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Abstract

Brown adipose tissue (BAT] contributes importantly to non-shivering thermogenesis
by its ability to combust large amount of triglycerides (TG) into heat. Interestingly, BAT
is not only connected through the sympathetic nervous system to the hypothalamic
temperature center but also to the suprachiasmatic nucleus (SCNJ]. The SCN drives
circadian (i.e. 24h) rhythms and activity of the SCN is known to adapt to seasonal
changes in photoperiod. However, the effects of SCN on circadian and seasonal
rhythms of BAT activity are largely unknown. Therefore, the aim of this study was to
identify circadian and seasonal rhythms in BAT activity. Hereto, C57Bl/6J male mice
were subjected to a short photoperiod of 8h (reflecting winter), a reqular photoperiod
of 12h or a long photoperiod of 16h (reflecting summer) per day. After 5 weeks, we
assessed the uptake of TG-derived fatty acids from the circulation by BAT and other
metabolically active tissues along the day. Under regular photoperiod, the various
BAT depots showed a strong circadian rhythm in the uptake of fatty acids with a
peak at ZT (Zeitgeber time) 12, just before the onset of the dark period. Strikingly,
exposure to short photoperiod advanced the peak to ZT8 and increased the average
diurnal fatty acid uptake, compared to long photoperiod that both delayed the peak
and reduced the average fatty acid uptake. Similarly, short photoperiod resulted in
an advanced onset of sympathetic outflow and expression of key thermogenic genes.
Interestingly, this strong diurnal rhythm in fatty acid uptake as well as the adaptation
to long and short photoperiod did not occur in other metabolically active tissues,
including white adipose tissue, muscle and heart. In dyslipidemic APOE*3-Leiden.
CETP mice exposed to a 10h photoperiod, at ZT10 compared to ZT0, the plasma
half-life of TG-derived fatty acids was 1.6-fold lower, while the uptake of fatty acids
by BAT was 4-fold higher, and plasma TG levels were 2.4-fold lower. In conclusion,
our findings show that BAT activity is strongly regulated by the biological clock,
incorporating both seasonal (i.e. photoperiod) and circadian information, which may
contribute to circadian rhythms in plasma lipid levels.
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Introduction

While the main function of white adipose tissue (WAT) is the storage of surplus energy
inthe form of triglycerides (TG), brown adipose tissue (BAT) combusts large amounts
of TG into heat, a process called non-shivering thermogenesis. The thermogenic
capacity of BAT arises from uncoupled respiration through expression of uncoupling
protein-1 (UCP-1) and is initiated by sympathetic nervous system activity upon
exposure to cold. Interestingly, retrograde tracing has not only identified direct
neuronal connections between the hypothalamic temperature center and BAT, but
also direct connections between the suprachiasmatic nucleus (SCNJ) and BAT (1).

The SCN is the central biological clock, responsible for the regulation of daily
(i.e. circadian) rhythms in e.g. sleep-wake activity, endocrine function and body
temperature. Administration of the excitatory neurotransmitter glutamate directly
into the SCN increases BAT temperature (2], suggesting that an increased neuronal
activity in the SCN may directly increase BAT activity. Accordingly, the expression of
several nuclear receptors as well as the key thermogenic protein UCP-1 follows a
circadian rhythm in BAT (3), and mice have a lower cold tolerance in the light phase
than during the dark phase (4). Collectively, these data indicate functional differences
in BAT reactivity throughout the circadian cycle.

The SCN also functions as a seasonal clock through adaptation to seasonal
changes in daily photoperiod (5). This sophisticated timing system evolved in order
to anticipate cyclic challenges, such as changes in food availability and temperature.
Interestingly, detectability of human BAT by ['®FIfluorodeoxyglucose (FDG) PET-CT
scans atroom temperature follows a circannual cycle, with low detectability of BAT in
summer as compared to winter (6. Although differences in outside temperature over
the year would be a likely explanation for this phenomenon, the detectability of BAT
showed a stronger correlation with photoperiod than with outside temperature (é).

