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A B S T R A C T   

This study investigates the effects of two light conditions on innate proinflammatory IL-6 cytokines and the 
cortisol awakening response. The between-subject experiment was conducted with 55 healthy adult-males (aged 
M bright = 24.40, SD = 4.58; M dim = 25.47, SD = 4.96) in a standardized sleep laboratory setting with 60-min 
light exposure post-awakening. Cortisol significantly increased with bright light exposure as compared to dim 
light (significant interaction effect). As for IL-6, the main effects of time and light condition were significant, 
however, the interaction effect between light and time was insignificant. Results replicate stimulatory effects of 
bright light on cortisol. In general, IL-6 concentrations decreased in both light conditions; however, bright light 
graphically showed higher concentrations 45–90 min after exposure in comparison to dim light, thus bright light 
has a potential stimulatory effect on IL-6 production.   

1. Introduction 

The circadian rhythm is the synchronization of physiological pro-
cesses over a period of 24 h and regulates the sleep-wake rhythm. With 
the help of special photoreceptors in the outer granular layer of the 
retina, it can align itself in a relatively constant rhythm with time and 
the periodically listed activities, such as sleep, food intake, hibernation, 
reproduction, etc. Therefore, light exposure represents a relevant regu-
latory factor for the circadian rhythm (Clow et al., 2010). 

Light-induced effects by retinal projections can affect the body’s 
central circadian pacemaker, the hypothalamic suprachiasmatic nucleus 
(SCN) and initiate cortisol secretion from the adrenal cortex (Dickmeis, 
2009; Ishida et al., 2005; Jung et al., 2010; Ulrich-Lai et al., 2006). This 
circadian system receives light information through a subgroup of 
melanopsin-expressing retinal ganglion cells (mRGCs) (Berson et al., 
2002; Brainard et al., 2001; Hattar, 2002; Hattar et al., 2003; Provencio 
et al., 2002), with a characteristic spectral sensitivity pattern that peaks 
at 480 nm, i.e. in the short-wave (blue) light spectrum (Berson et al., 
2002; Dacey et al., 2005; Enezi et al., 2011; Hankins et al., 2008; Tu, 
2005). Furthermore, there is evidence that mRGCs receive synaptic 

input from visual photoreceptors (mainly cones) in addition to the 
intrinsic phototransduction cascade, which is part of the detection of 
light information for circadian systems (e.g. Hattar et al., 2003; Lall 
et al., 2010; Tähkämö et al., 2019; Temme and Frumkes, 1977). 

As a unique effect of the circadian rhythm, there is a strong increase 
in the cortisol level in the first 30–40 min after waking up in the 
morning, which reaches its peak here in the cortisol-awakening response 
(CAR) (Clow et al., 2004, 2010; Wilhelm et al., 2007). Glucocorticoids 
exhibit broad anti-inflammatory properties (Coutinho and Chapman, 
2011) by suppressing the synthesis of proinflammatory factors on the 
one hand and by strengthening anti-inflammatory mediators (Scheier-
mann et al., 2013) on the other hand. Here, the production of cytokines 
and transmigration of leukocytes is initiated (Coutinho and Chapman, 
2011). The inflammatory system thus fluctuates in a circadian cycle of 
about 24 h, therefore the underlying pathways of these circadian effects 
on the inflammatory system is of particular interest. 

Although glucocorticoids are typically known for their ability to 
suppress the production of proinflammatory cytokines (e.g. (Coutinho 
and Chapman, 2011), this effect cannot be over-generalized and requires 
a more differentiated view. For example, a study by DeRijk et al. (1997) 
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E-mail address: nicolas.rohleder@fau.de (N. Rohleder).  

