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ABSTRACT
Chronic stressors flatten circadian glucocorticoid (GC) oscillations, which has been correlated with
negative health outcomes including obesity. How such flattened circadian GC oscillations affect
metabolism and fat storage remains unknown. Here we investigated the consequences in mice and
found that flattening of GC oscillations results not only in body weight gain, mainly due to increases in
white fat depot mass, but also leads to hyperinsulinemia and fat accumulation in brown adipose tissue.
A transcriptomic analysis of white and brown adipose tissues revealed that flattened GC oscillations
cause dysregulated lipid metabolism with a prominent role of the fatty acid transporter Cd36. Indeed,
Cd36 knockout mice are partially protected against the adverse effects of flattened GC oscillations
including body weight gain and lipid accumulation in the brown and visceral white fat depots. These
results provide insights on how conditions associated with flattened GC levels cause obesity.
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HIGHLIGHTS
•

Flattening of circadian GC oscillations in mice, despite keeping mean circulating GC levels the
same, results in body weight gain, lipid accumulation in both brown and white adipose tissues
(BAT and WAT), and hyperinsulinemia.

•

Markedly, flattening GC oscillations for short periods of three days is sufficient to increase lipid
accumulation and mass in BAT, but longer periods are needed to increase lipid accumulation and
mass in WAT.

•

Transcriptomics analysis shows increased expression of a key regulator of fatty acid uptake,
CD36, and knockout of CD36 partially protects cells from flattening GC oscillations
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INTRODUCTION
In healthy mammals, glucocorticoids (GCs) are secreted in circadian oscillations that are low
during sleep and peak before awakening (Weitzman et al., 1971). These circadian oscillations of GCs
have been shown to be essential for normal body function since GCs provide wake-up and other
essential timing signals (Oster et al., 2006). Secretion of GCs is controlled by the hypothalamicpituitary-adrenal (HPA) axis, which responds strongly to stress. A state of chronic stress, such as
occurs from depression, jet lag, irregular eating and sleeping schedules, can flatten the normal
circadian glucocorticoid oscillation pattern, meaning that the GC peak levels are decreased and trough
levels are elevated but the daily mean values do not significantly change (Adam, 2017; Dallman et al.,
2000; Miller et al., 2007). A growing body of evidence supports that flattening GC levels, and not only
excessive amounts of GCs, can lead to disease. For example, flattened GC oscillations resulting from
depression, jet lag, irregular eating and sleeping cycles, aging, or prolonged treatment with GCs have
been shown to closely correlate with obesity (Adam, 2017; Broussard and Cauter, 2016; Dallman et
al., 2000; Doane et al., 2013).
Our goal was to understand the basis and physiological consequences of the fat mass
increases that we previously observed in response to flattening of daily physiological levels of GCs
(Bahrami-Nejad et al., 2018). Whereas increased GC levels have been shown to promote the the
development of obesity (Lee et al., 2014; Peckett et al., 2011), most in vivo studies administrated high
pharmacological doses of GCs which does not provide insight into how variations in normal
physiological levels of GCs – such as are seen in chronic stress, jet lag, night shift work - affect body
metabolism (Adam, 2017; Lee et al., 2014; Lightman and Terry, 2014; Miller et al., 2007). Previous
studies observed that GC-mediated increases in fat pad size are associated with both an increased
number of adipocytes (hyperplasia) and an increased cell volume (hypertrophy) (Campbell et al., 2011;
Lee et al., 2014; Rebuffé-Scrive et al., 1992). In previous work, we demonstrated that flattening of
normal circadian GC oscillations in mice results in significant body weight gain and a more than twofold expansion of the white adipose tissue (WAT) depots in mice within 26 days (Bahrami-Nejad et al.,
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2018). We found that the expansion of the subcutaneous WAT was exclusively caused by an increase
in cell volume whereas expansion of the visceral WAT (vWAT) was characterized by both an increase
in cell volume and an increased number of adipocytes. We demonstrated that the increased
adipogenesis in the vWAT when the daily circadian GC oscillation pattern was flattened was due to
preadipocytes having a slow and fast positive feedback circuit centered on PPARG, the main
transcriptional regulator of adipogenesis. Whereas our previous study provided a molecular
explanation of the increased adipogenesis observed in the vWAT when GC oscillations were flattened,
the molecular mechanism underlying the significant increase in cell volume in the visceral and
subcutaneous fat depots upon flattening GC remained elusive.
In this study we carried out a timecourse analysis over 4 weeks in mice to better understand
how and when obesity develops when GCs are flattened. As in our previous study (Bahrami-Nejad et
al., 2018), we found that flattening of circadian GC oscillations results in body weight gain primarily
due to increases of the WAT depots. We went on to show that flattening of GC oscillations leads to
hyperinsulinemia, as well as to significant lipid accumulation in brown adipose tissue (BAT) within 3
days, which precedes the lipid accumulation and expansion of the white adipose tissue (WAT) that
occurs only days later. Global analysis of the transcriptome of WAT and BAT revealed alterations in
gene expression dependent on flattened GC oscillations and point to increased lipid turnover and lipid
uptake in both fat depots. Taken together, our findings demonstrate that flattened circadian GC
oscillations results in significant overall weight gain primarily due to lipid accumulation in WAT and
BAT, which in turn is caused by a simultaneous increase in lipid uptake, as well as in synthesis and
breakdown of triglycerides (TG). Furthermore, our study identified genes whose expression is
sensitively regulated by flattening of circadian GC oscillations such as the fatty acid transporter Cd36
which was upregulated in WAT and BAT. The importance of Cd36 for lipid accumulation was
highlighted by our experiments in Cd36 knockout mice, which proved to be partially protected against
body weight gain and lipid accumulation in visceral WAT and BAT induced by flattening of GC
oscillations. Furthermore, the transcriptomic analysis in this study identified a set of genes in addition
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to Cd36, whose expression in BAT and vWAT is regulated by GC flattening and that may also be
targets that can be regulated therapeutically to prevent the unwanted obesity that can occur in
response to chronic stress and other physiological conditions in which GCs are flattened.

RESULTS
Flattening of daily corticosterone oscillations in mice results in lipid accumulation in white
adipose tissue.
To investigate the effect of flattening daily glucocorticoid levels at physiological GC levels, we
implanted corticosterone pellets subcutaneously in C57BL/6J male mice. The pellets released
corticosterone at a concentration that flattened circulating corticosterone oscillations, but kept mean
corticosterone levels close to normal physiological levels (Bahrami-Nejad et al., 2018; Hodes et al.,
2012). Hence, mice implanted with corticosterone pellets showed increased corticosterone levels in
the nadir of the diurnal corticosterone pattern while also decreasing corticosterone at the peak time in
the evening compared to sham pellet-implanted mice (Figure 1A). Confirming the results of our
previous study (Bahrami-Nejad et al., 2018), mice with flattened corticosterone oscillations increased
their body weight faster than sham pellet-implanted mice and ended up weighing 9.1% more after 21
days (Figure 1B). Interestingly, as was found in our previous study (Bahrami-Nejad et al., 2018) and
in other studies which administered sustained GCs longterm (Bowles et al., 2015; Luijten et al., 2019),
the increased weight gain cannot be explained by higher food intake (Figure 1C), and a reduction in
metabolism may be a more significant contributing factor.
To test whether corticosterone pellet-implanted mice gain weight mainly by expansion of the
white fat depots, the subcutaneous inguinal WAT and the visceral epididymal WAT were dissected
and weighed. Located under the skin, the inguinal WAT is the main subcutaneous WAT depot (Chusyd
et al., 2016) , and we will refer to it as sWAT throughout this study. The epididymal WAT that surrounds
the gonads represents the major visceral WAT depot (Chusyd et al., 2016), and we will refer to it as
vWAT throughout this study. In general, a stronger expansion was observed for the vWAT, which
4
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expanded 3-fold in 21 days, whereas the weight of the sWAT increased slightly more than 2-fold. Both
WAT depots showed a significant increase in weight already after 7 days of flattening corticosterone
oscillations (Figure 1D-G). This early expansion of the white fat depots was confirmed by hematoxylin
and eosin (H&E) staining of sWAT and vWAT which revealed increased cell volumes of the adipocytes
in both fat depots from day 7 (Figure 1H/J). The cell volume increases are quantified in Figure 1I/K.

Increasing the peak amplitudes of corticosterone does not result in lipid accumulation in the
white fat depots
To test whether the lipid accumulation in the white fat depots shown in Figure 1 is due to
flattening of diurnal corticosterone levels and not caused by the amount of corticosterone released by
the corticosterone pellet, we injected the mice at 5 PM each day for 21 days with the same total amount
of corticosterone that is released by the corticosterone pellet in one day. This injection resulted in a
more than 10-fold increase in the daily peak amplitude of corticosterone (Figure 2A). Strikingly,
corticosterone-injected mice did not show a significant increase in body weight compared to shaminjected control mice (Figure 2B). Furthermore, their food intake was not altered (Figure 2C). In
addition, no differences in fat pad weight were detected between the sWAT (Figure 2D/E) and vWAT
of the corticosterone- and sham-injected mice (Figure 2G/H), and histological analysis of the tissues
showed no differences in lipid accumulation (Figure 2F/I).
Taken together, our results show that increasing the peak amplitude of corticosterone in the
evening phase did not affect body weight gain or lipid accumulation in the white fat depots. Hence as
we had previously shown (Bahrami-Nejad et al., 2018), short spurts of glucocorticoids do not seem to
promote weight gain as long as the increase in glucocorticoids occurs during the time window that
glucocorticoids are normally high and sufficiently long off-periods with low glucocorticoid levels are
maintained (Dallman et al., 2000). The fact that corticosterone pellet-implanted mice and
corticosterone injected mice received the same amount of corticosterone per day and only the pattern
of the diurnal corticosterone levels as measured in blood serum differed (Figure 1A/2A), showed that
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flattening of diurnal corticosterone levels is indeed responsible for the body weight gain and lipid
accumulation in the white fat depots (Figure 1).

