα, and 
disrupted steady-state daily profile of the renal molecular clock under the ALAN regime, demonstrating a role of 
compromised circadian regulation in the chronodisruptive effects of ALAN on the acute inflammatory response.

ALAN-exposed rats, when administered LPS at the beginning of their light phase, responded with attenuated 
anorectic behaviour as compared with rats on the standard L/D regime. Experimental studies, employing SCN 
ablation, revealed that the central clock can significantly modulate the intensity of inflammatory  responses27. 
In a recent paper, we demonstrated dampened rhythmicity of the molecular clockwork in the rat SCN caused 
by dim ALAN exposure, indicating compromised circadian timing  function11. In addition, the study showed an 
altered daily pattern of food consumption in ALAN-exposed rats, which might also impact the magnitude of the 
anorectic response during immune challenge. In line with our current data, a reduced anorectic response to LPS 
at the beginning of the light phase was found in arrhythmic Siberian hamsters exposed to a disruptive phase-
shifting  protocol28. On the other hand, our recent data revealed that dim ALAN of 2 lx attenuated a day-night 
difference in locomotor activity but preserved its daily  rhythmicity12. Anorectic behaviour is a component of 
sickness symptoms, which represent a set of adaptive responses to overcome  infection29. It has been experimen-
tally shown that fasting metabolism can be especially protective in bacterial inflammation, as blocking anorexia 
by glucose supplementation enhanced lethality in LPS-induced  endotoxemia30. Thus, our data suggest that dim 
ALAN can weaken the adaptive anorectic response during bacterial inflammation.

Sickness symptoms, including anorexia, are controlled by inflammatory cytokines and hormones in the 
 brain29. For example, CORT pre-treatment blocked the LPS-elicited development of anorexia in  rats31. Here, 
we found an expected increase in TNF-α and CORT levels in the blood following LPS injection. Moreover, 
the LPS-induced rise in TNF-α and CORT was more pronounced in response to immune stimulation at the 

Figure 8.  ALAN abolishes the acute Nr1d1 response to LPS in the kidney. Rats were exposed to either the 
control light/dark regime (CTRL) or ALAN (~2 lx) and injected with saline (Sal) or lipopolysaccharide (LPS) at 
either Zeitgeber time (ZT) 2 or ZT14. ZT0 = lights on. Relative mRNA levels and the calculated LPS response 
normalized to the saline group for clock genes (a, b) Bmal1, (c, d) Per2 and (e, f) Nr1d1 analysed in the renal 
cortex 3 h post-injection. Bars represent the mean ± SEM (n = 7–8 rats per group). Data were evaluated by two-
way ANOVA with Bonferroni’s multiple comparisons test. The LPS response was compared between ZT2 and 
ZT14 by the Student’s t-test/Mann–Whitney U test. *p < 0.05, **p < 0.01 and ***p < 0.001.
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beginning of the rest than the active phase in rats on a control lighting regime. These observations agree with 
those of previous studies, which reported reduced responsiveness of the hypothalamic-pituitary adrenal (HPA) 
axis following endotoxin stimulation at the light-to-dark  transition32. However, daily variation in CORT and 
TNF-α response to LPS was suppressed by ALAN. Recently, we showed that under steady-state conditions, dim 
ALAN resulted in an attenuated and advanced daily CORT  rhythm11 and increased daytime CORT  levels14. This 
indicates a role of disturbed CORT oscillations in altered responsiveness of the HPA axis during inflammation 
under dim ALAN conditions.