Contents lists available at ScienceDirect 

Brain, Behavior, & Immunity - Health 

journal homepage: www.editorialmanager.com/bbih/default.aspx 

https://doi.org/10.1016/j.bbih.2022.100504 
Received 9 April 2021; Received in revised form 1 August 2022; Accepted 23 August 2022   

mailto:nicolas.rohleder@fau.de
www.sciencedirect.com/science/journal/26663546
https://www.editorialmanager.com/bbih/default.aspx
https://doi.org/10.1016/j.bbih.2022.100504
https://doi.org/10.1016/j.bbih.2022.100504
https://doi.org/10.1016/j.bbih.2022.100504
http://crossmark.crossref.org/dialog/?doi=10.1016/j.bbih.2022.100504&domain=pdf
http://creativecommons.org/licenses/by-nc-nd/4.0/


Brain, Behavior, & Immunity - Health 25 (2022) 100504

2

in rats presented a different picture. Herein, the IL-6 production was 
shown to be resistant to suppression by cortisol levels within the phys-
iological range, in contrast to TNFα and IL-1β. Furthermore, a study by 
Steensberg et al. (2003), conducted with humans, found that the infu-
sion of IL-6 did not induce enhanced levels of the proinflammatory 
cytokine TNFα, but instead enhanced plasma levels of the two 
anti-inflammatory cytokines IL-1 receptor agonist (IL-1ra) and IL-10, as 
well as cortisol. 

Therefore, despite the proinflammatory effect of IL-6, there is a 
synergistic effect between IL-6 and glucocorticoids here, suggesting that 
IL-6 may have an anti-inflammatory effect in synergy with cortisol. 
Indeed, IL-6 has been shown to assume anti-inflammatory tasks, given 
specific circumstances (Scheller et al., 2011). 

Empirical results on the mechanisms of fluctuating immune function 
after wake-up are quite diverse due to methodological differences. 
Circadian rhythmicity of inflammatory parameters has been empirically 
investigated particularly during nocturnal sleep, where elevated IL-6 
and TNFα levels were observed (Brodin and Davis, 2017; Dickstein 
and Moldofsky, 1999; Gudewill et al., 1992; Moldofsky, 1994; Petrov-
sky, 2001). More specifically, IL-6 levels rise during sleep, peak in the 
early morning between 1:00 a.m. and 4:00 a.m., and fall to their lowest 
between 8:00 a.m. and 10:00 a.m. (Brodin and Davis, 2017; Petrovsky, 
2001). The IFN-y/IL-10 ratio of anti-inflammatory cytokines peaks at 
4:00 a.m., correlating negatively with plasma cortisol, positively with 
plasma melatonin levels, and reaches a minimum value at about 3:00 p. 
m. (Petrovsky and Harrison, 1997). However, the bi-directional pattern 
between peripheral cellular immune function and cytokines is associ-
ated with patterns of sleep and wakefulness, where disorganization or 
loss of sleep inhibit the diurnal patterns of 
cytokine-immune-neuroendocrine functions (Dickstein and Moldofsky, 
1999). 

Experiments on the effect of light after wake up on the circadian 
rhythmicity showed that blue fluorescent, blue LED light and bright LED 
light have a particularly strong influence on cortisol (Figueiro and Rea, 
2012; Morita and Tokura, 1998; Petrowski et al., 2019, 2020). Con-
cerning immune function there are, to our knowledge, no empirical 
studies published on the processes after wake up. In animals, exposure to 
green-wave LED light generally led to improved immune function (Jung 
et al., 2016; Kim et al., 2014). Low-dose LED light exposure at 880 nm 
caused a decrease in inflammatory cells and mRNA expression of IL-1β, 
IL-6 and COX-2 after collagenase-induced tendinitis (Xavier et al., 
2010). In vitro human applications of LED light exposure of different 
LED wavelengths on human T-cell cultures demonstrated that LED light 
exposure at 415 nm, 850 nm, and 830 nm significantly decreased mRNA 
expression of IL-2, IL-4, and IFN-gamma (Cheong et al., 2012). T-cell--
derived cytokines could be suppressed by lower doses of LED light 
exposure (850 nm), and IL-10 expression rates could be reduced by 
irradiating CD3+ T lymphocytes with 850 nm light (Cheong et al., 2012). 
In addition to light exposure in vitro, two white light intensities with 
correlated colour temperatures of 2954K and 7378K were compared in a 
human experiment, which showed that 7378K light induced an upre-
gulation of IL-6, whereas 2954K did not (Shen et al., 2016). 

Thus, light exposure seems to influence the inflammatory system, but 
the exact mechanism of the circadian rhythm, light conditions at 
different intensities, and the changes they induce in immune parameters 
have not yet been investigated. Therefore, this study investigates the 
effects of two light conditions (bright-white, and dim-white light) on the 
innate immune parameter IL-6 cytokines. 