Flattening of daily corticosterone oscillations in mice results in lipid accumulation in brown
adipose tissue (BAT)
BAT is a specialized organ that uses carbohydrates and fat as resources to produce thermal
energy needed to regulate body temperature (Cannon and Nedergaard, 2004). In rodents, expansion
of BAT or increasing its respiratory activity has shown to be protective against metabolic diseases and
obesity (Feldmann et al., 2009). With the discovery of thermogenic brown adipocytes in humans
(Cypess et al., 2009; Saito et al., 2009; Van Marken Lichtenbelt et al., 2009), BAT expansion or
boosting its respiratory activity has gained significant attention as a therapeutic treatment for obesity
and related disorders (Betz and Enerbäck, 2015; Harms and Seale, 2013; Kusminski et al., 2016;
Sidossis and Kajimura, 2015). Numerous studies showed that GC treatment in rodents can lead to
accumulation of lipids in the brown fat depot (Ketzer et al., 2019; Luijten et al., 2019; Shen et al., 2017;
Strack et al., 1995).
To test if flattening of diurnal corticosterone oscillations without increasing the total
corticosterone amount per day is already sufficient to cause lipid accumulation, we analyzed BAT of
corticosterone and sham pellet-implanted mice. Indeed, flattening diurnal corticosterone oscillations
resulted in an increase in BAT size (Figure 3A) and a 3-fold increase in organ weight (Figure 3B).
This was confirmed by histological analysis of BAT, where larger lipid-filled adipocytes could be
detected. (Figure 3C, quantified in Figure 3D). The lipid droplets were characterized by a shift from a
multilocular to a more unilocular morphology, giving the tissue a “whitened” appearance. As observed
for the white fat depots, injection of the same corticosterone amount released by the corticosterone
pellet per day increased the peak amplitude in the evening/waking phase but did not affect BAT tissue
size (Figure 3E/F). In line with this observation, histological analysis of BAT did not reveal any
morphological changes between mice subcutaneously injected with corticosterone and mice injected
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with the solvent control (Figure 3G). As shown for WAT, it is not the amount of corticosterone given
to the mice once per day via injection or via pellet implantation that causes lipid accumulation in the
fat tissue. Rather, it is the loss of the off-period in the corticosterone oscillations that promotes fat
deposition in WAT and BAT. Interestingly lipid accumulation in BAT was already detected 3 days after
corticosterone pellet implantation preceding lipid accumulation in subcutaneous and visceral WAT,
which was first detected 7 days after pellet implantation (Figure 1E/G). Taken together, our results
show that BAT reacts more sensitively and rapidly to flattening of corticosterone oscillations than the
white fat depots analyzed in this study.

Flattening of daily corticosterone oscillations in mice does not result in hyperlipidemia or fat
deposition in the liver
Rodents treated with chronic high concentrations of corticosterone have been shown to rapidly
increase body weight due to expansion of the fat depots (Bowles et al., 2015; Campbell et al., 2011;
Chimin et al., 2014; Karatsoreos et al., 2010). Often the expansion of fat depots is accompanied by
fat deposition in the liver, an increase of triglycerides in blood plasma, and insulin resistance (Bowles
et al., 2015; Campbell et al., 2011; Chimin et al., 2014; Karatsoreos et al., 2010). Since we observed
an expansion of WAT and BAT in response to flattening of corticosterone oscillations, we wanted to
test if these liver and blood parameters were also affected.
To test if flattening of corticosterone oscillations leads to fat deposition in the liver, we
performed a histological analysis of the livers of sham and corticosterone pellet-implanted mice. We
did not detect fat deposition in the liver upon flattening of corticosterone oscillations (Figure 4A), and
the organ weight of the liver remained unchanged over the treatment period of 21 days (Figure 4B).
Also increasing the peak amplitude in the evening phase by injection of corticosterone with the same
amount the corticosterone pellet releases per day did not lead to fat deposition in the liver (Figure
4A/C). Furthermore, no significant gene expression alterations were detected for a number of genes
involved in lipid deposition upon flattening corticosterone oscillations or increasing the peak amplitude.
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The analyzed genes include the fatty acid transporter Cd36, Hsd11b1, Pepck, Angptl4, and the lipolytic
genes Lipe (Hsl) and Pnpla2 (Atgl) (Figure 4-figure supplement 1). A trend towards increased gene
expression was observed for Fasn, Dgat2, Srebp1c, and Glut4 in corticosterone pellet-implanted and
corticosterone-injected mice. As these changes in gene expression are observed as a consequence
of both corticosterone treatments, they seem to be caused by the total amount of corticosterone given
to both mouse models per day and were not exclusively caused by flattening of corticosterone levels
(Figure 4-figure supplement 1).
Next, we assessed if flattening of corticosterone oscillations increases triglycerides circulating
in the blood. We determined the levels of total triglycerides as well as glycerol and free fatty acids
(FFA), which are the building blocks of triglycerides, in blood serum. We did not detect a difference
between mice implanted with sham and corticosterone pellets (Figure 4D-F). Although we detected a
minor significant difference in glycerol, FFA, and triglycerides between sham and corticosterone pelletimplanted mice at day 14, this effect seems unlikely to be relevant, because levels of glycerol, FFA,
and triglycerides in corticosterone pellet-implanted mice did not increase over time. At the same time
sham pellet-implanted control mice showed decreased glycerol, FFA, and triglyceride levels, which
resulted in the described effect and can be explained due to variation between sham pellet-implanted
mice. No increase in triglyceride, glycerol, and FFA levels was detected when the peak amplitude of
corticosterone was increased in the evening phase (Figure 4G-I).
To assess the effect of flattening of corticosterone oscillations on glucose metabolism, we
performed glucose tolerance tests (GTT) and insulin tolerance tests (ITT). Initially mice implanted with
corticosterone pellets seemed to be more insulin-sensitive because the GTT tests showed a quicker
drop in their blood plasma glucose levels after an intraperitoneal injection of glucose (Figure 5A). In
contrast, results from the ITT pointed to corticosterone pellet-implanted mice being insulin-resistant
because their blood plasma glucose levels lowered slower after an intraperitoneal injection of insulin
(Figure 5B). Measurement of insulin concentrations in blood plasma during the GTT revealed that the
corticosterone pellet-implanted mice had 3-fold higher insulin levels compared to sham pellet8
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implanted mice (Figure 5A). The hyperinsulinemia explained how the mice with flattened
corticosterone levels could remain glucose tolerant, thus resolving the discrepancy between the GTT
and ITT results. In contrast, mice injected with the same dose of corticosterone that was released by
the pellet per day did not reveal any differences in glucose tolerance compared to sham injected mice
and did not display higher insulin levels in the blood plasma (Figure 5C/D), demonstrating that the
flattening of the diurnal corticosterone pattern is responsible for the increased insulin levels.
To determine when insulin levels increase, we performed a time course analysis in which we
monitored insulin levels in blood plasma over 21 days in the corticosterone and sham pellet-implanted
mice. We found that insulin levels are more than 7-fold increased already at day 3 after flattening of
corticosterone oscillations. This initial increase slowly decreased during the 21-day time course, but
was still 3-fold higher at day 21 compared to control mice (Figure 5E). High insulin levels resulted in
reduced blood glucose levels under non-fasted conditions (Figure 5F). Interestingly, flattening of
corticosterone oscillations induced hyperinsulinemia already before expansion of the white fat depots,
suggesting the high insulin might even contribute to their expansion. A summary of all parameters
measured in mice upon different treatments can be found in Figure 1-table supplement 1.

Flattening of corticosterone oscillations results in gene expression alterations of genes
involved in glycolysis, lipid metabolism and circadian rhythm.
To elucidate how gene expression is globally affected by flattening of glucocorticoid
oscillations as a potential cause for the expansion of fat depots, we performed RNAseq analysis of
vWAT. We chose to analyze vWAT since its expansion has been recognized to be detrimental to
metabolic health, while accumulation of sWAT may be protective (Jeffery et al., 2016). Mice were
subcutaneously implanted with corticosterone pellets to flatten their corticosterone oscillations, and
the vWAT was harvested 0, 3, 7, and 14 days after pellet implantation. These time points were chosen
based on the timepoints when expansion of BAT or WAT had been observed for the first time (Figure
1E, 1G, and 3B). Notably, nearly all of the differently expressed genes in vWAT at 14 days already
9