The inflammatory response involves dynamic changes in the number of leukocytes in the blood and tissues, 
and these changes depend on the timing of immune  stimulation33, 34. In the CTRL regime, daytime and night-time 
LPS injection had inverse effects on the number of total WBCs. Neutrophils appear to be the main population 
contributing to this difference, as there was more pronounced neutrophilia upon immune challenge at ZT14 
compared with ZT2. In ALAN-exposed rats, the daily oscillations in response to LPS were eliminated at the 
level of total WBCs, as well as that of neutrophils. Studies show that functional immune cell circadian clocks are 
critical for the manifestation of rhythmic neutrophil responses to parasitic or fungal  infections21, 35. Therefore, it 
seems that ALAN-associated circadian disruption may impact the molecular clocks in neutrophils, compromis-
ing their inflammatory responses. Indeed, dim ALAN eliminated daily variability in the oxidative burst of blood 
neutrophils under inflammatory conditions. This likely resulted from the LPS-elicited priming of neutrophils, 
which was manifested specifically during the light phase in ALAN-exposed rats. Neutrophil priming can enhance 
the oxidative burst, though it must be tightly controlled to provide a benefit in terms of host defence and at the 
same time to avoid tissue damage from excessive  priming36.

In our previous study, dim ALAN induced redox imbalance in the rat kidney under homeostatic conditions 
and we assumed that negative consequences of such imbalance could be expressed especially under inflammatory 
 states14. In response to LPS, infiltration of WBCs into the renal cortex was increased, especially by neutrophils 
and macrophages, in both CTRL and ALAN-exposed rats. However, independent of immune stimulation, ALAN 
enhanced neutrophil migration into the kidney during the light phase, suggesting a disturbed daily rhythm. The 
migratory capacity of neutrophils is determined by their aging status in the circulation, which also varies over 
time and is controlled by the  clock21. Importantly, these daily oscillations are supposed to balance the protec-
tive and destructive potential of neutrophils to optimize host defence to the time when the risk of infection is 
 high21. Thus, if dim ALAN disturbs the circadian control of neutrophil rhythms, host defence mechanisms can 
be profoundly limited.

In contrast to neutrophils, monocytes and lymphocytes decline in the circulation during the first hours 
of acute  inflammation37. Here, we observed decreased numbers of blood monocytes 24 h after daytime LPS 
stimulation and no changes following night-time LPS injection in the CTRL regime. It has been shown that the 
individual monocyte subsets exhibit differential kinetics in their loss and subsequent recovery in the circulation 
during the early stages of experimental  endotoxemia37. Additionally, our results could indicate that monocyte 
kinetics during acute inflammation differ according to the time of antigen exposure. In ALAN-exposed rats, 
monocyte numbers were not affected 24 h post-LPS challenge regardless of the administration time, suggest-
ing that dim ALAN impacts monocyte inflammatory kinetics. Next, we recorded decreased blood lymphocyte 
numbers induced by LPS in both CTRL and ALAN-exposed rats. In the CTRL regime, this decline was greater 
upon daytime than night-time LPS injection, but ALAN eliminated such day-night oscillations for T cells and 
B cells, as well as the main T-cell subsets. Circadian gating of inflammatory changes is particularly underlain by 
the steady-state daily rhythms of blood  leukocytes6. Our current data revealed that dim ALAN disturbed steady-
state daily variation of blood lymphocytes, whereas daily variation of monocytes was less affected. Nevertheless, 
this is consistent with our previous results, showing that monocytes lost their daily variability only after 5 weeks 
of dim ALAN  exposure14.

Next, we observed that renal T-cell infiltration was stimulated upon LPS injection at ZT14 only in ALAN-
exposed rats, indicating an enhanced inflammatory response during the active period. This was also supported 
by upregulation of renal Cd68 only in rats under the ALAN following night-time LPS stimulation. CD68 is a 
lysosome-associated macrophage receptor and it is key to the antigen  presentation38. Thus, our results may imply 
disturbed regulation of these immune processes during acute inflammation under dim ALAN. The effects of LPS 
are typically mediated by TLR4 signalling, which has also been shown to play a role in the circadian rhythmicity 
of macrophage inflammatory  responses39. Here, the pattern of inflammatory changes in Tlr4 expression was the 
same as that of Cd68. Moreover, renal Cd68 and Tlr4 expression levels were higher under the dim ALAN than 
the CTRL regime during the light phase, corresponding to our previous  data14 and indicating compromised daily 
rhythms in the activation state of resident phagocytes in the kidney.

