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A B S T R A C T

Objective: Endogenous glucocorticoid levels display a strong circadian rhythm, which is often not considered
when synthetic glucocorticoids are prescribed as anti-inflammatory drugs. In this study we evaluated the effect
timing of glucocorticoid administration, i.e. in-phase (administered when endogenous glucocorticoid levels are
high) versus out-of-phase (administered when endogenous glucocorticoid levels are low). We investigated the
synthetic glucocorticoid betamethasone – which is extensively used in the clinic - and monitored the develop-
ment of common metabolic side effects in mice upon prolonged treatment, with a particular focus on glucose
metabolism.
Methods:Male and female C57BL/6J mice were treated with the synthetic glucocorticoid betamethasone in-phase
and out-of-phase, and the development of metabolic side effects was monitored.
Results:We observed that, compared with in-phase treatment, out-of-phase treatment with betamethasone results
in hyperinsulinemia in both male and female C57BL/6J mice. We additionally found that out-of-phase beta-
methasone treatment strongly reduced insulin sensitivity as compared to in-phase administration during morning
measurements. Our study shows that the adverse effects of betamethasone are dependent on the time of treat-
ment with generally less side effects on glucose metabolism with in-phase treatment.
Conclusions: This study highlights differences in glucocorticoid outcome based on the time of measurement,
advocating that potential circadian variation should be taken into account when studying glucocorticoid biology.

1. Introduction

Glucocorticoids play a crucial role in various physiological processes
in the body, including glucose metabolism, immune responses, and the
stress response [1–3]. Endogenous glucocorticoid secretion is regulated
by the hypothalamic-pituitary-adrenal (HPA) axis, and this hormonal
axis is tightly regulated by negative feedback on the level of the pituitary
and hypothalamus [4]. The HPA axis is aligned with the light-dark cycle
through signals originating from the suprachiasmatic nucleus, which is
known as the central pacemaker of the circadian timing system [2,5].
This ensures that endogenous glucocorticoid levels are highest in
preparation for the body's daily activities [6]. In humans the peak in
cortisol is in the early morning and levels gradually decrease during the
active period of the day. As mice are nocturnal animals the glucocorti-
coid rhythm is reversed with a peak in corticosterone levels at the
beginning of the active dark-phase. The circadian rhythm in

glucocorticoids appears to be critical for various aspects of lipid and
glucose metabolism [7,8] by mediating metabolic activity of several
tissues including adipose tissue [9,10], the liver [11] and skeletal muscle
[12,13].

Synthetic glucocorticoids are commonly prescribed for anti-
inflammatory diseases [14]. It is known that its long term and/or
excessive use is associated with pronounced metabolic side effects
including osteoporosis, muscle atrophy and altered glucose metabolism
[15–19]. Betamethasone is an extensively used synthetic glucocorticoid,
with high selectivity for its therapeutic target, the glucocorticoid re-
ceptor [20]. Earlier, we evaluated its effects on skeletal muscle [21]. In
this study, we evaluated how the timing of betamethasone treatment
influences its adverse effects in mice, with a particular focus on glucose
metabolism. We found that out-of-phase treatment with betamethasone,
when endogenous glucocorticoid levels are low, generally results in
more severe adverse effects on glucose metabolism compared to in-
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phase treatment, when endogenous glucocorticoid levels are high. We
also found that these effects are largely similar between male and female
mice after prolonged betamethasone treatment.

2. Methods

2.1. Animals

Animal experiments were approved by the institutional ethics com-
mittee of Leiden University Medical Center and executed under a license
granted by the central authority for scientific procedures on animals
(CCD), in accordance with the Dutch Act on Animal Experimentation
and EU Directive 2010/63/EU. Eight to ten week-old male and female
C57BL/6J mice were obtained from Charles River Laboratories and
group housed in conventional cages. Mice were on a 12-hour light/12-
hour dark cycle with clock time 07h00 as lights-on, and 19h00 as
lights-off. Mice had ad libitum access to water and RM3 chow diet
(Special Diet Services, Essex, UK), unless otherwise specified. We eval-
uated the effects of treatment timing with betamethasone in two sepa-
rate experiments, in which we compared out-of-phase with in-phase
betamethasone treatment.

In experiment 1, we investigated the effect of out-of-phase versus in-
phase betamethasone treatment on the development of glucocorticoid-
associated side effects in male (N = 18 in total) and female mice (N =

18 in total). Mice were intraperitoneally injected with PBS (vehicle, 100
μl) at zeitgeber time (ZT)-2, with 3.0mg/kg betamethasone (dissolved in
PBS in a volume of 100 μl) at ZT2 (‘out-of-phase’) or with 3.0 mg/kg
betamethasone at ZT10 (‘in-phase’) by daily injections for a total of 30
days (N = 6 mice per group per sex). The dosage of betamethasone was
based on a previous study [21].