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.02.893081; this version posted December 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

displayed alterations in gene expression in the same direction at 3 days after flattening corticosterone
oscillations, before expansion of WAT was detected. Figure 6A shows that the observed alterations
in gene expression cluster by the type of treatment and not by the time since pellet implantation,
suggesting that cells start on an increasing transcriptional trajectory to increase vWAT mass. Since
the expression profiles were shifted in the same direction, we increased the statistical power of our
analysis by disregarding the length of treatment in the subsequent analysis and combining the data of
vWAT isolated from mice treated with either corticosterone or sham pellet from 3-14 days. Significant
differential expression was determined by an FDR corrected p-value (qval) less than 0.05. Using these
cutoff criteria, we found 6233 transcripts that were differentially expressed in vWAT in mice treated
with corticosterone versus sham implanted pellets (Figure 6-table supplements 1 and 2). 3498 of
these transcripts were upregulated, and 2735 transcripts were downregulated.
To test whether these changes in gene expression were due to flattening of diurnal
corticosterone oscillations and not caused by the amount of corticosterone released by the
corticosterone pellet, we carried out RNAseq analysis in which we compared corticosterone and sham
injected mice. As mentioned before, these mice were injected with the same amount of corticosterone
released by the corticosterone pellet per day in one single injection, thereby increasing the peak
amplitude of corticosterone in the evening phase. In this comparison, no alterations in gene expression
were identified based on the above-mentioned cutoff criteria. In line with this finding, no clustering of
the data was observed based on differently expressed genes between the different treatment groups
or length of treatment (Figure 6-figure supplement 1). In conclusion, a high increase in the peak
amplitude of corticosterone in the evening phase did not affect gene expression in vWAT. Furthermore,
no differently expressed genes were observed when comparing vWAT of sham pellet-implanted mice
and sham injected mice, demonstrating that the pellet implantation itself does not alter gene
expression (Figure 6-figure supplement 1).
To obtain a global picture of pathways and gene classes affected in our transcriptomic data
comparing vWAT of sham and corticosterone pellet-implanted mice, we performed gene ontology
10
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(GO) analysis. Interestingly, we identified numerous GO terms related to glucose and lipid metabolism,
which caught our attention keeping in mind the strong expansion of the white fat depots (Figure 6figure supplement 2; Figure 6-table supplement 3). Amongst others, GO terms related to glucose
metabolism were “glucose metabolic process”, “glucose 6-phosphate metabolic process” and
“glycolytic process”. And GO terms related to lipid metabolism were “lipid localization”, “fatty acid
metabolic process”, or “fatty acid transport”. Most of the GO terms associated with glucose or lipid
metabolism exhibited a positive z score pointing to most genes in the corresponding category being
upregulated. Indeed, we found glycolytic genes, including the rate limiting enzymes Pfkl and Pkm, and
genes promoting glycolysis upregulated. (Figure 6B/C). Upregulation of the glycolytic genes could
result in increased production of pyruvate, which would be further converted to Acetyl-CoA by the
pyruvate dehydrogenase complex. Components and activators of the pyruvate dehydrogenase
complex were upregulated as well, including Pdha1, Dlat, and Pdk4. Upregulation of these glycolytic
genes possibly promotes the conversion of carbohydrates into fatty acids and might significantly
contribute to lipid accumulation in the vWAT upon flattening of corticosterone oscillations.
Glucocorticoids have been shown to simultaneously increase pathways of triglyceride (TG)
synthesis and breakdown (Lee et al., 2014; Peckett et al., 2011). Interestingly, flattening of daily
corticosterone oscillations in mice could result in a similar situation. GO analysis pointed to numerous
metabolic genes as being upregulated since most metabolic GO terms are characterized by a positive
z score (Figure 6-figure supplement 2; Figure 6-table supplement 3). A closer inspection of specific
genes categorized in these GO terms showed that flattening of corticosterone oscillations induces
expression of genes involved in de novo lipogenesis, including the key enzymes fatty acid synthase
(Fasn) and Acetyl-CoA carboxylase (Acaca), and genes involved in lipolysis, including the rate limiting
enzyme Pnpla2 (Atgl) (Haemmerle et al., 2006) (Figure 6D/E). In addition, we observed upregulation
of several other genes important for TG synthesis and degradation, e.g. Scd1, Scd2, Lpgat1, Acsl1,
Acat2, Acadm, Abhd5, and genes important for fatty acid transport like Cd36 and Slc27a4 (Figure
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6D/E). Flattening of corticosterone oscillations alters expression levels of these genes and possibly
tips the balance of TG synthesis and breakdown towards fat accumulation.
In addition, core components of the circadian clock and regulators of the circadian rhythm were
also altered. These include Clock, Arntl/Bmal1, and Per3 (Figure 6F/G; Figure 6-table supplement
3). The circadian clock are known to coordinate the timing and activity of enzymes involved in TG
synthesis and breakdown (Lekkas and Paschos, 2019). For example, the circadian clock is found to
control Atgl and Scd1 (Paschos et al., 2013; Shostak et al., 2013). Possibly flattening of glucocorticoid
oscillations affects the circadian clock, which then impacts lipid metabolism.

Flattened corticosterone oscillations in BAT induces a set of shared gene expression
changes as in vWAT
To determine whether flattening of corticosterone oscillations affects gene expression globally
in BAT and whether the same processes could be responsible for lipid accumulation in both BAT and
vWAT, we performed RNAseq analysis of BAT. As was done for the transcriptomic analysis of vWAT,
mice were subcutaneously implanted with corticosterone pellets to flatten their corticosterone
oscillations and BAT was harvested 0, 3, 7, and 14 days after pellet implantation. Like in vWAT (Figure
6A), most differently expressed genes cluster by the type of treatment and not by the length of pellet
implantation, with most gene expression alterations already apparent on day 3 (Figure 7A). We
therefore again disregarded the length of treatment for subsequent analysis like we had done in the
analysis of vWAT. As we observed with the vWAT (Figure 6-figure supplement 1), no clustering of
the data was observed based on differently expressed genes between the different treatment groups
or length of treatment (Figure 7-figure supplement 1), supporting that a high increase in the peak
amplitude of corticosterone in the evening phase did not affect gene expression also in the BAT.
Furthermore, no differently expressed genes were observed comparing BAT of sham pellet-implanted
mice and sham injected mice, showing that the pellet implantation itself does not alter gene expression
(Figure 7-figure supplement 1). In total we found 7146 transcripts differentially expressed comparing
12
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BAT of corticosterone and sham pellet-implanted mice using the same cutoff criteria as described
earlier for the analysis of vWAT. Applying these cutoff criteria, 3568 transcripts were upregulated, and
3578 transcripts were downregulated (Figure 7-table supplements 1 and 2).
We hypothesized that similar gene expression alterations as we had found in vWAT might also
be responsible for the lipid accumulation observed in BAT and vWAT. To identify common features
between vWAT and BAT, we identified common genes up- and downregulated in both tissues induced
by flattening of corticosterone oscillations. In total, we identified 1370 transcripts being upregulated
(Figure 8A, Figure 8-table supplement 1) and 995 transcripts being downregulated in vWAT and
BAT (Figure 8B, Figure 8-table supplement 1). Among the upregulated transcripts, we did not find
glycolytic enzymes indicating that most of the glycolytic enzymes were only affected by flattening of
corticosterone oscillations in vWAT and not in BAT. In general, gene expression levels of the majority
of genes positively correlated between vWAT and BAT (Figure 8C), indicating that most alterations
observed in BAT can also be observed in vWAT. This underlines the hypothesis that similar gene
expression alterations might be responsible for lipid accumulation in BAT as identified in vWAT. The
positively correlated genes shared between BAT and vWAT when GC oscillations are lost were shown
by GO terms analysis to be associated with lipid metabolism such as “regulation of lipid localization”
and “lipid transport” changed in both BAT and vWAT (Figure 8D), suggesting that similar changes in
lipid metabolism may cause the observed lipid accumulation in BAT and vWAT.
Markedly, we found that numerous genes involved in TG synthesis and degradation, as well
as their regulators, were differently expressed in BAT and vWAT (Figure 8E). These genes include
Acaca, Pnpla2 (Atgl), Scd1, Fasn, leptin, and Hsd11ß1, as well as the fatty acid transporter Cd36 that
was strongly upregulated in both tissues. Like in vWAT, GO-term analysis of BAT also pointed to
alterations in lipid metabolism since many genes were found in the GO-term category “lipid storage”
or “fatty acid metabolic process” (Figure 7-figure supplement 2). In conclusion, flattening
corticosterone oscillations in BAT alters expression levels of genes involved in lipid metabolism,

13

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.02.893081; this version posted December 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

including an increase in Cd36 expression that may mediate lipid uptake, thereby promoting lipid
accumulation both in BAT and vWAT.