We recently demonstrated in mice that prolonged daily light exposure [(i.e. 16h
and 24h of light per day compared to 12h of light per day) decreases sympathetic
outflow towards BAT and reduces BAT activity (7). Since the effects of the SCN on
more refined rhythms in BAT function are largely unknown, the aim of this study was
to identify daily and seasonal rhythms in BAT activity. Thereto, we examined the daily
rhythms in BAT with respect to changes in histology, gene expression and fatty acid
uptake, and identified the effects of short photoperiod (reflecting winter) and long
photoperiod (reflecting summer) on rhythmicity of BAT activity.
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Materials & Methods

Animal studies

All animal experiments were approved by the institutional ethics committee on
animal care and experimentation at Leiden University Medical Centre (LUMC),
Leiden, The Netherlands. 12 week old male C57Bl/6J mice (Charles River) were
single housed in clear plastic cages within light-tight cabinets at constant room
temperature of 22°C. The cages were illuminated with white fluorescent light with
an intensity of approximately 85 pyW/cm?. Before start of the experiment, mice were
kept on a regular 12h:12h light-dark cycle. Mice were matched on body weight.
Light intervention consisted of subjecting mice to a photoperiod of either 8, 12 or
16h of light per day (i.e. 24h) for the duration of five weeks (n=24 per group). Mice
had ad libitum access to standard laboratory chow (Special Diets Services, UK] and
water throughout the experiment. After being exposed to a specific photoperiod for
five weeks, a TG-derived fatty acid uptake experiment (see below) was performed
at time points ZT (Zeitgeber Time, time after lights on) 0, 4, 6, 8, 12 and 18 (n=4
per specific photoperiod per time point). At the end of this experiment, mice were
sacrificed via cervical dislocation and organs were collected for further gene
expression and histological analysis (see below).

Homozygous human cholesteryl ester transfer protein (CETP) transgenic mice
were crossbred with hemizygous APOE*3-Leiden mice at our Institutional Animal
Facility to obtain female APOE*3-Leiden.CETP mice on a C57Bl/6J background (8].
Before start of the experiment, mice were kept on a regular 12h:12h light-dark cycle
and matched on bodyweightand plasma TG. Mice were single housed ona photoperiod
of 10h per day and had ad libitum access to Western-type diet (containing 16% fat
and 0.1% cholesterol; AB diet, Woerden, the Netherlands) and water throughout the
experiment. After 4 weeks, a TG-derived fatty acid uptake experiment (see below]
was performed both at the onset of light (ZT0) and the onset of darkness (ZT10).

TG-derived fatty acid uptake

After 5 weeks of exposure to a specific photoperiod, the uptake of TG-derived
fatty acids was assessed. Glycerol tri[*H]oleate-labeled lipoprotein-like emulsion
particles (80 nm) were prepared as previously described (9). Mice were fasted for
4h and intravenously injected with the radiolabeled emulsion particles (1.0 mg TG in
200 pL PBS) via the tail vein. Two mice could not be injected (12h ZTé and ZT18). Blood
was collected after 2, 5, 10 and 15 min to determine plasma decay of the radiolabel.
After 15 minutes, mice were euthanized by cervical dislocation and perfused with ice-
cold PBS for 5 min. Organs were harvested, weighed, and the uptake of *H-derived
activity was determined.
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Histology

Formalin-fixed paraffin-embedded iBAT sections were cut (5 um). To determine
sympathetic activation of iBAT a TH staining was performed. Sections were
rehydrated and incubated 15 min with 10 mM citrate buffer (pH 6.0) at 120°C for
antigen retrieval. Sections were blocked with 5% BSA/PBS followed by overnight
incubation with anti-TH antibody (1:2000, AB-112, Abcam) at 4°C. Next, sections were
incubated with a secondary antibody (anti-rabbit antibody, DAKO enVision), stained
with Nova Red and counterstained with Mayer’s haematoxylin. Percentage of area
positive for TH staining was quantified using Image J software.