In experiment 2, we focused on the effect of betamethasone treat-
ment timing on glucose metabolism in male mice (N = 48). Mice were
intraperitoneally injected with PBS (vehicle) at ZT2, with 3.0 mg/kg/
day betamethasone at ZT2 (‘out-of-phase’), with PBS (vehicle) at ZT10
or with 3.0 mg/kg/day betamethasone at ZT10 (‘in-phase’) for a total of
14 days. We included two parallel cohorts of mice to perform functional
measurements at two different timepoints (N = 6 mice per treatment
group for morning-afternoon measurements between ZT2–7 and N = 6
mice per treatment group for evening measurements between ZT8–15.
The exact time range of the functional measurements including body
mass and composition, grip strength, glucose tolerance, insulin toler-
ance and lipid/glucose uptake is detailed below and summarized in
Table 1).

2.2. Body mass and body composition measurement

In experiment 1, body mass and composition (lean and fat mass)
were determined weekly at ZT3 by using an EchoMRI-100 analyzer
(EchoMRI, Houston, TX, USA). In experiment 2, body mass and
composition were evaluated weekly at ZT3 for the morning measure-
ment and ZT11 for the evening measurement.

2.3. Grip strength test

In experiment 1, grip strength was measured at ZT4. In experiment 2,
grip strength was measured weekly at ZT4 for morning measurements
and at ZT12 for evening measurements.

2.4. Oral glucose tolerance test

In experiment 2, mice were fasted for 6 h from ZT1-7 (morning
measurement) or from ZT9-15 (evening measurement) on day 11 to
perform an oral glucose tolerance test (OGTT) at ZT7-9 and ZT15-17,
respectively. Blood glucose was measured with an Accu-Chek gluc-
ometer (Roche) in blood collected from the tail vein at t = 0 and sub-
sequently 2 g/kg of glucose was administered via oral gavage and blood
glucose was measured at t = 15, 30, 60, 120 min. Data is shown as ab-
solute glucose values, as absolute change from baseline (incremental),
and as fold change from the t = 0 value (normalized).

2.5. Insulin tolerance test

In experiment 2, mice were fasted for 6 h from ZT1-7 (morning
measurement) or from ZT9-15 (evening measurement) on day 14 to
perform an insulin tolerance test (ITT) at respectively ZT7-9 and ZT15-
17. Blood glucose was measured using an Accu-Chek glucometer
(Roche) at t = 0 and mice were subsequently intraperitoneally injected
with 0.75 U/kg human insulin (Sigma I9278) and blood glucose levels
were measured at t = 15, 30, 60, 120 min. Mice that became hypogly-
cemic after insulin injection were rescued by an intraperitoneal injection
with 300 μl 10 % glucose solution, and glucose levels of these mice were
recorded as the lower limit of 2 mM for the rest of ITT measurement.
Data is shown as absolute glucose values and as fold change from the t =
0 value (normalized).

2.6. Plasma biochemistry

In experiment 1 mice were fasted for 6 h on day 14 and 30 from ZT1-
7 and in experiment 2 mice were fasted for 6 h on day 14 from ZT1-7
(morning measurements) or ZT9-15 (evening measurements). After
fasting, blood was collected in heparin-coated capillaries from the tail
vein via a small nick and blood was centrifuged 8000 RMP for 5 min to
isolate plasma for biochemistry analysis including insulin (Crystal
Chem), glucose, triglycerides, cholesterol (colorimetric kits from Roche
Diagnostics) and C-peptide (Crystal Chem Catalog #90050). Heart
puncture blood was collected in EDTA-coated tubes directly after
euthanasia to isolate plasma for measurements of P1NP (Immunodiag-
nostic Systems) and osteocalcin (Abcam).

2.7. Organ uptake of radiolabeled triglyceride-derived fatty acids and
deoxy-glucose

In experiment 2, mice were fasted for 6 h from ZT1-7 (morning
measurements) or ZT9-15 (evening measurements). An experiment was
performed to evaluate the tissue uptake of [3H]oleate derived from
glycerol [3H]oleate-labeled lipoprotein-like emulsion particles (average
size 80 nm) and [14C]deoxy-glucose [22], after intravenous injection
into the tail vein (in 200 μl PBS per mouse). Mice were euthanized after
15min using CO2 asphyxiation and perfused with ice-cold PBS for 5 min.
Various tissues were collected and the tissue pieces (max. 50 mg) were
dissolved in 500 μl Solvable (Perkin Elmer) overnight at 56 ◦C. 3H and
14C activity were measured using scintillation counting solution (Ultima
Gold XR, Perkin Elmer).