CD36ko mice are partially protected against weight gain induced by flattening of corticosterone
oscillations
Since upregulation of Cd36 upon flattening of corticosterone oscillations is a common feature
between WAT and BAT (Figure 6D/8C), we focused on the role of Cd36 since it mediates long-chain
fatty acid uptake and has a role in lipid signaling, playing an important role in lipid metabolism (Pepino
et al., 2014). To elucidate if Cd36 contributes to lipid accumulation in WAT and BAT, we first confirmed
that Cd36 is indeed upregulated. RT-qPCR confirmed 3-fold higher mRNA levels in vWAT and 1.5fold higher mRNA levels in BAT upon flattening of corticosterone oscillations (Figure 9A). To
investigate the role of Cd36 in lipid accumulation upon flattening of corticosterone oscillations in vivo,
we implanted sham and corticosterone pellets in Cd36ko mice and monitored their body weight for 21
days. After 21 days, corticosterone pellet-implanted Cd36ko mice weighed 6.9% more than sham
implanted Cd36ko mice, which is 2.2% less than observed in wild-type mice (Figure 9B). In wild-type
mice, corticosterone pellet-implanted mice weighed 9.1% more than sham implanted mice (Figure
1B/9B). In conclusion, Cd36ko mice are partially protected against body weight gain induced by
flattening of corticosterone oscillations. Of note, during the experiment Cd36ko mice gained less
weight compared to wild-type mice (3.2% less comparing sham pellet-implanted mice and 5.4% less
comparing corticosterone pellet-implanted mice). Furthermore, corticosterone pellet-implanted
Cd36ko mice started to gain weight 2 days later than corticosterone pellet-implanted wild-type mice.
To determine if the lower body weight gain of corticosterone pellet-implanted Cd36ko mice is
manifested in lower organ weights of the white fat depots, sWAT and vWAT were dissected and
weighed. Strikingly, vWAT of corticosterone pellet-implanted Cd36ko mice increased weight on
average by only 208mg, which is 4-fold less than vWAT of wild-type mice (801mg) (Figure 1G/9C).
Histological analysis of vWAT corroborated the protective effect of Cd36 against expansion of vWAT
14
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(Figure 9D). Epididymal adipocytes of corticosterone pellet-implanted Cd36ko mice displayed lower
increase in cell volume than corticosterone pellet-implanted wild-type mice (Figure 9E). Surprisingly,
no significant difference was observed in the organ weight of sWAT between corticosterone pelletimplanted Cd36ko and wild-type mice (Figure 9F). In addition, no difference in cell volume of the
adipocytes was observed (Figure 9G/H).
A protective role of a loss of Cd36 against lipid accumulation induced by flattening of
corticosterone oscillations was also observed in BAT. As observed for vWAT, BAT of corticosterone
pellet-implanted Cd36ko mice expanded less compared to corticosterone pellet-implanted wild-type
mice (Figure 9I). This was substantiated by histological analysis of BAT showing less lipid
accumulation and lower cell volume of brown adipocytes in Cd36ko mice compared to wild-type mice
upon flattening of corticosterone oscillations (Figure 9J/K). Although a protective role for Cd36 loss
against body weight gain and expansion of vWAT and BAT upon flattening corticosterone oscillations
was detected, loss of Cd36 did not protect against hyperinsulinemia. Insulin levels even increased in
corticosterone pellet-implanted Cd36ko mice compared to corticosterone pellet=implanted wild-type
mice (Figure 9-figure supplement 1). In line and as observed in wild-type mice, corticosterone pellet
implantation in Cd36ko mice resulted in lower blood glucose levels (Figure 9-figure supplement 1).
Interestingly, higher insulin levels were also observed in sham pellet-implanted Cd36ko mice
comparing them to sham pellet-implanted wild-type mice, suggesting that Cd36ko mice show in
general higher insulin levels (Figure 9-figure supplement 1). In conclusion, loss of Cd36 artially
protects vWAT and BAT from lipid accumulation induced by flattening of corticosterone oscillations.
This protective effect is not observed for sWAT, pointing to depot-specific differences between the
visceral and subcutaneous fat depots.