Gene expression analysis

A part of iBAT was snap frozen and stored at -80°C for gene expression analysis.
Total RNA was isolated using TriPure (Roche) according to the manufacturer’s
instructions. 1 pg of total RNA was reverse-transcribed using M-MLV reverse
transcriptase (Promega, Madison, WI, USA). Real-time PCR was carried out on a
CFX96 PCR machine (Bio-Rad) using 1Q SYBR-Green Supermix (Bio-Rad]. Melt curve
analysis was included to assure a single PCR product was formed. Expression levels
were normalized to 36B4 and Hprt housekeeping gene expression. Data were plotted
as relative expression to expression in 12h light group at ZTO0. Primer sequences are
shown in Table S1.

Plasma TG concentration

After 5 weeks, blood was collected from the tail vein of 4h fasted mice. Plasma was
assayed for TG using a commercially available enzymatic kit (Roche, Mannheim,
Germany).

Statistical analysis

Data are presented as means + SEM. Contribution of Zeitgeber time and photoperiod
to TG-derived FA uptake was analysed by two-way ANOVA. Differences between
groups were determined by T-tests (for two groups) or using one-way ANOVA (more
than two groups). Graph Pad Prism v6.0 was used for all calculations. Associations of
variables with day length exposure as independent variable were assessed by linear
regression analysis. Differences at p values < 0.05 were considered statistically
significant.
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Results

TG-derived fatty acid uptake shows circadian rhythm in metabolic
organs, most pronounced in BAT
To study the daily and seasonal rhythms in BAT activity, C57Bl/6J male mice were
exposed to a photoperiod of 8h (short), 12h (regular) or 16h (long) per day. After
5 weeks, we determined the ability of BAT and other metabolic organs to take up
TG-derived fatty acids at 6 different Zeitgeber time (ZT) points (0, 4, 6, 8, 12 and 18).
First, we identified daily rhythms in the uptake of [*H]oleate from glycerol
tril®Hloleate-labeled lipoprotein-like emulsion particles under the standard
laboratory photoperiod of 12h. Zeitgeber time determined the uptake of [*Hloleate in
liver, subcutaneous WAT (sWAT), gonadal WAT (gWAT], heart, muscle, interscapular
BAT (iBAT), subscapular BAT (sBAT] and perivascular adipose tissue (PVAT] (all
p-values for ZT, p,,< 0.01; Figure 1A-H). The peak in uptake of *H-activity was found
at ZT18 for liver (Figure 1A), sWAT (Figure 1B) and gWAT (Figure 1C), corresponding
with the active phase of the animals, when energy intake is usually high and available
for storage. The peak in uptake of *H-activity for heart (Figure 1D) and muscle
(Figure 1E) was found at ZT4, corresponding to the period of low energy intake and a
required shift towards fat oxidation. For the BAT depots the [*H]oleate uptake peaked
just before onset of the active dark phase at ZT12, and was 17+4 % dose/g for iBAT
(Figure 1F) and 2819 % dose/g sBAT (Figure 1G), respectively. The uptake at this
peak was 1.7-15 fold higher than the maximum uptake by other organs, indicating that
BAT is highly metabolically active. Additionally, the difference between the minimum
and maximum [*H]oleate uptake by iBAT (4.3-fold) and sBAT (12.0-fold) was higher
than the difference observed in liver (1.7-fold), sSWAT (2.0-fold], gWAT (3.3-fold), heart
(1.9-fold) and muscle (2.3-fold). The maximum uptake of [*H]oleate by PVAT was 15.3-
fold higher than its minimum and, therefore, comparable to other BAT depots, albeit
that the peak in uptake (i.e. ZT18) was similar to WAT depots (Figure 1H). Most likely
this discrepancy is explained by the fact that PVAT is a composed of a mixture of
brown and white adipocytes.