The timing of endotoxin administration determines the magnitude of transcriptional activity of NF-κB, which 
peaks upon stimulation in the middle of the light phase in  mice40. In line with these data, we observed a trend 
towards more intense renal up-regulation of RelA post-LPS challenge at ZT2 compared with ZT14 in the CTRL 
regime. This day-night difference was missing in ALAN-exposed animals. Moreover, we recorded reduced Pp65/
p65 ratio in the renal cortex of these rats, suggesting participation of the NF-κB pathway in chronodisruption of 
the acute inflammatory response. Correspondingly, dim ALAN abolished inflammatory day-night oscillations 
of the TNF-α increase in the circulation and Ngal up-regulation in the kidney. Both TNF-α and NGAL represent 
downstream targets of NF-κB41, 42. Importantly, in a mouse model of Salmonella infection, the phase-of-day-
dependent response in caecal Ngal expression required a functional circadian  clock43. Previous studies have 
highlighted several molecular mechanisms for crosstalk between the core clock components and the NF-κB 
 pathway40. In the current study, dim ALAN affected steady-state renal expression of the clock genes Bmal1, Per2 
and Nr1d1 in a time-of-day-dependent manner. This can indicate phase shifts in their daily rhythms, since our 
previous results showed phase-advanced rhythms of Bmal1, Per2 and Nr1d1 in the liver of rats exposed to dim 
 ALAN11, 12. Therefore, we can suggest that ALAN-associated disruption of the local molecular clock interferes 
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with the function of the renal inflammatory NF-κB pathway, which can promote disturbed rhythmicity of the 
acute inflammatory response.

Compromised circadian rhythms in the kidney of ALAN-exposed rats were further documented by an altered 
daily pattern of renal eNos and Pgc-1α expression. Increased daytime transcription of these genes agrees with 
our previous study and confirms disturbed renal homeostasis due to dim ALAN  exposure14. Endothelial NOS 
contributes significantly to NO production in the kidney, playing an important role in the control of renal 
 perfusion44. Moreover, NO generated by eNOS has been shown to regulate mitochondrial biogenesis through 
cGMP-dependent activation of Pgc-1α  expression45. Additionally, both eNOS and PGC-1α display daily oscilla-
tions and have been implicated in the regulation of the circadian  clock46, 47, suggesting that they could represent 
key players in the integration of kidney function and the circadian system. Our data also show that renal eNos 
expression was downregulated in response to LPS, corresponding with the published  literature48. Interestingly, 
this decline was suppressed upon night-time LPS stimulation in ALAN-exposed rats, further indicating disrup-
tion of their time-of-day-dependent inflammatory sensitivity.

The inflammatory response can also affect the molecular  clocks49. Here, LPS altered expression of clock genes 
in the kidney and the timing of immune stimulation significantly determined the direction of this response. In 
CTRL rats, endotoxin challenge in the early light phase up-regulated renal Per2 and Nr1d1 expression and tended 
to downregulate Bmal1. A contrasting response was elicited by LPS administered in the early dark phase, as Bmal1 
was up-regulated, Nr1d1 was downregulated and no change was recorded for Per2. In other studies, the suppres-
sive effects of systemic inflammation were reported for Per1 and Per2 expression in the liver, though the response 
was dependent on the time of stimulation, as well as the time post-injection50, 51. Thus, we hypothesize that the 
pattern of clock gene response upon LPS stimulation can be driven by the phase of the daily rhythm at the time 
of stimulation. Supportive evidence can be seen under the dim ALAN regime, which altered steady-state daily 
oscillations of clock genes in the kidney and this was associated with an inhibition of the inflammatory response 
of Nr1d1. The transcription factor REV-ERBα is an important repressor regulator in the molecular clockwork, 
which confers circadian rhythmicity on many target genes, including those involved in immunity. For example, 
an absence REV-ERBα in Nr1d1−/− mice was manifested by missing circadian rhythmicity in LPS-induced IL6 
 response5 or increased severity of experimental  colitis52.

Conclusion
Our data demonstrate that compromised circadian timing function due to dim ALAN eliminates or modifies 
time-of-day-dependent oscillations of systemic and renal inflammatory responses. This may result from disturbed 
daily rhythms in leukocyte trafficking between the circulation and kidney and impaired inflammatory respon-
siveness of the renal molecular clock. The day-night imbalance in the sensitivity of immune defence mechanisms 
can point out an underlying link between light pollution and negative health effects.