DISCUSSION
In this study we investigated explicitly the consequences of flattening GC oscillations, which
occurs during chronic stress and is associated with depression, fatigue, cardiovascular disease, and
15
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mortality of cancer patients (Adam, 2017; Doane et al., 2013; Kumari et al., 2009; Matthews et al.,
2006; Sephton et al., 2013). Previously we had shown that flattening of circadian GC oscillations in
mice, while keeping the overall GC concentrations the same during the day, results in body weight
gain and expansion of the white fat depots (Bahrami-Nejad et al., 2018). In this study we now provide
a time course analysis of these processes and show for the first time that flattening of corticosterone
oscillations in mice induces expansion of the brown fat depots, as well as hyperinsulinemia. These
pathologies were not observed when the GC peak amplitude was increased in the evening phase by
injection of corticosterone, showing that as long as GC increases are restricted to the normal peak
time period, they do not cause hyperinsulinemia or lipid accumulation in WAT and BAT. Flattening of
GCs, as done in this study, results in elevation in trough concentrations and is accompanied by a
reduction in peak concentrations with no change in the daily mean values. Such loss of trough or “off
periods” has been previously shown to increase body weight and expansion of the white fat depots
(Bahrami-Nejad et al., 2018; Dallman et al., 2000). We show in the current study that it also causes
hyperinsulinemia, as well as an expansion of BAT.
GCs exhibit pleiotropic effects on lipid metabolism, simultaneously promoting lipolysis and lipid
synthesis as well as increasing adipogenesis (for review, see Lee et al., 2014, 2018; Peckett et al.,
2011). In this study, we aimed to elucidate gene expression changes that are directly dependent on
flattened diurnal GC oscillations while keeping the normal daily mean values of GCs. In this regard
our study is different from other studies carried out at high pharmacological GC concentrations
because we just flattened GC levels without increasing the average normal GC concentrations. To
identify genes induced by flattening of GCs, we performed RNAseq analysis of vWAT and BAT.
Surprisingly, we observed similar expression changes as has been described for application of GCs
at much higher concentrations (Yu et al., 2010), showing that chronic stress conditions could cause
effects similar to side effects during GC medication. In vWAT we found that genes involved in TG
synthesis (e.g. Fasn, Acaca, Scd1, Scd2), fatty acid uptake (e.g. Cd36), and TG degradation (e.g.
Pnpla2/Atgl) are affected. Interestingly, functional GR binding sites have been identified for Acaca,
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Fasn, Scd1, Scd2, and Cd36 (Yu et al., 2010), identifying these as direct GC targets. The observed
alterations in gene expression indicate that flattened GC oscillations promote lipogenesis and lipolysis
at the same time, resulting in a futile cycle of TG synthesis and breakdown. This futile cycle has been
described as the cause of lipid accumulation in white fat depots when GCs are applied at high
concentrations (Lee et al., 2014) and is likely responsible for fat accumulation upon flattening of GC
oscillations as well.
As a therapeutic treatment for obesity and related disorders, expansion of BAT, or boosting its
respiratory activity with the goal to increase energy expenditure, has gained significant attention
(Bartelt et al., 2011; Feldmann et al., 2009; Saito, 2013). However, how BAT is controlled by the pattern
of circadian GC oscillations has not been equally investigated and could impact therapeutic strategy.
Lipid accumulation in BAT upon GC treatment has been reported previously (Ketzer et al., 2019;
Luijten et al., 2019; Shen et al., 2017; Strack et al., 1995), but here we show for the first time that
flattening of daily corticosterone oscillations in mice leads to lipid accumulation in BAT as well. We
hypothesized that this could impact the functionality of the tissue.
Our study suggests that a main consequence of flattening of GC oscillations dysregulates lipid
metabolism, resulting in a futile cycle of TG synthesis and breakdown to finally cause lipid storage as
has been described previously (Lee et al., 2014). This would be a similar situation as described for
WAT and is supported by gene expression alterations observed for Acaca, Pnpla2 (Atgl), Scd1, Cd36,
leptin, Hsd11ß1, and additional metabolic enzymes in both fat depots. Such a role of a futile cycle is
also supported by a recent study that showed that development of glucocorticoid-induced obesity is
not caused by a decreased UCP1-dependent thermogenic capacity (Luijten et al., 2019).
A common feature between lipid accumulation in BAT and vWAT induced by flattening of
corticosterone oscillations is the strong upregulation of Cd36. Cd36 has been shown to facilitate fatty
acid uptake into muscles and adipose tissue in rodents and humans (Abumrad et al., 1993; Glatz et
al., 2010). Since several studies demonstrated that Cd36 deficiency protects against high fat diet
induced obesity (Hajri et al., 2007; Koonen et al., 2010; Vroegrijk et al., 2013), we hypothesized that
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knocking out Cd36 might protect against weight gain induced by flattening of GCs as well. Indeed, we
found that Cd36ko mice are partially protected against body weight gain and lipid accumulation in
vWAT and BAT. This can likely be explained by its role in fatty acid intake, but also additional aspects
of Cd36 functionality related to fatty acid metabolism including fat taste perception, fat absorption, and
fat utilization cannot be excluded (for review, see Pepino et al., 2014).
Finally, it has been reported that BAT of mice lacking Cd36 display a whitened phenotype and
increased lipid droplet size (Anderson et al., 2015). However, in the current study we did not detect
differences in BAT weight or lipid droplet size between sham pellet-implanted Cd36ko and wild-type
mice, which might also be explained by the fact that younger mice were used in this study, which had
less time to accumulate fat. Although Cd36ko did not prevent hyperinsulinemia upon flattening of
corticosterone oscillations, we observed higher insulin levels in Cd36ko versus wild-type mice
implanted with sham pellets. Furthermore we found a trend towards lower plasma glucose levels in
Cd36ko mice, which was reported before in Cd36ko mice (Febbraio et al., 1999) and using a Cd36
inhibitor in mice (Yang et al., 2018). This suggests that metabolic actions of Cd36 are more complex
and cannot be reduced to its role as a fatty acid transporter. Cd36 deficiency has been shown to affect
insulin signaling (Samovski et al., 2018) and to generate intracellular PPARG ligands which activate
PPARG signaling (Nagy et al., 1998; Tontonoz et al., 1998). By being highly expressed in immune
cells and adipocytes, Cd36 has been implicated in the development of insulin resistance and diabetes.
A soluble form of Cd36 circulating in the blood plasma has been identified as a novel marker of insulin
resistance in diabetes (Alkhatatbeh et al., 2013; Handberg et al., 2010). These findings suggest Cd36
is a potential target for intervention of metabolic disorders associated with obesity.
In summary, the data presented in this study identify consequences of flattening of GCs that
is frequently observed during chronic stress, underlining that small alterations or losing the normal
diurnal GC oscillation pattern can result in obesity. Similar to clinical treatments with higher GC
concentrations, we show that flattening of GCs has pleiotropic effects on gene expression in a multiple
organ systems, including BAT and WAT. Markedly, knocking out just one component, the fatty acid
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transporter Cd36, partially prevents body weight gain and lipid accumulation. We show that in addition
to increasing lipid uptake, flattening of glucocorticoids promotes TG synthesis and breakdown at the
same time, which together results in lipid accumulation in BAT and WAT. Finally, our transcriptomic
data of different BAT and WAT depots further supports the close link between stress biology and
energy metabolism, a crosstalk that is more widely recognized as stress/metabolism comorbidities
emerge as complicating factors in metabolic disease and psychiatric disorders, including depression.
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FIGURE LEGENDS
Figure 1: Time course analysis of lipid accumulation in WAT induced by flattening of circadian
corticosterone oscillations. (A) Time course of average corticosterone levels in mice implanted with
corticosterone pellets compared to mice implanted with sham pellets 7 days after pellet implantation.
n = 3 for sham pellet; n = 4 for corticosterone pellet, mean ± SEM. (B) Time course showing body
weight gain of mice implanted with corticosterone pellets compared to mice implanted with sham
pellets. n = 11, mean ± SEM. Unpaired t test (sham pellet versus cort pellet), *p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001. (C) Average daily food intake of each mouse per cage (n = 8). Up to 5
mice were housed in each cage. Food intake was monitored for 14 days, mean ± SD. Unpaired t-test,
ns = not significant. (D, F) Images of sWAT and vWAT after pellet implantation for 21 days. (E, G)
Weight of sWAT and vWAT at different time points after pellet implantation, n = 5-9, mean ± SD.
Unpaired t test, **p < 0.01, ****p < 0.0001. (H, J) Images of sWAT and vWAT stained with hematoxylin
and eosin at 3, 7, 14, and 21 days after pellet implantation. One representative staining is shown for
each timepoint (n = 3). Scale bars 50µm. (I, K) Frequency distributions of mean lipid droplet area in
sWAT and vWAT as analyzed using Adiposoft (mean + SEM; n=3 mice per treatment, 25 images per
mouse (20x)). See also Figure 1-table supplement 1.
Figure 2: Increasing the peak amplitude of corticosterone in the evening phase does not affect
body weight gain or lipid accumulation in WAT. (A) Time course of average corticosterone levels
in mice injected with corticosterone compared to mice injected with solvent control 7 days after start
of injections. n = 3-4, mean ± SEM. (B) Time course showing body weight gain of mice injected with
corticosterone compared to mice injected with solvent control. n = 9, mean ± SEM. (C) Average daily
food intake of each mouse per cage (n = 7). Up to 5 mice were housed in each cage. Food intake was
monitored for 14 days, mean ± SD. Unpaired t test, **p < 0.01, ns = not significant. (D, G) Images of
sWAT and vWAT from sham and corticosterone injected mice 21 days after start of daily injections.
(E, H) Weight of sWAT at different time points after start of daily injections, n = 3-8, mean ± SD. (F, I)
Time course of sWAT after start of injections. WAT was stained with hematoxylin and eosin at 3, 7,
14, and 21 days after start of treatment. One representative staining is shown (n = 3). Scale bars
50µm.
Figure 3: Flattening of daily corticosterone oscillations in mice results in lipid accumulation in
BAT. (A) Interscapular BAT of sham and corticosterone pellet-implanted mice 14 days after start of
treatment. (B) Weight of interscapular BAT at different time points after pellet implantation, n = 5-9,
mean ± SD. Unpaired t test, **p < 0.01, ****p < 0.0001. (C) Time course of BAT after pellet implantation.
BAT was stained with hematoxylin and eosin at 3, 7, 14, and 21 days after pellet implantation. One
representative staining is shown (n = 3-7). Scale bars 50µm. (D) Frequency distribution of mean lipid
droplet area in BAT as analyzed using Adiposoft (mean + SEM; for day 3, 7, 14 n = 3; for day 21 n =
5 mice per treatment, 25 images per mouse (20x)). (E) BAT of sham and corticosterone injected mice
14 days after start of treatment. (F) Weight of BAT at different time points after start of daily injections,
n = 3-8, mean ± SD. (G) Time course of BAT after start of injection. BAT was stained with hematoxylin
and eosin at 3, 7, 14, and 21 days after start of injection. One representative staining is shown (n = 37). Scale bars 50 µm.
Figure 4: Flattening of corticosterone oscillations does not elevate circulating triglycerides in
blood or result in fat deposition in the liver. (A) H&E staining of livers 21 days after pellet
implantation / start of injection. One representative staining is shown (n = 4). (B) Weight of livers at
different time points after pellet implantation, n = 4-5, mean ± SD. (C) Weight of livers at different time
points after start of daily injections, n = 3-4, mean ± SD. (D-I) Time courses of changes in FFA, glycerol,
and triglycerides measured in blood serum over 14 days. n = 4-5 for pellet-implanted mice, n = 3-4 for
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injected mice, mean ± SEM, unpaired t test, *p < 0.05, ns = not significant. See also Figure 4-figure
supplement 1.
Figure 5: Flattening of corticosterone oscillations causes hyperinsulinemia. (A) Glucose
tolerance test (GTT) of sham and corticosterone pellet-implanted mice after 21 days of treatment;
mean ± SEM; n = 5; unpaired t test, *p < 0.05, ***p < 0.001, ****p < 0.0001. (B) Insulin tolerance test
(ITT) of sham and corticosterone pellet-implanted mice after 17 days of treatment; mean ± SEM; n =
5 for sham pellet; n = 6 for corticosterone pellet; unpaired t test, *p < 0.05, **p < 0.01. (C) Glucose
tolerance test (GTT) of sham and corticosterone injected mice after 21 days of treatment; mean ±
SEM; n = 6. (D) Insulin tolerance test (ITT) of sham and corticosterone injected mice after 17 days of
treatment; mean ± SEM; n = 5 for sham injection; n = 6 for corticosterone injection. (E) Time course
of insulin levels in blood plasma in sham and corticosterone pellet-implanted mice (not fasted); mean
+/- SEM; n = 6; unpaired t test, *p < 0.05, **p < 0.01, ****p < 0.0001. (F) Blood glucose levels in sham
and corticosterone pellet-implanted mice (not fasted) 14 days after pellet implantation; mean +/- SEM;
n = 9; unpaired t test, **p < 0.01.
Figure 6: Flattening of corticosterone oscillations results in gene expression alterations in
vWAT of genes involved in glycolysis, lipid metabolism and circadian rhythms. (A) Principal
component analysis of vWAT samples obtained at 3, 7, and 14 days after implantation of
corticosterone or sham pellets in mice. (B-G) Comparison of the vWAT transcriptomes of
corticosterone and sham pellet-implanted mice. (B-C) Glycolytic genes are highlighted in green. (DE) Selected genes relevant for lipid metabolism are highlighted in green, orange, purple, and pink. (FG) Selected genes involved in circadian rhythm are highlighted in green. See also Figure 6-figure
supplements 1 and 2 and Figure 6-table supplements 1-3.
Figure 7: Flattened corticosterone oscillations in BAT result in altered gene expression of
thermogenic genes as well as genes involved in oxidative phosphorylation. (A) Principal
component analysis of vWAT samples obtained at 3, 7, and 14 days after implantation of
corticosterone or sham pellets in mice. (B-C) Comparison of the BAT transcriptomes of corticosterone
and sham pellet-implanted mice. (B-C) Genes related to thermogenesis and oxidative phophorylation
are highlighted in green and orange, respectively. See also Figure 7-figure supplements 1 and 2 and
Figure 7-table supplements 1 and 2.
Figure 8: Transcriptomic analysis of BAT and vWAT upon flattening of corticosterone
oscillations reveals similar gene expression alterations of genes involved in lipid turnover.
(A/B) Venn diagram showing overlap of genes differently expressed in BAT and vWAT upon flattening
of corticosterone oscillations. (C) Correlation of log2 fold changes between the vWAT and BAT
transcriptomes upon flattening of corticosterone oscillations. (D) GO terms positively correlated in
WAT and BAT. GO terms related to lipid metabolism are highlighted. (E) Log 2 fold changes of selected
genes involved in lipid metabolism and circadian rhythms comparing vWAT and BAT upon flattening
of corticosterone oscillations. See also Figure 8-table supplement 1.
Figure 9: Cd36ko partially protects against fat gain due to flattening of corticosterone
oscillations. (A) mRNA expression for Cd36 measured by qPCR in vWAT and BAT of sham and
corticosterone pellet-implanted mice 3 and 14 days after implantation. Gene expression data was
normalized to the expression of Tbp and is presented as mean ± SEM (n = 3-4). Unpaired t test, *p <
0.05, **p < 0.01, ***p < 0.001, ns = not significant. Control group are mice at start of experiment (day
0). (B) Time course showing body weight gain of wild type and Cd36ko mice implanted with
corticosterone pellets compared to mice implanted with sham pellets. n = 10-12, mean ± SEM.
Unpaired t test (red asterisk: WT + sham pellet versus Cd36ko + sham pellet; blue asterisk: WT +
corticosterone pellet versus Cd36ko + corticosterone pellet; black asterisk: sham versus
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corticosterone pellet), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Weight of epididymal
(visceral) fat depots 21 days after pellet implantation, n = 5-12, mean ± SD. Unpaired t test, *p < 0.05,
****p < 0.0001. (D) H&E staining of vWAT 21 days after pellet implantation. One representative staining
is shown (n = 3-5). Scale bars 50µm. (E) Frequency distribution of mean adipocyte area in vWAT as
analyzed using Adiposoft (mean + SEM; n=3-5, 25 images per mouse (20x)). (F) Weight of inguinal
(subcutaneous) fat depots 21 days after pellet implantation, n = 5-12, mean ± SD. Unpaired t test,
****p < 0.0001. (G) H&E staining of sWAT 21 days after pellet implantation. One representative
staining is shown (n = 4-5). Scale bars 50µm. (H) Frequency distribution of mean adipocyte area in
sWAT as analyzed using Adiposoft (mean + SEM; n=4-5, 25 images per mouse (20x)). (I) Weight of
BAT 21 days after pellet implantation, n = 5-12, mean ± SD. Unpaired t test, *p < 0.05, ***p < 0.001,
****p < 0.0001. (J) H&E staining of BAT 21 days after pellet implantation. One representative staining
is shown (n = 4-5). Scale bars 50µm. (K) Frequency distribution of mean adipocyte area in BAT as
analyzed using Adiposoft (mean + SEM; n=4-5, 25 images per mouse (20x)). See also Figure 9-figure
supplement 1.
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SUPPLEMENTARY FIGURES
Figure 4-figure supplement 1: Flattening of corticosterone oscillations does not result in
significant gene expression alterations of genes involved in lipid metabolism in liver. (A-J)
Gene expression of different genes measured by qPCR in liver after flattening corticosterone levels
for 14 days. Gene expression data was normalized to the expression of Tbp and is presented as mean
± SEM (n = 3-4). Unpaired t test, *p < 0.05, **p < 0.01, ns = not significant. Control group are mice at
beginning of experiment (day 0).
Figure 6-figure supplement 1: Transcriptomic analysis of vWAT. (A) Principal component analysis
of vWAT samples of corticosterone and sham injected mice 3, 7, and 14 days after start of injections.
(B) Number of significantly changed transcripts in the different comparisons of treatment methods.
Figure 6-figure supplement 2: GO analysis comparing the transcriptome of vWAT from sham
and corticosterone pellet-implanted mice. GO terms in the categories (A) Biological Process and
(B) Cellular Component were categorized based on common topics. GO term analysis was done using
the clusterProfiler package (Yu et al., 2012). GO terms of interest were identified by calculating the
adjusted p-value comparing corticosterone pellet vs. sham pellet as well as a z score for general trends
of increased or decreased differential expression of the genes within the GO terms. The z score is
defined as the number of genes within the GO term with an absolute value log2 fold change greater
than or equal to 1.5 (fold change > 1.5 or < 0.67) divided by the square root of the total number of
genes assigned to that GO term.
Figure 7-figure supplement 1: Transcriptomic analysis of BAT. (A) Principal component analysis
of BAT samples of corticosterone and sham injected mice 3, 7, and 14 days after start of injections.
(B) Number of significantly changed transcripts in the different comparisons of treatment methods.
Figure 7-figure supplement 2: GO analysis comparing the transcriptome of BAT from sham and
corticosterone pellet-implanted mice. GO terms in the categories Biological Process and Cellular
Component were categorized based on common topics. GO term analysis was done using the
clusterProfiler package (Yu et al., 2012). GO terms of interest were identified by calculating the
adjusted p-value comparing corticosterone pellet vs. sham pellet as well as a z score for general trends
of increased or decreased differential expression of the genes within the GO terms. The z score is
defined as the number of genes within the GO term with an absolute value log2 fold change greater
than or equal to 1.5 (fold change > 1.5 or < 0.67) divided by the square root of the total number of
genes assigned to that GO term.
Figure 9-figure supplement 1: Cd36ko mice are not protected against hyperinsulinemia caused
by flattening of corticosterone. (A) Insulin levels in blood plasma in sham and corticosterone pelletimplanted Cd36ko and wild-type mice (not fasted) 14 days after pellet implantation; mean +/- SEM; n
= 5-7; unpaired t test, *p < 0.05, **p < 0.01. (B) Blood glucose levels in sham and corticosterone pelletimplanted Cd36ko and wild-type mice (not fasted) 14 days after pellet implantation; mean +/- SEM; n
= 6-9; unpaired t test, **p < 0.01.
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SUPPLEMENTARY TABLES
Figure 1-table supplement 1: Summary of mouse experiments. All data was acquired after a
treatment period of 21 days, except data for blood glucose (not fasted), FFA, glycerol, and triglyceride
levels, which were determined 14 days after beginning of treatment. Values are presented as mean
+/- SEM; n.d. = no data.
Figure 6-table supplement 1: Transcript levels of differentially expressed genes comparing
vWAT of corticosterone and sham pellet-implanted mice.
Figure 6-table supplement 2: Gene expression levels of differentially expressed genes
comparing vWAT of corticosterone and sham pellet-implanted mice.
Figure 6-table supplement 3: Gene ontology (GO) analysis of RNAseq data comparing vWAT
of corticosterone and sham pellet-implanted mice.
Figure 7-table supplement 1: Transcript levels of differentially expressed genes comparing
BAT of corticosterone and sham pellet-implanted mice.
Figure 7-table supplement 2: Gene expression levels of differentially expressed genes
comparing BAT of corticosterone and sham pellet-implanted mice.
Figure 8-table supplement 1: Differentially expressed genes identified in RNAseq analysis of
vWAT and BAT comparing corticosterone and sham pellet-implanted mice.
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METHODS