H1. The literature on the cycles of pro- and anti-inflammatory cyto-
kines shows that IL-6 peaks in early morning before 5:00 a.m. (Petrovsky 
and Harrison, 1997; Scheiermann et al., 2013). Therefore, we expect 
high concentrations of IL-6 at 5:00 a.m. and a steeper decrease between 
5:00 a.m. (T0) and 7:00 a.m. (T8) under the dim-white light condition 
compared to the bright light condition (and the same for cortisol, 
respectively; Petrowski et al., 2019, 2020). 

2. Method 

2.1. Participants 

The sample includes 55 healthy male adults (aged M bright = 24.40, 
SD = 4.58; M dim = 25.47, SD = 4.96). Females were excluded from this 
first experimental study in efforts to reduce potential mediating factors 
of the menstruation cycle on cytokine and cortisol levels, however, a 
follow up study is expected to include female participants. Descriptive 
sociodemographic information on the included participants is provided 
in Table 1. The participants were recruited and tested between October 
2019 and March 2020 at the Johannes Gutenberg University in Mainz, 
Germany, in which recruitment was carried out through online and flyer 
advertisements. Participation was compensated with 50 euros. Prior to 
participation, volunteers were screened for potential exclusion criteria 
by telephone. Exclusion criteria were defined based on factors that can 
influence HPA-axis activation or are known to have a lasting impact on 
the reactivity of the HPA-axis. As such, exclusion criteria included: 
Colorblindness, psychological disorders, acute and chronic illnesses, 
such as auto-immune diseases, coronary heart disease, disorders with 
chronic inflammation, metabolic disorders, blood disorders and al-
lergies. Further exclusion criteria were any use of psychoactive drugs, 
smoking of more than ten cigarettes per day, and a BMI of >27 kg/m 
(see e.g., Kudielka, Hellhammer & Kirschbaum, 2007; Herhaus et al., 
2020). The study protocol was approved by the Ethics Committee of the 
Medical Faculty of the Technical University of Dresden, Germany (No 
#EK353092014) and was conducted in accordance with the Declaration 
of Helsinki (1964). Each participant provided written informed consent 
prior to participation. 

2.2. Procedure 

The study used a between-subjects experimental design in a sleep 
laboratory setting, with the independent variable being the light con-
dition (bright vs. dim). This sleep laboratory setting as well as CAR being 
the DV were chosen in order to standardize and eliminate all previous 
light exposure on the system. Light condition was randomly assigned 
from a computer algorithm to eliminate potential bias, with N = 25 
participants in the bright light and N = 30 in the dim light condition. 
Blood samples were collected via intravenous (IV) catheter as the central 
biological outcome measure to analyze blood cortisol and pro- 
inflammatory cytokine (IL-6) across the post-awakening period. 

Testing took place at the university’s sleep laboratory and was con-
ducted after wake-up on the following day. The participants were 
advised to refrain from alcohol and any strenuous physical activity/ 

Table 1 
Sociodemographic information for both samples.   

Bright light 
(n = 25) 

Dim light (n 
= 30) 

Comparison 

Age 24.40 (4.58) 25.47 
(4.96) 

t(52.40) = − 0.83, p =
.412, d = − 0.223 

Family status   χ2(1) = 0.03, p = .871 
Single 23 29  
Married 2 1  

Education   χ2(2) = 3.59, p = .166 
≤ 9 years 0 3  
10 years 0 1  
≥ 12 years 25 26  