Data availability
Data are available from the corresponding author upon reasonable request.

Received: 29 June 2023; Accepted: 24 August 2023

References
 1. Sherwood, E. R. & Toliver-Kinsky, T. Mechanisms of the inflammatory response. Best. Pract. Res. Clin. Anaesthesiol. 18, 385–405. 

https:// doi. org/ 10. 1016/j. bpa. 2003. 12. 002 (2004).
 2. Patel, A. A., Ginhoux, F. & Yona, S. Monocytes, macrophages, dendritic cells and neutrophils: An update on lifespan kinetics in 

health and disease. Immunology 163, 250–261. https:// doi. org/ 10. 1111/ imm. 13320 (2021).
 3. Medzhitov, R. The spectrum of inflammatory responses. Science 374, 1070–1075. https:// doi. org/ 10. 1126/ scien ce. abi52 00 (2021).
 4. Marpegan, L. et al. Diurnal variation in endotoxin-induced mortality in mice: Correlation with proinflammatory factors. Chrono-

biol. Int. 26, 1430–1442. https:// doi. org/ 10. 3109/ 07420 52090 34083 58 (2009).
 5. Gibbs, J. E. et al. The nuclear receptor REV-ERBα mediates circadian regulation of innate immunity through selective regulation 

of inflammatory cytokines. Proc. Natl. Acad. Sci. U. S. A. 109, 582. https:// doi. org/ 10. 1073/ pnas. 11067 50109 (2012).
 6. He, W. et al. Circadian expression of migratory factors establishes lineage-specific signatures that guide the homing of leukocyte 

subsets to tissues. Immunity 49, 1175–1190. https:// doi. org/ 10. 1016/j. immuni. 2018. 10. 007 (2018).
 7. Albrecht, U. Timing to perfection: The biology of central and peripheral circadian clocks. Neuron 74, 246–260. https:// doi. org/ 10. 

1016/j. neuron. 2012. 04. 006 (2012).
 8. Buijs, F. N. et al. The circadian system: A regulatory feedback network of periphery and brain. Physiology 31, 170–181. https:// doi. 

org/ 10. 1152/ physi ol. 00037. 2015 (2016).
 9. Stevens, R. G. & Zhu, Y. Electric light, particularly at night, disrupts human circadian rhythmicity: Is that a problem?. Philos. Trans. 

R. Soc. B-Biol. Sci. 370, 20140120. https:// doi. org/ 10. 1098/ rstb. 2014. 0120 (2015).
 10. Zielinska-Dabkowska, K. M., Schernhammer, E. S., Hanifin, J. P. & Brainard, G. C. Reducing nighttime light exposure in the urban 

environment to benefit human health and society. Science 380, 1130–1135. https:// doi. org/ 10. 1126/ scien ce. adg52 77 (2023).
 11. Okuliarova, M. et al. Disrupted circadian control of hormonal rhythms and anticipatory thirst by dim light at night. Neuroendo-

crinology 112, 1116–1128. https:// doi. org/ 10. 1159/ 00052 4235 (2022).
 12. Rumanova, V. S., Okuliarova, M., Foppen, E., Kalsbeek, A. & Zeman, M. Exposure to dim light at night alters daily rhythms of 

glucose and lipid metabolism in rats. Front. Physiol. 13, 973461. https:// doi. org/ 10. 3389/ fphys. 2022. 973461 (2022).
 13. Jerigova, V., Zeman, M. & Okuliarova, M. Circadian disruption and consequences on innate immunity and inflammatory response. 

Int. J. Mol. Sci. 23, 13722. https:// doi. org/ 10. 3390/ ijms2 32213 722 (2022).
 14. Okuliarova, M., Mazgutova, N., Majzunova, M., Rumanova, V. S. & Zeman, M. Dim light at night impairs daily variation of cir-

culating immune cells and renal immune homeostasis. Front. Immunol. 11, 614960. https:// doi. org/ 10. 3389/ fimmu. 2020. 614960 
(2021).