Mice
Mice were housed in small groups of five or fewer on a 12h light/dark cycle (lights on at 7:00 hours)
with food and water access ad libitum in the animal facility at Stanford University. All mice were
maintained on a normal chow diet and only male mice were used for experiments. All animal care and
experimentation was conducted in accordance with current NIH and Stanford University Institutional
Animal Care and Use Committee guidelines. Seven-week-old C57BL/6J male mice were purchased
from Jackson Laboratory (cat. 000664) and housed in the animal facility for 7 days prior the start of
experiments. Cd36ko mice were published before (Febbraio et al., 1999). Cd36ko breeding pairs were
purchased from Jackson Laboratory (cat. 019006). For the experiments 8-week old male mice were
used. All mice were dissected between 13:00 and 18:00 alternating corticosterone-treated and control
mice. A summary of all parameters measured in mice upon different treatments can be found in
Figure 1-table supplement 1.

Corticosterone administration in mice
To flatten circadian glucocorticoid oscillations, mice were implanted subcutaneously with
corticosterone releasing pellets (5mg, 21-day release; Innovative Research of America, Sarasota, FL,
USA). Sham pellets were implanted as control. For pellet implantation mice were anesthetized via
inhalation of isoflurane, when anesthetized an incision equal in diameter to that of the pellet was made
on the lateral side of the neck and the pellet inserted using a trochar. Mice weighed an average of
24.1 ± 1.2 g, which results in a daily dose of 9 mg/kg/day.
For injections corticosterone complexed with 2-hydroxypropyl-β-cyclodextrin (C174, Sigma)
was dissolved in PBS and injected subcutaneously once daily at 17:00 for up to 21 days with the same
corticosterone dose (9 mg/kg/day) as released by the corticosterone pellets per day.

30

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.02.893081; this version posted December 27, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

Measurement of corticosterone in blood serum
Blood was taken at multiple time points over a 15 h time period. At the first time point blood was taken
by nicking the tail vain. Blood samples collected on following time points were taken by removal of the
crust formed after first blood withdrawal. The blood was allowed to clot by leaving it undisturbed at
room temperature for 45 minutes. The clot was removed by centrifuging at 2000 x g for 15 minutes.
The corticosterone concentration in blood serum was determined using the Enzyme Immunoassay kit
(K014-H1, Arbor Assays, Michigan, USA) following the manufacturer's instructions.

Glucose Tolerance Test
Before the procedure mice were fasted for 16h in clean cages with no food or feces in the bedding. At
9am blood glucose levels were measured with a glucometer (Diathrive, South Salt Lake, Utah, USA)
by obtaining a drop of blood from the tail. Subsequently, mice received 2 g of glucose (Sigma G8270)
/ kg of body weight by intraperitoneal injection. Blood glucose levels were measured again after 15,
30, 60, and 120 min after injection.
To measure insulin levels 20 µl of blood were collected from the tail before glucose injection
and on every following time point and mixed with heparin. The blood plasma was prepared by
centrifugation at 2000 x g for 15 minutes. The insulin concentration in blood plasma was determined
using the Ultra Sensitive Mouse Insulin ELISA Kit (Cat. 90080, Crystal Chem, Illinois, USA) following
the manufacturer's instructions.

Insulin Tolerance Test
Before the procedure mice were fasted for 6h in clean cages with no food or feces in the bedding
starting at 9am. Blood glucose levels were measured with a glucometer (Diathrive, South Salt Lake,
Utah, USA) by obtaining a drop of blood from the tail. Subsequently, mice were injected with 0.75
units/kg body weight of human insulin (Sigma I9278) by intraperitoneal injection. Blood glucose levels
were measured again after 15, 30, 45, 60, and 120 min after injection.
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To measure insulin levels 20 µl of blood were collected from the tail before glucose injection and on
every following time point and mixed with heparin. The blood plasma was prepared by centrifugation
at 2000 x g for 15 minutes. The insulin concentration in blood plasma was determined using the Ultra
Sensitive Mouse Insulin ELISA Kit (Cat. 90080, Crystal Chem, Illinois, USA) following the
manufacturer's instructions.

Measuring concentrations of FFA, glycerol, and triglycerides
FFA contents in blood serum were determined the Free Fatty Acid Quantitation Kit (Sigma, MAK044)
following the manufacturers’ protocols. Glycerol and triglyceride concentrations in blood serum were
measured using the Triglyceride Determination Kit (Sigma, TR0100) following the manufacturer's
instructions.