Training qualification   χ2(4) = 3.90, p = .420 
Still training 11 8  

Completed 
Apprenticeship 

4 5  

University 3 10  
No training 
completed 

4 4  

Other 1 1  
Missing 2 2   
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exercise on the days prior to the testing nights and on subsequent 
mornings via e-mail. Upon arrival, the participants completed the pro-
vided questionnaires, were tested for color vision, fitted with the motion 
sensor and introduced to the testing procedure of the following day. The 
IV catheter was set the night before testing (between 10:30 and 11:00 p. 
m.) to eliminate an effect on stress levels. The participants went to bed in 
a darkened room at 11:00 p.m. and woken up the next morning at 5:00 a. 
m. This relatively early wake-up time corresponds to the methodology of 
an early work schedule (Figueiro and Rea, 2012) and was chosen in the 
present study to minimize the likelihood of participants waking up prior 
to the pre-specified time. Sleep quality as well as earlier wake-up was 
monitored by actigraphy. The participants were instructed to wear dark 
sunglasses when using the restrooms during the night and after wake-up. 
Directly after wakeup, a first blood sample was taken and followed by 
seven additional samples taken every 15 min. The experimental light 
conditions started 10 min after awakening and lasted 60 min each. After 
light exposure, participants sat in a dim light room (<3 Luminance (lux)) 
for the remaining three blood samples. Testing ended by 7 a.m. (see 
Fig. 1 for study design). 

2.3. Light conditions 

The instruments used for light exposure were two half Ulbricht 
spheres that were indirectly illuminated through LEDs positioned 
equally on the inside around the opening. The LEDs were covered with a 
spectral selective diffusor to ensure a homogeneous illumination of the 
participants’ retina. The LEDs were regulated by computer (USB to DMX 
Controller) and powered by electrical DC-dimming. The experiment 
used dim and bright light conditions. Bright light (1241 lux) exposure 
was produced by simultaneously setting narrow-band LEDs of blue (201 
lux; peak wavelength 470–480 nm), green (806 lux; peak wavelength 
520 nm), and red (235 lux; peak wavelength 635 nm) together; while 
dim white light was standardized at less than 3 lux. 

The light exposure took place in a darkened room with stray light 
levels below 1 lux (at the eye). Intensity of illuminance (lux) was 
measured at eye-level before and after light exposure each day using an 
illumination meter. The participants were positioned in a chair in front 
of the light sources with their chin resting on a chinrest so that their 
faces reached into a half-sphere (2PI-Geometry) and the eye-level was 
the same for every participant. 

2.4. Biological markers: blood cortisol and cytokines 

Directly after awakening at 5:00 a.m., the first blood sample was 
taken and followed up by seven additional samples at 15 min-intervals. 
The blood samples were obtained using Serum-Gel-Monovette® (Sar-
stedt, Nümbrecht, Germany) and set to coagulate for 30 min at room 
temperature. The blood samples were then centrifuged at 20 ◦C for 10 
min at 2500xG RCF. The serum was stored at − 80 ◦C before being 
assayed for cytokines and cortisol levels. 

Serum cortisol levels were determined using a commercially avail-
able radioimmunoassay kit with the Solid Phase Antigen Linked Tech-
nique (SPALT) with the LIAISON-Analyzer® (DiaSorin, S.p.A., Italy). 
The lower detection limit of this assay is 0.43 nmol/l. Serum cytokine 
concentrations were analyzed using a using highly-sensitive ELISA 
enzyme-linked immunosorbent assays (IBL International GmbH, Ger-
many). The detection limit was <0.08 pg/mL serum. 

A Motionlogger® Watch and the MotionloggerWatchWare by 
Ambulatory Monitoring Inc. (Ambulatory Monitoring Inc., Ardsley, 
USA) was used to monitor the participants’ activity and rest phases as 
well as to obtain an objective verification of awakening times during the 
night or the morning in order to eliminate early wake-up (in line with 
Stalder et al., 2016). Awakening was defined as the transition from sleep 
to wake-up after applying the UCSD sleep algorithm to the collected 
PIM-data, which is implemented in the AW2.7 software. The algorithm 
applies a weighted sum of the activity in a seven-minute- interval, i.e., 
the preceding four and the subsequent 2 min of the minute to be scored. 
When the value is below 1, the respective minute is scored as sleep, 
when it is above 1, as being awake (see Jean-Louis et al., 2001). In case 
such a value above 1 was present, the respective participant’s data was 
excluded from further analysis. Accordingly, three participants were 
excluded from this study. 