 15. Fonken, L. K., Weil, Z. M. & Nelson, R. J. Mice exposed to dim light at night exaggerate inflammatory responses to lipopolysac-
charide. Brain Behav. Immun. 34, 159–163. https:// doi. org/ 10. 1016/j. bbi. 2013. 08. 011 (2013).

https://doi.org/10.1016/j.bpa.2003.12.002
https://doi.org/10.1111/imm.13320
https://doi.org/10.1126/science.abi5200
https://doi.org/10.3109/07420520903408358
https://doi.org/10.1073/pnas.1106750109
https://doi.org/10.1016/j.immuni.2018.10.007
https://doi.org/10.1016/j.neuron.2012.04.006
https://doi.org/10.1016/j.neuron.2012.04.006
https://doi.org/10.1152/physiol.00037.2015
https://doi.org/10.1152/physiol.00037.2015
https://doi.org/10.1098/rstb.2014.0120
https://doi.org/10.1126/science.adg5277
https://doi.org/10.1159/000524235
https://doi.org/10.3389/fphys.2022.973461
https://doi.org/10.3390/ijms232213722
https://doi.org/10.3389/fimmu.2020.614960
https://doi.org/10.1016/j.bbi.2013.08.011


14

Vol:.(1234567890)

Scientific Reports |        (2023) 13:14109  | https://doi.org/10.1038/s41598-023-41266-3

www.nature.com/scientificreports/

 16. Bedrosian, T. A., Fonken, L. K., Walton, J. C. & Nelson, R. J. Chronic exposure to dim light at night suppresses immune responses 
in Siberian hamsters. Biol. Lett. 7, 468–471. https:// doi. org/ 10. 1098/ rsbl. 2010. 1108 (2011).

 17. Ernandez, T. & Mayadas, T. N. The changing landscape of renal inflammation. Trends Mol. Med. 22, 151–163. https:// doi. org/ 10. 
1016/j. molmed. 2015. 12. 002 (2016).

 18. Motohashi, H. et al. The circadian clock is disrupted in mice with adenine-induced tubulointerstitial nephropathy. Kidney Int. 97, 
728–740. https:// doi. org/ 10. 1016/j. kint. 2019. 09. 032 (2020).

 19. Barnett-Vanes, A., Sharrock, A., Birrell, M. A. & Rankin, S. A single 9-colour flow cytometric method to characterise major leu-
kocyte populations in the rat: Validation in a model of LPS-induced pulmonary inflammation. PLoS One 11, e0142520. https:// 
doi. org/ 10. 1371/ journ al. pone. 01425 20 (2016).

 20. Elbim, C. & Lizard, G. Flow cytometric investigation of neutrophil oxidative burst and apoptosis in physiological and pathological 
situations. Cytometry Part A 75A, 475–481. https:// doi. org/ 10. 1002/ cyto.a. 20726 (2009).

 21. Adrover, J. M. et al. A neutrophil timer coordinates immune defense and vascular protection. Immunity 50, 390-402.e310. https:// 
doi. org/ 10. 1016/j. immuni. 2019. 01. 002 (2019).

 22. Buonafine, M., Martinez-Martinez, E. & Jaisser, F. More than a simple biomarker: the role of NGAL in cardiovascular and renal 
diseases. Clin. Sci. 132, 909–923. https:// doi. org/ 10. 1042/ cs201 71592 (2018).

 23. Smith, J. A., Stallons, L. J., Collier, J. B., Chavin, K. D. & Schnellmann, R. G. Suppression of mitochondrial biogenesis through 
toll-like receptor 4-dependent mitogen-activated protein kinase kinase/extracellular signal-regulated kinase signaling in endotoxin-
induced acute kidney injury. J. Pharmacol. Exp. Ther. 352, 346. https:// doi. org/ 10. 1124/ jpet. 114. 221085 (2015).

 24. Takahashi, J. S. Transcriptional architecture of the mammalian circadian clock. Nat. Rev. Genet. 18, 164–179. https:// doi. org/ 10. 
1038/ nrg. 2016. 150 (2017).