Histology
For histological examination interscapular brown adipose tissue (BAT), inguinal white adipose tissue
(sWAT), and epididymal white adipose tissue (vWAT) were fixed in 4% formalin for 24h directly after
dissection. Tissues were rinsed and stored in 95% until embedding in paraffin. Paraffin blocks were
sectioned (10µm) and sections mounted on glass slides and stained with hematoxylin and eosin (H &
E). Images were taken at 20x magnification and the adipocyte area was calculated using the Fiji
software plug-in Adiposoft (Galarraga et al., 2012).

Reverse transcription quantitative polymerase chain reaction
Total RNA was extracted from fat tissues using the RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden,
Germany) and from liver using the RNeasy Mini Kit (Qiagen, Hilden, Germany). Equal amounts of
RNA were reverse-transcribed to cDNA using the iScript cDNA Synthesis system (Bio-Rad, Hercules,
CA, USA). Relative transcript amounts were measured by qPCR using PowerUp SYBR Green Master
Mix (Appliedbiosystems, Vilnius, Lithuania). All expression data were normalized to TATA-binding
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protein (Tbp) expression. The primer sequences were as follows: Cd36 forward → 5’-ATG GGC TGT
GAT CGG AAC TG-3’; Cd36 reverse → 5’-TTT GCC ACG TCA TCT GGG TTT-3’; Tbp forward → 5’GAA GCT GCG GTA CAA TTC CAG-3’; Tbp reverse → 5’-CCC CTT GTA CCC TTC ACC AAT-3’;
Ucp1 forward → 5’-AGC CGG CTT AAT GAC TGG AG-3’; Ucp1 reverse → 5’-TCT GTA GGC TGC
CCA ATG AAC-3’; Angptl4 forward → 5’- CAT CCT GGG ACG AGA TGA ACT -3’; Angptl4 reverse →
5’- TGA CAA GCG TTA CCA CAG GC -3’; Pepck forward → 5’- CTG CAT AAC GGT CTG GAC TTC
-3’; Pepck reverse → 5’- GCC TTC CAC GAA CTT CCT CAC -3’; Lipe (Hsl) forward → 5’- GAT TTA
CGC ACG ATG ACA CAG T -3’; Lipe (Hsl) reverse → 5’- ACC TGC AAA GAC ATT AGA CAG C -3’;
Glut4 forward → 5’- ATC ATC CGG AAC CTG GAG G -3’; Glut4 reverse → 5’- CGG TCA GGC GCT
TTA GAC TC -3’; Srebp1 forward → 5’- TGA CCC GGC TAT TCC GTG A -3’; Srebp1 reverse → 5’CTG GGC TGA GCA ATA CAG TTC -3’; Fasn forward → 5’- GGA GGT GGT GAT AGC CGG TAT 3’; Fasn reverse → 5’- TGG GTA ATC CAT AGA GCC CAG -3’; Hsd11ß1 forward → 5’- GGA GCC
CAT GTG GTA TTG ACT -3’; Hsd11ß1 reverse → 5’- CCG CAA ATG TCA TGT CTT CCA T -3’; Dgat2
forward → 5’- GCG CTA CTT CCG AGA CTA CTT -3’; Dgat2 reverse → 5’- GGG CCT TAT GCC AGG
AAA CT -3’; Atgl (Pnpla2) forward → 5’- ATG TTC CCG AGG GAG ACC AA -3’; Atgl (Pnpla2) reverse
→ 5’- GAG GCT CCG TAG ATG TGA GTG -3’.

RNAseq
RNA was extracted from BAT or vWAT using the RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden,
Germany). For each condition (sham pellet, corticosterone pellet, sham injection, corticosterone
injection) RNA was extracted from 4 mice per time point (3, 7, 14 days). RNA was also isolated from
4 mice before start of treatment (day 0). RNA quality of all samples was evaluated by Bioanalyzer
2100 High Sensitivity RNA Analysis chips (Agilent, Cat. 5067-1513) which displayed intact RNA
integrity. mRNA samples were concentrated to ≤ 5 µl by MinElute column (QIAGEN, Cat. 74204). For
generation of RNA-seq libraries, polyadenylated mRNA was isolated from 300 ng of total RNA by
incubation with oligo-DT attached magnetic beads and followed by strand-specific library preparation
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using the TruSeq Stranded mRNA Library Preparation kit (Ilumina, Cat. 20020595). Briefly, isolated
polyadenylated mRNA was fragmented using divalent cations under elevated temperature and 1st and
2nd strands DNA were synthesized using SuperScript II Reverse Transcriptase (provided with Ilumina
kit). A-tailing and adapter ligation was performed according to the manufacturer’s protocol; the
resulting dsDNA was enriched in a PCR reaction based on predetermined CT values and cleaned
using AMPure XP beads (provided with Ilumina kit). Concentrations of enriched dsDNA fragments with
specific adapters were determined and base pair average size and library integrity were analyzed
using the Bioanalyzer DNA High Sensitivity chips (Agilent, Cat. 5067-4626). Samples were pooled and
sequenced on the Illumina NextSeq 500/550 High Output platform (Illumina, FC-404-2002) up to 18
samples per lane with 1% PhiX spike as a control.
To assess the read quality of the raw FASTQ files we used FastQC (Andrews and Babraham
Bioinformatics, 2010) (v0.11.7). Pseudo-alignment of the reads to the mouse reference transcriptome
(Mus_musculus.GRCm38.cdna) was carried out using Kallisto (Bray et al., 2016) (v0.44.0) with the
quantification algorithm enabled, the number of bootstraps set to 100, and ran in paired-end mode.
The Kallisto output files imported to R with Sleuth, and the transcripts per million (TPM) were used for
downstream differential expression analysis (Pimentel et al., 2017).
We used the Sleuth package to identify differentially expressed genes with the full model
consisting of treatment, lane, replicate, and day and the reduced model consisting of lane and
replicate. This allowed us to identify genes that were differentially expressed based on treatment (i.e.
corticosterone pellet vs sham pellet) and time. All downstream analysis was done on transcripts that
were considered significant from the DESeq2 analysis (likelihood ratio test with a FDR less than 0.05).
Outlier samples were identified by both clustering and PCA analysis and removed. The number of
differentially expressed genes after removing outliers increased by 1,668, with all but 31 genes
common between the two models.
For more information, please see https://kylekovary.shinyapps.io/Flattened-circadianglucocorticoid-oscillations/.
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Gene Ontology (GO) Analysis
GO term analysis was done using the clusterProfiler package (Yu et al., 2012). GO terms of interest
were identified by calculating the adjusted p-value between two sample groups (i.e. corticosterone
pellet vs. sham pellet) as well as a z score for general trends of increased or decreased differential
expression of the genes within the GO terms. The z score is defined as the number of genes within
the GO term with an absolute value log2 fold change greater than or equal to 1.5 (fold change > 1.5
or < 0.67) divided by the square root of the total number of genes assigned to that GO term (Walter et
al., 2015).

Western Blot Analysis
For western blot analysis 10mg of fat tissue were lysed in 50 mM Tris-HCl, 1 % Nonidet P-40, 0.1 %
sodium dodecyl sulfate (SDS) and 0.15 M NaCl, pH 8, supplemented with protease inhibitors
(cOmplete, Mini, EDTA-free, Sigma Aldrich). For preparation of tissue lysates, a homogenizer (Fisher
Scientific) was used and cell debris removed by centrifugation at max speed for 20 min at 4 °C. Protein
concentrations were determined using the bicinchoninic acid (BCA) protein assay kit (Pierce,
Rockford, USA). 50 μg of proteins of tissue lysates were boiled for 5 min at 95°C in NuPAGE LDS
sample buffer containing 1x reducing agent (Invitrogen). Lysates were separated by SDS–PAGE using
the XCell SureLock Electrophoresis Cell on NuPAGE Novex 4%–12% Bis-Tris Protein Gels
(Invitrogen). Proteins were transferred onto polyvinylidene fluoride membranes (Thermo Scientific)
using the XCell II Blot Module (Invitrogen). Membranes were blocked by incubating with TBS with
0.1% Tween-20 containing 3% non-fat milk for 2h at room temperature or overnight at 4°C. After
blocking, membranes were exposed to the primary antibody (UCP-1; used 1:800) overnight at 4°C.
After washing (TBS with 0.1% Tween-20), the membranes were incubated for 2 h with the secondary
antibody. The membranes were washed (TBS with 0.1% Tween-20) and developed with the
Supersignal West Femto chemiluminescence substrate (Pierce, Rockford, USA). Peroxidase activity
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was detected with a Lumi Imager device (ImageQuant LAS 4000mini, GE Healthcare). The primary
antibody UCP-1 was purchased from α-Diagnostics (Catalog No. UCP11-A). The secondary antibody
was purchased from Cell Signaling (α-rabbit: Catalog No. #7074).