Circadian rhythm of TG-derived fatty acid uptake adapts to
photoperiod, only in BAT

Next, we assessed the ability of the various tissues to adapt the circadian rhythm of
[*Hloleate uptake to either a short (8h]) or long (16h) photoperiod. Interestingly, the
photoperiod changed the circadian [*H]oleate uptake pattern only by brown adipocyte
depots. Light exposure (LE) duration significantly determined [*H]oleate uptake by
iBAT (p-value for LE, p,.=0.0034; Figure 1F), sBAT (p . =0.0085; Figure 1G6) and PVAT
(p, = 0.014; Figure 1H), but not by liver (p . = 0.141; Figure 1A}, sWAT (p . = 0.75;
Figure 1B), gWAT (p . = 0.3040; Figure 1C), heart (p . = 0.1765; Figure 1D) and muscle
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(p . = 0.3232; Figure 1E). Short photoperiod increased the amplitude (i.e. difference
between maximum and minimum uptake) of [*H]oleate uptake by iBAT (264%) and
sBAT (226%) compared to a photoperiod of 12h. Notably, photoperiod did not only
determine amplitude, but also the timing of the maximum [*Hloleate uptake by
BAT. Long photoperiod delayed maximum [*Hloleate uptake by iBAT from ZT12 to
ZT18. Likewise, short photoperiod advanced and increased the maximum [*H]oleate
uptake by both iBAT and sBAT depots from ZT12 to ZT8. Strikingly, short photoperiod
resulted in an increased area under the curve for [*H]oleate uptake (Figure 2A) and
increased the average [*H]oleate uptake of all time points by iBAT (+190%; p<0.05),
sBAT (+207%; p<0.05) and pVAT (+230%; p<0.05) compared to long photoperiod
(Figure 2B). The light exposure period (h) negatively correlated with [*H]oleate uptake
by iBAT (R? = 0.107, p=0.006; Figure 2C), sBAT (R? = 0.099, p=0.010; Figure 2D) and
PVAT (R?=0.096, p=0.011; Figure 2E) and not by other metabolic organs (not shown).

Because changes in photoperiod specifically affected the circadian pattern of
fatty acid uptake by the various brown adipocyte depots, we further investigated
on the effect of photoperiod on BAT function. Since BAT activation decreases the
lipid content of BAT (10) whereas BAT inactivation increases its lipid content (11), we
histologically determined the daily rhythm of lipid content in BAT, and the effect of
photoperiod thereon. A short photoperiod resulted in a maximum intracellular lipid
depletion at time point ZT8 (Figure 2F) corresponding with the period of maximum
uptake of [*H]oleate by iBAT (Figure 1F). A long photoperiod delayed maximum lipid
depletion to ZT18 (Figure 2F) at which a maximum uptake of [*H]oleate by iBAT was
observed (Figure 1F). Previously, we proposed that the SCN regulates BAT activity
via the sympathetic nervous system (7). Since tyrosine hydroxylase (TH) is the
rate-limiting enzyme in norepinephrine production and, therefore, a measure of
sympathetic activity we next quantified TH content in BAT. The dip in lipid content at
ZT8 during short photoperiod coincided with a peak in TH content in BAT (Figure 2G).
Long photoperiod shifted the peak in THto ZT18, corresponding to the maximum lipid
depletion of BAT (Figure 2F) and maximum uptake of [*H]oleate by iBAT (Figure 1F).
These data indicate that the daily and seasonal rhythms in BAT activity indeed may
depend on sympathetic outflow.
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Figure 1 - Daily and seasonal rhythms in TG-derived fatty acid uptake in wild-type mice.
Wild-type mice were exposed to photoperiods of 8, 12 or 16h of light per day for five weeks and
injected with glycerol tri[*H]oleate-labeled lipoprotein-like particles at six time points (n=3-4/
group). Mice were sacrificed and uptake of [*H]oleate was determined for liver (A}, sSWAT (B],
gWAT (C), heart (D), muscle (E), iBAT (F), sBAT (G) and PVAT (H). Data are presented as means
+SEM and ZT0/ZT24 was double plotted for visualization purposes. P, and P represent
p-values for the factors Zeitgeber Time [(i.e. time point) and light exposure, respectively
(two-way ANOVA). Abbreviations: iBAT, interscapular BAT; sBAT, subscapular BAT; pVAT,
perivascular adipose tissue; sSWAT, subcutaneous white adipose tissue; gWAT, gonadal white
adipose tissue.
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Figure 2 - Photoperiodic regulation of TG-derived fatty acid uptake by BAT of wild-type
mice. Wild-type mice were exposed to photoperiods of 8, 12 or 16h of light per day for five
weeks and injected with glycerol tri[®H]oleate-labeled lipoprotein-like particles (n=24/group).
Mice were sacrificed at six time points (ZT 0, 4, 6, 8, 12, 18) and the area under the curve (A)
and average daily uptake of [*H]oleate derived activity was determined (B). Interscapular
BAT (iBAT) was collected for histological purposes. Intracellular lipid content was quantified
from H&E stained sections (A) and tyrosine hydroxylase (TH) content was determined by
immunohistochemistry (B). Data are presented as means +SEM and ZT0/ZT24 was double
plotted for visualization purposes. Correlations were made between photoperiod and uptake
of [*H]oleate by iBAT (C), sBAT (D) and pVAT (E). Interscapular BAT (iBAT) was collected for
histological purposes. Intracellular lipid content was quantified from H&E stained sections (F)
and tyrosine hydroxylase (TH) content was determined by immunohistochemistry (G). * p<0.05
(one-way ANOVA, Tukey's post-hoc test). Correlations were analyzed by linear regression.
Abbreviations: iBAT, interscapular BAT; sBAT, subscapular BAT; pVAT, perivascular adipose
tissue; SWAT, subcutaneous white adipose tissue; gWAT, gonadal white adipose tissue.
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The daily and seasonal rhythms of BAT activity coincide with
expression of thermogenic genes.