 25. Guillaumond, F., Dardente, H., Giguère, V. & Cermakian, N. Differential control of Bmal1 circadian transcription by REV-ERB 
and ROR nuclear receptors. J. Biol. Rhythm 20, 391–403. https:// doi. org/ 10. 1177/ 07487 30405 277232 (2005).

 26. Pelegri, C. et al. Circadian rhythms in surface molecules of rat blood lymphocytes. Am. J. Physiol. Cell Physiol. 284, C67–C76 
(2003).

 27. Guerrero-Vargas, N. N. et al. Reciprocal interaction between the suprachiasmatic nucleus and the immune system tunes down 
the inflammatory response to lipopolysaccharide. J. Neuroimmunol. 273, 22–30. https:// doi. org/ 10. 1016/j. jneur oim. 2014. 05. 012 
(2014).

 28. Prendergast, B. J. et al. Circadian disruption alters the effects of lipopolysaccharide treatment on circadian and ultradian locomotor 
activity and body temperature rhythms of female Siberian hamsters. J. Biol. Rhythm 30, 543–556. https:// doi. org/ 10. 1177/ 07487 
30415 609450 (2015).

 29. Tizard, I. Sickness behavior, its mechanisms and significance. Anim. Health Res. Rev. 9, 87–99. https:// doi. org/ 10. 1017/ S1466 25230 
80014 48 (2008).

 30. Wang, A. et al. Opposing effects of fasting metabolism on tissue tolerance in bacterial and viral inflammation. Cell 166, 1512-1525.
e1512. https:// doi. org/ 10. 1016/j. cell. 2016. 07. 026 (2016).

 31. Pezeshki, G., Pohl, T. & Schöbitz, B. Corticosterone controls interleukin-1 beta expression and sickness behavior in the rat. J. 
Neuroendocrinol 8, 129–135. https:// doi. org/ 10. 1111/j. 1365- 2826. 1996. tb008 33.x (1996).

 32. Kalsbeek, A. et al. Differential involvement of the suprachiasmatic nucleus in lipopolysaccharide-induced plasma glucose and 
corticosterone responses. Chronobiol. Int. 29, 835–849. https:// doi. org/ 10. 3109/ 07420 528. 2012. 699123 (2012).

 33. Nguyen, K. D. et al. Circadian gene Bmal1 regulates diurnal oscillations of  Ly6Chi inflammatory monocytes. Science 341, 1483–1488. 
https:// doi. org/ 10. 1126/ scien ce. 12406 36 (2013).

 34. Druzd, D. et al. Lymphocyte circadian clocks control lymph node trafficking and adaptive immune responses. Immunity 46, 
120–132. https:// doi. org/ 10. 1016/j. immuni. 2016. 12. 011 (2017).

 35. Kiessling, S. et al. The circadian clock in immune cells controls the magnitude of Leishmania parasite infection. Sci. Rep. 7, 10892. 
https:// doi. org/ 10. 1038/ s41598- 017- 11297-8 (2017).

 36. El-Benna, J. et al. Priming of the neutrophil respiratory burst: Role in host defense and inflammation. Immunol. Rev. 273, 180–193. 
https:// doi. org/ 10. 1111/ imr. 12447 (2016).

 37. Tak, T., van Groenendael, R., Pickkers, P. & Koenderman, L. Monocyte subsets are differentially lost from the circulation during 
acute inflammation induced by human experimental endotoxemia. J. Innate Immun. 9, 464–474. https:// doi. org/ 10. 1159/ 00047 
5665 (2017).

 38. Song, L., Lee, C. & Schindler, C. Deletion of the murine scavenger receptor CD68. J. Lipid Res. 52, 1542–1550. https:// doi. org/ 10. 
1194/ jlr. M0154 12 (2011).

 39. Keller, M. et al. A circadian clock in macrophages controls inflammatory immune responses. Proc. Natl. Acad. Sci. U. S. A. 106, 
21407–21412. https:// doi. org/ 10. 1073/ pnas. 09063 61106 (2009).