2.5. Statistical analysis 

All statistical analyses were performed in R using the packages 
bnstruct, ez, ggplot2, and MBESS (Franzin et al., 2016; Kelley, 2020; 
Lawrence, 2016; Wickham, 2016). First, outlying values were deleted 
and replaced with the average of the preceding and succeeding value. 
Outliers were identified as values that were more than three standard 
deviations above or below the mean for each sampling point and light 
condition. In this fashion, a total of 15 cortisol (3.4%) and 23 IL-6 values 
(5.2%) were replaced by the average score of the preceding and suc-
ceeding values. Next, the baselines were compared for the two light 
conditions via t-test. The main analyses were then conducted via a 
mixed-measures ANOVAs with two factors: light condition (2 levels: 
bright vs dim light) and time (8 measurement points). Following the 
main analyses, we also compared light conditions on a 
per-timepoint-basis. We complemented these analyses by calculating the 
summary statistics area-under-the-curve with respect to the ground 
(AUCG) and with respect to the increase (AUCI; Pruessner et al., 2003). 
In addition to significance levels, we report standardized effect size 
measures d and η2

p with their 95% and 90% confidence intervals, 
respectively. 

3. Results 

3.1. Cortisol 

Descriptive statistics of both groups and measurement points are 
reported in Table 2 and Fig. 2. There were no significant differences with 
regard to the baseline measurement, t(52.74) = − 1.62, p = .111, d =
− 0.440 [− 0.975; 0.100]. In the subsequent mixed-measures ANOVA 
across all eight measurement points, we found a highly significant main 
effect for time, F(2.62, 139.02) = 66.21, p < .001, η2

p = .555 [0.495; 
0.593]. There was no significant main effect for light condition, F(1, 53) 
= 0.48, p = .491, η2

p = .009 [0.000; 0.090], but we found a significant 
interaction term, F(2.62, 139.02) = 6.22, p < .001, η2

p = .105 [0.047; 
0.140]. AUCG, t(41.26) = 0.22, p = .824, d = 0.060 [− 0.472; 0.590] was 
not significantly different between light conditions, but AUCI was, t 
(45.25) = 2.88, p = .006, d = 0.779 [0.225; 1.327]. 

Fig. 1. Study design.  
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3.2. IL-6 

Descriptive statistics of both groups and measurement points are 
displayed in Table 3 and Fig. 3. There was a significant difference with 
regard to the baseline measurement, t(48.76) = 2.46, p = .018, d =
0.665 [0.117; 1.208]. First and foremost, light condition, F(1, 53) =
5.86, p = .019, η2

p = .100 [0.009; 0.234], and time, F(3.73, 197.83) =
3.16, p < .001, η2

p = .056 [0.011; 0.081], had significant main effects. 

The interaction term was not significant, F(3.73, 197.83) = 0.75, p =
.553, η2

p = .014 [0.000; 0.019]. AUCG was significantly higher in the 
bright light condition, t(46.39) = 2.42, p = .019, d = 0.656 [0.108; 
1.199], whereas there was no effect for AUCI, t(52.73) = − 0.650, p =
.519, d = − 0.176 [− 0.707; 0.357]. 

4. Discussion 

The circadian rhythm is the synchronization of physiological pro-
cesses over a period of 24 h and regulates the sleep-wake rhythm. Spe-
cial photoreceptors in the outer granular layer of the retina help to 
synchronize the circadian rhythm during exposure to light and regulate 
the respective hormone, cortisol and melatonin production. 

Here, a bi-directional pattern between peripheral cellular immune 
function and cytokines is associated with patterns of sleep and wake-
fulness. However, the effects of light conditions (such as bright-white 
and dim-white light) on the innate immune parameter IL-6 is still un-
clear. Literature referring to the cycles of inflammatory cytokines show 
that IL-6 peaks in early morning before 5:00 a.m.(Petrovsky and Har-
rison, 1997; Scheiermann et al., 2013). Therefore, we expected high 
concentrations of IL-6 at 5:00 a.m. and a steeper decrease between 5:00 
a.m. (T0) and 7:00 a.m. (T8) under a dim-white light condition 
compared to a bright light condition (and the same for cortisol, 
respectively; Petrowski et al., 2019, 2020). 