Statistics
All data are represented as mean ± SD or mean ± SEM and analyzed by Students t test using
GraphPad Prism software. n indicates the number of animals per group or number of independent
experiments. Results were considered significant if p < 0.05.
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Fig. 1: Time course analysis of lipid accumulation in WAT induced by flattening of circadian corticosterone oscillations. (A)
Time course of average corticosterone levels in mice implanted with corticosterone pellets compared to mice implanted with sham
pellets 7 days after pellet implantation. n = 3 for sham pellet; n = 4 for corticosterone pellet, mean ± SEM. (B) Time course showing body
weight gain of mice implanted with corticosterone pellets compared to mice implanted with sham pellets. n = 11, mean ± SEM. Unpaired
t test (sham pellet versus cort pellet), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C) Average daily food intake of each mouse
per cage (n = 8). Up to 5 mice were housed in each cage. Food intake was monitored for 14 days, mean ± SD. Unpaired t test, ns = not
significant. (D, F) Images of sWAT and vWAT after pellet implantation for 21 days. (E, G) Weight of sWAT and vWAT at different time
points after pellet implantation, n = 5-9, mean ± SD. Unpaired t test, **p < 0.01, ****p < 0.0001. (H, J) Images of sWAT and vWAT stained
with hematoxylin and eosin at 3, 7, 14, and 21 days after pellet implantation. One representative staining is shown for each timepoint (n
= 3). Scale bars 50µm. (I, K) Frequency distributions of mean lipid droplet area in sWAT and vWAT as analyzed using Adiposoft (mean
+ SEM; n=3 mice per treatment, 25 images per mouse (20x)). See also Figure 1-table supplement 1.
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Fig. 2: Increasing the peak amplitude of corticosterone in the evening phase does not affect body weight gain or lipid
accumulation in WAT. (A) Time course of average corticosterone levels in mice injected with corticosterone compared to mice injected
with solvent control 7 days after start of injections. n = 3-4, mean ± SEM. (B) Time course showing body weight gain of mice injected
with corticosterone compared to mice injected with solvent control. n = 9, mean ± SEM. (C) Average daily food intake of each mouse
per cage (n = 7). Up to 5 mice were housed in each cage. Food intake was monitored for 14 days, mean ± SD. Unpaired t test, **p <
0.01, ns = not significant. (D, G) Images of sWAT and vWAT from sham and corticosterone injected mice 21 days after start of daily
injections. (E, H) Weight of sWAT at different time points after start of daily injections, n = 3-8, mean ± SD. (F, I) Time course of sWAT
after start of injections. WAT was stained with hematoxylin and eosin at 3, 7, 14, and 21 days after start of treatment. One representative
staining is shown (n = 3). Scale bars 50µm.
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Fig. 3: Flattening of daily corticosterone oscillations in mice results in lipid accumulation in BAT. (A) Interscapular BAT of sham
and corticosterone pellet implanted mice 14 days after start of treatment. (B) Weight of interscapular BAT at different time points after
pellet implantation, n = 5-9, mean ± SD. Unpaired t test, **p < 0.01, ****p < 0.0001. (C) Time course of BAT after pellet implantation. BAT
was stained with hematoxylin and eosin at 3, 7, 14, and 21 days after pellet implantation. One representative staining is shown (n = 3-7).
Scale bars 50µm. (D) Frequency distribution of mean lipid droplet area in BAT as analyzed using Adiposoft (mean + SEM; for day 3, 7,
14 n = 3; for day 21 n = 5 mice per treatment, 25 images per mouse (20x)). (E) BAT of sham and corticosterone injected mice 14 days
after start of treatment. (F) Weight of BAT at different time points after start of daily injections, n = 3-8, mean ± SD. (G) Time course of
BAT after start of injection. BAT was stained with hematoxylin and eosin at 3, 7, 14, and 21 days after start of injection. One
representative staining is shown (n = 3-7). Scale bars 50 µm.
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Fig. 4: Flattening of corticosterone oscillations does not result in fat deposition in the liver or elevate circulating
triglycerides in blood. (A) H&E staining of livers 21 days after pellet implantation / start of injection. One representative staining
is shown (n = 4). (B) Weight of livers at different time points after pellet implantation, n = 4-5, mean ± SD. (C) Weight of livers at
different time points after start of daily injections, n = 3-4, mean ± SD. (D-I) Time courses of changes in FFA, glycerol, and
triglycerides measured in blood serum over 14 days. n = 4-5 for pellet implanted mice, n = 3-4 for injected mice, mean ± SEM,
unpaired t test, *p < 0.05, n.s. = not significant. See also Figure 4-figure supplement 1.
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Fig. 5: Flattening of corticosterone oscillations causes hyperinsulinemia. (A) Glucose tolerance test (GTT) of sham and
corticosterone pellet implanted mice after 21 days of treatment; mean ± SEM; n = 5; unpaired t test, *p < 0.05, ***p < 0.001, ****p <
0.0001. (B) Insulin tolerance test (ITT) of sham and corticosterone pellet implanted mice after 17 days of treatment; mean ± SEM; n
= 5 for sham pellet; n = 6 for corticosterone pellet; unpaired t test, *p < 0.05, **p < 0.01. (C) Glucose tolerance test (GTT) of sham and
corticosterone injected mice after 21 days of treatment; mean ± SEM; n = 6. (D) Insulin tolerance test (ITT) of sham and corticosterone
injected mice after 17 days of treatment; mean ± SEM; n = 5 for sham injection; n = 6 for corticosterone injection. (E) Time course of
insulin levels in blood plasma in sham and corticosterone pellet implanted mice (not fasted); mean +/- SEM; n = 6; unpaired t test, *p
< 0.05, **p < 0.01, ****p < 0.0001. (F) Blood glucose levels in sham and corticosterone pellet implanted mice (not fasted) 14 days after
pellet implantation; mean +/- SEM; n = 9; unpaired t test, **p < 0.01.
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Fig. 6: Flattening of corticosterone oscillations results in gene expression alterations in vWAT of genes involved in
glycolysis, lipid metabolism and circadian rhythms. (A) Principal component analysis of vWAT samples from corticosterone
and sham pellet implanted mice obtained at 3, 7, and 14 days after pellet implantation. (B-G) Comparison of the vWAT
transcriptomes of corticosterone and sham pellet implanted mice. (B-C) Glycolytic genes are highlighted in green. (D-E) Selected
genes relevant for lipid metabolism are highlighted in green, orange, purple, and pink. (F-G) Selected genes involved in circadian
rhythm are highlighted in green. See also Figure 6-figure supplements 1 and 2 and Figure 6-table supplements 1-3.
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Fig. 7: Flattened corticosterone oscillations in BAT result in altered gene expression of thermogenic genes as well
as genes involved in oxidative phosphorylation. (A) Principal component analysis of BAT samples of corticosterone
and sham pellet implanted mice 3, 7, and 14 days after pellet implantation. (B) Volcano Plot of all transcripts analyzed
comparing BAT of corticosterone and sham pellet implanted mice. Genes related to thermogenesis and oxidative
phophorylation (names and log 2 fold changes displayed in figure 7C) are highlighted. (C) Log 2 fold differences of selected
thermogenic genes and genes involved in oxidative phosphorylation in BAT of corticosterone and sham pellet implanted
mice. See also Figure 7-figure supplements 1 and 2 and Figure 7-table supplements 1 and 2.
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Fig. 8: Transcriptomic analysis of BAT and vWAT upon flattening of corticosterone oscillations reveals similar gene
expression alterations of genes involved in lipid turnover. (A/B) Venn diagram showing overlap of genes differently expressed
in BAT and vWAT upon flattening of corticosterone oscillations. (C) Correlation of log2 fold changes between the vWAT and BAT
transcriptomes upon flattening of corticosterone oscillations. (D) GO terms positively correlated in WAT and BAT. GO terms related
to lipid metabolism are highlighted. (E) Log 2 fold changes of selected genes involved in lipid metabolism and circadian rhythms
comparing vWAT and BAT upon flattening of corticosterone oscillations.
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Fig. 9: Cd36ko partially protects against fat gain due to flattening of corticosterone oscillations. (A) mRNA expression for Cd36
measured by qPCR in vWAT and BAT of sham and corticosterone pellet implanted mice 3 and 14 days after implantation. Gene
expression data was normalized to the expression of Tbp and is presented as mean ± SEM (n = 3-4). Unpaired t test, *p < 0.05, **p <
0.01, ***p < 0.001, ns = not significant. Control group are mice at start of experiment (day 0). (B) Time course showing body weight gain
of wild type and Cd36ko mice implanted with corticosterone pellets compared to mice implanted with sham pellets. n = 10-12, mean ±
SEM. Unpaired t test (red asterisk: WT + sham pellet versus Cd36ko + sham pellet; blue asterisk: WT + corticosterone pellet versus
Cd36ko + corticosterone pellet; black asterisk: sham versus corticosterone pellet), *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. (C)
Weight of epididymal (visceral) fat depots 21 days after pellet implantation, n = 5-12, mean ± SD. Unpaired t test, *p < 0.05, ****p < 0.0001.
(D) H&E staining of vWAT 21 days after pellet implantation. One representative staining is shown (n = 3-5). Scale bars 50µm. (E)
Frequency distribution of mean adipocyte area in vWAT as analyzed using Adiposoft (mean + SEM; n=3-5, 25 images per mouse (20x)).
(F) Weight of inguinal (subcutaneous) fat depots 21 days after pellet implantation, n = 5-12, mean ± SD. Unpaired t test, ****p < 0.0001.
(G) H&E staining of sWAT 21 days after pellet implantation. One representative staining is shown (n = 4-5). Scale bars 50µm. (H)
Frequency distribution of mean adipocyte area in sWAT as analyzed using Adiposoft (mean + SEM; n=4-5, 25 images per mouse (20x)).
(I) Weight of BAT 21 days after pellet implantation, n = 5-12, mean ± SD. Unpaired t test, *p < 0.05, ***p < 0.001, ****p < 0.0001. (J) H&E
staining of BAT 21 days after pellet implantation. One representative staining is shown (n = 4-5). Scale bars 50µm. (K) Frequency
distribution of mean adipocyte area in BAT as analyzed using Adiposoft (mean + SEM; n=4-5, 25 images per mouse (20x)). See also
Figure 9-figure supplement 1.