 40. Spengler, M. L. et al. Core circadian protein CLOCK is a positive regulator of NF-κB–mediated transcription. Proc. Natl. Acad. 
Sci. U. S. A. 109, E2457–E2465. https:// doi. org/ 10. 1073/ pnas. 12062 74109 (2012).

 41. Kawai, T. & Akira, S. Signaling to NF-κB by toll-like receptors. Trends Mol. Med. 13, 460–469. https:// doi. org/ 10. 1016/j. molmed. 
2007. 09. 002 (2007).

 42. Cowland, J. B., Muta, T. & Borregaard, N. IL-1β-specific up-regulation of neutrophil gelatinase-associated lipocalin is controlled 
by IκB-ζ1. J. Immunol. 176, 5559–5566. https:// doi. org/ 10. 4049/ jimmu nol. 176.9. 5559 (2006).

 43. Bellet, M. M. et al. Circadian clock regulates the host response to Salmonella. Proc. Natl. Acad. Sci. U. S. A. 110, 9897–9902. https:// 
doi. org/ 10. 1073/ pnas. 11206 36110 (2013).

 44. Oliveira, F. R. M. B., Assreuy, J. & Sordi, R. The role of nitric oxide in sepsis-associated kidney injury. Biosci. Rep. 42, BSR20220093. 
https:// doi. org/ 10. 1042/ BSR20 220093 (2022).

 45. Nisoli, E. et al. Mitochondrial biogenesis in mammals: the role of endogenous nitric oxide. Science 299, 896–899. https:// doi. org/ 
10. 1126/ scien ce. 10793 68 (2003).

 46. Kunieda, T. et al. Reduced nitric oxide causes age-associated impairment of circadian rhythmicity. Circ. Res. 102, 607–614. https:// 
doi. org/ 10. 1161/ CIRCR ESAHA. 107. 162230 (2008).

 47. Liu, C., Li, S., Liu, T., Borjigin, J. & Lin, J. D. Transcriptional coactivator PGC-1α integrates the mammalian clock and energy 
metabolism. Nature 447, 477–481. https:// doi. org/ 10. 1038/ natur e05767 (2007).

 48. Lu, J.-L., Schmiege, I. I. I. L. M., Kuo, L. & Liao, J. C. Downregulation of endothelial constitutive nitric oxide synthase expression 
by lipopolysaccharide. Biochem. Biophys. Res. Commun. 225, 1–5 (1996).

 49. Cavadini, G. et al. TNF-α suppresses the expression of clock genes by interfering with E-box-mediated transcription. Proc. Natl. 
Acad. Sci. U. S. A. 104, 12843–12848. https:// doi. org/ 10. 1073/ pnas. 07014 66104 (2007).

 50. Okada, K. et al. Injection of LPS causes transient suppression of biological clock genes in rats. J. Surg. Res. 145, 5–12. https:// doi. 
org/ 10. 1016/j. jss. 2007. 01. 010 (2008).

 51. Yamamura, Y., Yano, I., Kudo, T. & Shibata, S. Time-dependent inhibitory effect of lipopolysaccharide injection on Per1 and Per2 
gene expression in the mouse heart and liver. Chronobiol. Int. 27, 213–232. https:// doi. org/ 10. 3109/ 07420 52100 37691 11 (2010).

 52. Wang, S. et al. REV-ERBα integrates colon clock with experimental colitis through regulation of NF-κB/NLRP3 axis. Nat. Commun. 
9, 4246. https:// doi. org/ 10. 1038/ s41467- 018- 06568-5 (2018).