Next, we determined expression patterns of key genesinvolved in BAT thermogenesis
(Figure 3). Zeitgeber Time did not significantly determine expression of Cd34
(Figure 3A), lipoprotein lipase (Lpl; Figure 3B) and uncoupling protein 1 (UcpT;
Figure 3C), but did determine gene expression of deiodinase type Il (Dio2; Figure 3D],
Prdm1é (Figure 3E), peroxisome proliferator-activated receptor gamma coactivator
1-alpha (Pgcla; Figure 3F) and clock genes Rev-erba (Figure 3G) and period 2 (Per2;
Figure 3H] in iBAT. When mice were exposed to a regular photoperiod of 12h, gene
expression of Ucpl, Dio2, Prdm16 and Pgcla were highest at ZT12 and lowest at ZT18
(1.9-fold, 5.1-fold, 2.4-fold and 4.6-fold difference, respectively). Gene expression of
Rev-erbawas highestat ZTé and lowest at ZT18 (4.6-fold difference), while expression
of Per2 was highest at ZT12 and lowest at ZT4 (5.7-fold difference).

Light exposure duration significantly determined expression of Per2 (p .=0.0126),
as both long and short photoperiod shifted the rhythmic pattern. Long photoperiod
only shifted the peak of Pgcla expression from ZT8 to ZT12, and that of the clock
genes Rev-erbafrom ZT6 to ZT8 and Per2 from ZT12 to ZT18, while the maximum gene
expression of the other genes remained at ZT12. Interestingly, short photoperiod
resulted in a phase advance of the peaks in gene expression to ZT8 for Lpl, Dio2 and
Prdm16, and to ZTé for Ucp? and Pgcla, indicating adaptation the circadian expression
of all these genes to the photoperiod.

» Figure 3 - Daily and seasonal rhythms in gene expression in BAT of wild-type mice. Wild-
type mice were exposed to photoperiods of 8, 12 or 16h of light per day for five weeks and
sacrificed at six time points (n=4/group). Interscapular BAT (iBAT) was collected for gene
expression analysis. Normalized gene expression was calculated for Cd36 (A), Lpl (B), UcpT (C),
Dio2 (D), Prdm16 (E), Pgcla (F) and clock genes Rev-erba (G) and Per2 (H). Data are presented as
means +SEM and ZT0/ZT24 was double plotted for visualization purposes.
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Circadian rhythm in BAT activity determines diurnal variation in
plasma TG levels