The present study showed the expected cortisol awakening response 
and the previously found effect of the light intensity condition on 
cortisol (Petrowski et al., 2019, 2020), where the bright light condition 
shows a steep increase after waking when compared to the dim light 
condition. Regarding pro-inflammatory cytokine levels, average IL-6 
levels significantly decreased in both conditions as expected. Further-
more, IL-6 showed significant differences between light conditions at 
timepoints 1 (+15) and 6 (+90), with the bright light condition showing 
higher levels of pro-inflammatory cytokines when compared to the dim 
light condition. These results suggest a circadian rhythmicity of in-
flammatory parameters during nocturnal sleep and replicate findings of 
elevated IL-6 levels early in the morning (Brodin and Davis, 2017; 
Dickstein and Moldofsky, 1999; Gudewill et al., 1992; Moldofsky, 1994; 
Petrovsky, 2001) and their ensuing fall to the lowest values later in the 

Table 2 
Means and standard deviations for cortisol levels across measurement points by 
light condition.   

Bright light (n = 25) Dim light (n = 30) Comparison 

Time M SD M SD p d 
0 59.42 33.44 74.96 37.52 .111 − 0.435 
þ15 121.54 31.83 140.81 38.79 .048 ¡0.538 
+30 152.84 34.52 151.99 39.24 .932 0.023 
+45 153.92 33.55 133.47 42.54 .051 0.528 
þ60 144.2 39.44 121.1 41.18 .039 0.572 
+75 128.98 41.74 108.38 36.53 .060 0.528 
+90 113.59 43.21 101.49 38.87 .284 0.296 
+105 106.44 39.04 102.65 35.97 .712 0.101 

Note: bold lines indicate significant effects p < .05. 

Fig. 2. Mean (±SE) cortisol levels across measurement points for dim and 
bright light conditions. 

Table 3 
Means and standard deviations for IL-6 levels across measurement points by 
light condition.   

Bright light (n = 25) Dim light (n = 30) Comparison 

Time M SD M SD p d 

0 7.7 4.5 4.84 4.03 .018 0.672 
þ15 6.44 4.56 3.65 3.01 .013 0.733 
þ30 5.8 3.56 3.74 3.07 .028 0.623 
þ45 6.16 4.59 3.59 3.06 .021 0.671 
+60 6.12 4.38 4.01 3.63 .061 0.529 
þ75 6.48 4.46 3.97 3.3 .024 0.648 
+90 6.08 3.85 4.02 3.87 .054 0.533 
+105 6.55 4.54 5.29 5.74 .368 0.241 

Note: bold lines indicate significant effects p < .05. 

Fig. 3. Mean (±SE) IL-6 levels across measurement points for dim and bright 
light conditions. 
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morning (Brodin and Davis, 2017; Petrovsky, 2001). 
Concerning the effect of light conditions after wake up, bright LED 

light has a particularly strong influence on cortisol (Figueiro and Rea, 
2012; Morita and Tokura, 1998; Petrowski et al., 2019, 2020). Gluco-
corticoids exhibit broad anti-inflammatory properties (Coutinho and 
Chapman, 2011) by suppressing the synthesis of proinflammatory fac-
tors on the one hand and strengthening anti-inflammatory mediators 
(Scheiermann et al., 2013) on the other hand. In the present study, the 
natural peak of the cortisol awakening response starts at +30 min and 
corresponds with the trough of IL-6 levels, suggesting an interplay be-
tween cortisol levels and pro-inflammatory cytokine production. Pet-
rovsky et al. (1998) reported the inverse relationship between plasma 
cortisol and various pro-inflammatory cytokines including IFN-g, TNFα, 
IL-1 and IL-12, IL-6 however was unfortunately not included as a 
parameter in their study. Based on the present results, the increase in 
cortisol during the cortisol awakening response is accompanied by a 
decrease in IL-6, which is in line with the proposed mechanism in the 
literature. However, the bright light effect with a significant increase in 
cortisol concentrations as well as in IL-6 concentrations does not show 
this inhibiting mechanism of cortisol on IL-6. In contrast, the bright light 
effect led to an associated increase in the concentration of both pa-
rameters in the present study. This may be due to the synergistic effect of 
cortisol and IL-6 already demonstrated, where there is no decrease in 
concentration of IL-6 as is the case in other proinflammatory cytokines, 
with IL-6 in contrast resistant to this kind of negative feedback (DeRijk 
et al., 1997). In regard to light effects in immune parameters, a con-
trasting effect was observed in the literature. Comparing two white light 
intensities with correlated colour temperatures of 2954K and 7378K, 
7378K (bright) light induced an upregulation of IL-6, which 2954K did 
not (Shen et al., 2016). 