https://doi.org/10.1098/rsbl.2010.1108
https://doi.org/10.1016/j.molmed.2015.12.002
https://doi.org/10.1016/j.molmed.2015.12.002
https://doi.org/10.1016/j.kint.2019.09.032
https://doi.org/10.1371/journal.pone.0142520
https://doi.org/10.1371/journal.pone.0142520
https://doi.org/10.1002/cyto.a.20726
https://doi.org/10.1016/j.immuni.2019.01.002
https://doi.org/10.1016/j.immuni.2019.01.002
https://doi.org/10.1042/cs20171592
https://doi.org/10.1124/jpet.114.221085
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1038/nrg.2016.150
https://doi.org/10.1177/0748730405277232
https://doi.org/10.1016/j.jneuroim.2014.05.012
https://doi.org/10.1177/0748730415609450
https://doi.org/10.1177/0748730415609450
https://doi.org/10.1017/S1466252308001448
https://doi.org/10.1017/S1466252308001448
https://doi.org/10.1016/j.cell.2016.07.026
https://doi.org/10.1111/j.1365-2826.1996.tb00833.x
https://doi.org/10.3109/07420528.2012.699123
https://doi.org/10.1126/science.1240636
https://doi.org/10.1016/j.immuni.2016.12.011
https://doi.org/10.1038/s41598-017-11297-8
https://doi.org/10.1111/imr.12447
https://doi.org/10.1159/000475665
https://doi.org/10.1159/000475665
https://doi.org/10.1194/jlr.M015412
https://doi.org/10.1194/jlr.M015412
https://doi.org/10.1073/pnas.0906361106
https://doi.org/10.1073/pnas.1206274109
https://doi.org/10.1016/j.molmed.2007.09.002
https://doi.org/10.1016/j.molmed.2007.09.002
https://doi.org/10.4049/jimmunol.176.9.5559
https://doi.org/10.1073/pnas.1120636110
https://doi.org/10.1073/pnas.1120636110
https://doi.org/10.1042/BSR20220093
https://doi.org/10.1126/science.1079368
https://doi.org/10.1126/science.1079368
https://doi.org/10.1161/CIRCRESAHA.107.162230
https://doi.org/10.1161/CIRCRESAHA.107.162230
https://doi.org/10.1038/nature05767
https://doi.org/10.1073/pnas.0701466104
https://doi.org/10.1016/j.jss.2007.01.010
https://doi.org/10.1016/j.jss.2007.01.010
https://doi.org/10.3109/07420521003769111
https://doi.org/10.1038/s41467-018-06568-5


15

Vol.:(0123456789)

Scientific Reports |        (2023) 13:14109  | https://doi.org/10.1038/s41598-023-41266-3

www.nature.com/scientificreports/

Author contributions
M.O. and M.Z. designed the study. V.J., M.O. and M.Z. performed the experiments and collected data. M.O. 
analysed and visualised data. M.O. and V.J. wrote the first draft of the manuscript. All authors edited, read and 
approved the final manuscript.

Funding
The study was supported by the Slovak Research and Development Agency (APVV-17-0178, APVV-21-0223), 
the Scientific Grant Agency of the Ministry of Education of the Slovak Republic (VEGA 1/0565/22) and the 
Operation Program of Integrated Infrastructure for the project, Advancing University Capacity and Competence 
in Research, Development and Innovation, ITMS2014+: 313021X329, co-financed by the European Regional 
Development Fund.

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- 023- 41266-3.

Correspondence and requests for materials should be addressed to M.O.

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) 2023

https://doi.org/10.1038/s41598-023-41266-3
https://doi.org/10.1038/s41598-023-41266-3
www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Chronodisruption of the acute inflammatory response by night lighting in rats
	Materials and methods
	Animals. 
	Experimental design. 
	Immunophenotypic analysis. 
	Oxidative burst of neutrophils. 
	Immunofluorescence and immunohistochemistry. 
	Western blot. 
	RIA and ELISA. 
	RNA isolation and qPCR. 
	Statistical analysis. 

	Results
	Effects of ALAN on symptoms of LPS-induced sickness. 
	ALAN eliminates the time-of-day-dependent effect of LPS on the TNF-α and corticosterone response. 
	ALAN disturbs the time-dependent reactivity of neutrophils to LPS. 
	Effects of ALAN on the inflammatory responses of blood monocytes and renal macrophages. 
	ALAN eliminates the time-dependent inflammatory response of blood lymphocytes. 
	Effects of ALAN on NF-κB and molecules involved in renal inflammation. 
	ALAN abolishes the acute Nr1d1 response to LPS in the kidney. 

	Discussion
	Conclusion
	References