Since activation of BAT importantly contributes to lowering of plasma TG levels in
hyperlipidemic mice (12], we next investigated the consequences of the circadian
rhythm in BAT activity on plasma TG levels in hyperlipidemic APOE*3-Leiden.CETP
mice. Mice were exposed to a photoperiod of 10h and after 5 weeks we determined
the uptake of TG-derived fatty acids by BAT and other metabolic organs at the onset
of light- and dark phase. The uptake of glycerol tri[*H]oleate-derived [*H]oleate was
higher at ZT10 compared to ZTO for iBAT (4.2-fold; p<0.01), sBAT (3.8-fold; p<0.05)
and sWAT (2.2-fold; p<0.01), and lower for heart (1.6-fold; p<0.01) (Figure 4A). The
increase in [*H]oleate uptake at ZT10 compared to ZT0 by iBAT (up to 346 % of
injected dose/g organ) and sBAT (up to 33+10 % of injected dose/g organ) resulted in
an enhanced clearance of the radiolabel from the circulation (Figure 4B) reflected
by a 1.6-fold shorter half-life (2.820.2 min vs 4.5£1.0 min; p<0.01; Figure 4C), and
was accompanied by lower plasma TG levels (7.2£1.6 mM vs 3.0£0.6 mM; p<0.05;
Figure 4D). These data indicate that the endogenous high activity of BAT at the start
of the dark phase leads to increased TG clearance and lowering of plasma TG in
hyperlipidemic mice.

Discussion

In the present study we investigated daily and seasonal rhythms in BAT. We show
that circadian timing as well as photoperiodic seasonal information are important
for BAT activity, as demonstrated by studies evaluating TG-derived fatty acid uptake
from plasma, lipid content and expression of thermogenic genes. We found that
BAT activity is the highest at the onset of the active, dark period. Strikingly, short
photoperiod advanced the peak in BAT activity and resulted in an increased total
capacity to take up circulating lipids, while long photoperiod reduced the uptake of
fatty acids by BAT. Metabolic organs other than BAT, including liver, WAT, muscle and
heart, also displayed a circadian pattern in their metabolic activity but did not adapt
to photoperiodic changes.

While the daily peaksin TG-derivedfattyacid uptake by WAT and liver corresponded
with periods of excessive energy availability (i.e. active period at dark phase) and the
uptake by heart and muscle with the period of low carbohydrates (i.e. inactive period
during light phase), the uptake of BAT depots reached it maximum at the onset of
the dark phase. In addition, we observed high TH content, lipid depletion and high
expression of key thermogenic genes at the same time, overall indicating increased
BAT activity just before wakening. These patterns are in line with a previous report
on circadian rhythm in glucose uptake by BAT using ["®FIFDG-PET-CT scanning (6]
and correspond with the known rhythm in core temperature for mice, which declines
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Figure 4 - Daily rhythms in TG metabolism in hyperlipidemic APOE*3-Leiden.CETP mice.
APOE*3-Leiden.CETP mice were exposed to a photoperiod of 10h of light per day. After 5 weeks,
mice were injected with glycerol tri[®*H]oleate-labeled lipoprotein-like particles at ZT0 and
ZT10 (n=6/ time point]. Uptake of [*H]oleate by various metabolic organs was determined (A).
[*Hloleate was quantified in plasma at several time points after injection and expressed as
percentage of the injected dose (B), and the plasma half-life of [*"]oleate was calculated (C).
Triglycerides were measured in plasma at the onset and light phase (ZT0) and dark phase
(ZT10) (D). Data are presented as means *SEM. *p<0.05, **p<0.01 (T-test). Abbreviations:
iBAT, interscapular BAT; sBAT, subscapular BAT; pVAT, perivascular adipose tissue; sWAT,
subcutaneous white adipose tissue; gWAT, gonadal white adipose tissue.

during sleep and rises before wake (13). The pronounced gene in Pgcla, Ucpl,
Prdm16 and Dio2 are in line with previous reports of gene expression under normal
photoperiod regimes (3,14,15). The rhythmicity of Ucp! seems less consistent as
one study found a high amplitude (3) while others reported weaker rhythmicity (15)
similar to the present data. A possible explanation for this discordance is that UcpT
expression may be more influenced by fasting or feeding of the mice, since the
feeding state varies across the different studies.