It should be noted that the study presented here has both strengths 
and limitations. The high level of standardization of the test protocol, 
sleep in a laboratory setting, standardized waking schedule, supervised 
CAR and the use of sleep actigraphy count as strengths. Prior to the 
experimental light exposure performed in the study, the participants 
were in a completely darkened room with values below one lux, which 
allowed for control of non-experimental light sources and minimized the 
possible influence of seasonal effects. 

Limitations are evident in the IL-6 concentration before awakening, 
which are not measured in this study, since the parameters were 
measured only after awakening. There is already one study that has 
shown the stimulating effects of dawn simulation, mainly with pre- and 
peri-awakening light exposure, on CAR (Thorn et al., 2004). In terms of 
the inflammatory system, no study has been conducted that investigates 
whether the mechanisms regulating cortisol secretion during the 
pre-awakening period are different from those regulating secretion after 
awakening (Clow et al., 2010). Therefore, in future research, it would be 
of interest to conduct a systematic investigation of the effects of light 
exposure on the inflammatory system before awakening. 

Additionally, the sample excluded female participants in an attempt 
to isolate the relationship between light exposure and the CAR and IL-6 
response. There is however a larger discussion of the immunological 
differences between males and females. While evidence of sex differ-
ences in IL-6 concentrations is inconsistent (Chapman et al., 2009; 
Lockwood et al., 2016), there is a fundamental difference in hormones 
that may contribute to female susceptibility to increased levels of IL-6, 
specifically under stressful conditions (Chapman et al., 2009). Lock-
wood et al. (2016) further show significant differences among acute and 
systemic inflammation between males and females. While this study is a 
first step in understanding the mechanisms behind light exposure and 
IL-6 cytokine response, there is much more to explore, in particular the 
effects in female participants. 

A further limitation of the study design is the fact that no acclima-
tization night was planned for the participants. Thus, novelty effects 
during the first night might have influenced the CAR and cytokine 
concentrations. Although a balanced design was used, it is unlikely that 

this led to systematic influences on the study results, however, an in-
crease in error variance would be possible. This point should be 
considered in future research. Additionally, while there was no signifi-
cant difference in baseline cortisol measurements between the dim and 
bright light conditions, baseline IL-6 measurements did however differ 
significantly between both groups, even though participants were 
randomly assigned to them. This finding could be explained by partic-
ipants in the bright light condition already being exposed to bright light 
before the first blood sample was taken, a circumstance that could have 
influenced their baseline IL-6 values. As individual trends were of in-
terest for this study and baseline measurements were statistically 
controlled for as part of the relevant analyses, it is not to be expected 
that this difference in baseline IL-6 values had any impact disadvanta-
geous to the reported findings. Still, researchers of future studies should 
consider factors that might influence baseline values and their impor-
tance in the respective research context carefully. For instance, one such 
factor might be individuals’ chronotype: In a laboratory setting with 
controlled bed and wake-up times, participants with different in-
clinations towards morningness or eveningness might be at a different 
stage in their circadian rhythm at the time of testing. Again, as changes 
in CAR and IL-6 as a result of light exposure were of interest for this 
study, such a potential influence was not deemed relevant to the study 
findings. Furthermore, the chronotype of participants were collected but 
these results are a part of a forthcoming publication with a separate 
analysis focus. This interplay between different pro-inflammatory pa-
rameters as well as anti-inflammatory parameters should be an object of 
future research. 

In conclusion, the study results replicate expected effects of bright 
and dim light exposure on cortisol concentrations after waking, where 
bright light has a stimulatory effect on cortisol in comparison to a dim 
light condition. In regard to the pro-inflammatory cytokine response, the 
IL-6 concentrations showed the expected decrease over time in both 
light conditions, however the effects of bright and dim light are less 
clear. Bright light exposure had a potential stimulatory effect on IL-6 
production, which contradicts the expectations expressed beforehand. 
Further research is required to understand the interplay between cortisol 
and IL-6 in addition to light exposure. 
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