We found large differences in uptake of TG-derived fatty acids and expression
of genes involved in thermogenesis, including Prdm16 and Pgcla, by BAT along the
day, indicating that disturbed circadian rhythmicity may have considerable effects on
BAT function and adiposity. Indeed, genetic mouse models of circadian dysfunction,
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among others Clock™™ mice (16) and Per2”/ mice (17), are prone to develop obesity.
In addition lesioning of the SCN and continuous light exposure result in disturbed
circadian behavior and acute weight gain (7,18,19). However, these severe models
for disturbed circadian rhythmicity can be considered as a pathophysiological
condition. In the current study, exposure to a photoperiod of 16h was sufficient to
severely diminish the uptake of TG-derived fatty acids by BAT when compared to
short photoperiod, which most likely corresponded with lower energy expenditure.
Comparable, hibernating animals typically increase their food intake and decrease
energy expenditure during summer, resulting in lipid deposition in WAT (20).
Conversely, during winter hibernating animals almost exclusively rely on lipid
oxidation. These changes in energy expenditure can partly be mimicked by exposing
animals to different photoperiods under laboratory conditions (20). Interestingly, this
regulation of energy balance by photoperiod is not limited to hibernating animals.
Switching photoperiod in field voles to a length of 16h increases body weight by 24%
in 4 weeks compared to animals that remained on a photoperiod of 8h (21). Further,
it has been reported that overweight and obese children experience accelerated
weight gain during the summer (22), suggesting that photoperiodic regulation of
energy expenditure may apply to humans as well.

It is tempting to speculate why especially BAT is sensitive to changes in
photoperiod, reflecting seasonal regulation, with respect to TG uptake, compared to
other metabolic organs such as white adipose tissue, liver, muscle and heart. Heat
production by BAT is activated whenever the animal is in need of extra heat, e.g.
during arousal from hibernation or upon wakening, so a possible explanation is the
adaptation to photoperiodic changes in sleep-wake pattern (23). However, this does
probably not explain the change in overall daily capacity of BAT to take up TG-derived
fatty acids as observed within our study. As noted before, detectability of human
BAT by ['*]FDG PET-CET scans at room temperature displays a stronger correlation
with photoperiod than ambient temperature (6], and changes in photoperiod and BAT
detectability seem to occur before changes in outside temperature. Therefore, a
change in photoperiod likely signals to BAT to be prepared for upcoming seasonal
changes, as in general, changes in photoperiod precede changes in ambient
temperature.

Despite the increasing interest in circadian clock research, the exact mechanism
how light information is perceived by the eye and transmitted to the periphery is
not fully understood. Lesioning of the SCN does not lead to loss of cyclic activity
in metabolic organs, but does prevent synchronization of peripheral clocks to the
environment (24). As synchronization of peripheral clocks occurs during seasonal
adaptation, the SCN is likely crucial for the regulation of seasonal adaptation. Studies
reported that the SCN communicates to the periphery via the autonomic nervous
system, via hormonal cues such as corticosterone and melatonin, and via rhythmic
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behavior (25). Considering the importance of the sympathetic activity for cold-
induced thermogenesis (1,26) and the direct neuronal connection between the SCN
and BAT (1), it is likely that the autonomic nervous system regulates circadian and
seasonal rhythmicity in BAT. Compatible with this hypothesis, in this study we found
peaks in TH content of BAT occurring simultaneously with lipid depletion in BAT,
uptake of TG-derived fatty acids by BAT and expression of thermogenic genes in BAT.
In addition, we recently demonstrated that prolonged daily light exposure diminishes
BAT activity, an effect that was abolished by surgical sympathetic denervation of the
tissue (7).

In summary, we identified circadian and seasonal rhythms in BAT activity,
contributing to diurnal rhythmicity in TG plasma levels in dyslipidemic mice. Future
studies should reveal to what extent these data can be extrapolated to humans.
At least in light of pre-clinical research on BAT activity, but potentially also in clinical
research, timing of experiments clearly is a crucial factor that should be carefully
considered.
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