2.8. Gene expression analysis

Total RNA was extracted from snap-frozen tissues using Tripure RNA
isolation reagent (Roche). Complementary DNA was generated using M-

Table 1
Timepoints of functional measurements.

Measurement Time since last treatment
(h)

Morning Evening Morning Evening

Body weight and composition ZT3 ZT11 1 & 16 9 & 3
Grip Strength ZT4 ZT12 2 & 16 10 & 2
OGTT ZT7-9 ZT15-17 5 & 21 14 & 5
ITT ZT7-9 ZT15-17 5 & 21 14 & 5
Plasma biochemistry ZT7 ZT15 5 & 21 14 & 5
Organ uptake ZT7-9 ZT15-17 5 & 21 14 & 5
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MLV reverse-transcriptase (Promega). Quantitative reverse
transcriptase-PCR was performed on a CFX96 PCR machine (Bio-Rad,
Veenendaal, the Netherlands), and expression levels were normalized to
the housekeeping gene Gapdh. Primer sequences: Atrogin-1 Fwd:
TTCAGCAGCCTGAACTACGA; Rev.: GGATGGCAGTCGAGAAGTCC;
Gapdh Fwd: GGGGCTGGCATTGCTCTCAA; Rev.: TTGCTCAGTGTCC
TTGCTGGGG; G6pc Fwd: CTTAAAGAGACTGTGGGCATCAA; Rev.: AT
TACGGGCGTTGTCCAAAC; Hk2 Fwd: GATCGCCGGATTGGAACAGA;
Rev.: GTCTAGCTGCTTAGCGTCCC; MurF-1 Fwd: TGTGCAAGGAACA-
GAAGAC; Rev.: CCAGCATGGAGATGCAGTTA; Pepck Fwd: ATCTTTGGT
GGCCGTAGACCT; Rev.: GCCAGTGGGCCAGGTATTT; Slc2a4 Fwd:
GGCTCTGACGTAAGGATGGG; Rev.: AAACTGAAGGGAGCCAAGCA.

2.9. Statistical analysis

Statistical analyses were performed with SPSS (version 27) and
GraphPad Prism version 10.0.3. ANOVA with Turkey multi-comparison
was used according to number of variables i.e. including 1-way ANOVA
for one variable and 2-way ANOVA for two variables. 2-way ANOVA
interaction terms are shown in Supplementary Table 1. All data are
presented as means ± SEM.

3. Results

3.1. Out-of-phase and in-phase betamethasone treatment similarly
restrain gain of body weight and lean mass in both male and female mice

We evaluated the metabolic effects of out-of-phase (ZT2) versus in-
phase (ZT10) treatment with the synthetic glucocorticoid betametha-
sone by daily intraperitoneal injection of male and female C57BL/6J

mice with 3.0 mg/kg betamethasone for 30 consecutive days. We found
that both ZT2 and ZT10 betamethasone treatment similarly attenuated
the gain in body weight and lean mass in both male and female mice
(Fig. 1A-F, Supplementary Fig. 1). Total fat mass was not significantly
altered in male nor female mice upon ZT2 and ZT10 betamethasone
treatment (Fig. 1D and F). When evaluating the wet weight of tissues, we
did not observe any significant effect of ZT2 or ZT10 betamethasone
treatment on the total weight of the liver, gonadal white adipose tissue
weight (gWAT) or interscapular brown adipose tissue (iBAT) weight in
either sex (Supplementary Fig. 2A-F).

3.2. Out-of-phase betamethasone treatment increases plasma insulin
levels in both male and female mice

To evaluate the effect of timing of betamethasone administration on
glucose metabolism, we measured plasma insulin and glucose levels
after a 6 h fast from ZT1-7, during which the ZT2 treatment was given.
Daily betamethasone administration at ZT2 (out-of-phase) but not at
ZT10 (in-phase) significantly increased plasma insulin levels in male and
female mice at day 14, while plasma glucose was significantly lowered
in male but not female mice upon ZT2 betamethasone treatment
(Fig. 2A-D). The effect of ZT2 betamethasone administration on plasma
insulin was slightly less pronounced after 30 days of treatment, although
still significantly elevated in female mice (Supplementary Fig. 3A-D).
Wemeasured C-peptide levels as a readout for pancreatic insulin release,
which were elevated upon ZT2 treatment in both male and female mice
(Fig. 2E and G). C-peptide levels mirrored the effects on insulin in both
male and female mice and both at 14 and 30 days, with the exception of
ZT10 betamethasone treatment in female mice at day 30 (Supplemen-
tary Fig. 3E and G). Consistent with the elevated insulin levels, ZT2 but
not ZT10 betamethasone treatment resulted in a higher HOMA-IR in
male and female mice at day 14 (Fig. 2F and H) and in female mice at
day 30 (Supplementary Fig. 3F and H). To investigate how morning
betamethasone administration causes hyperinsulinemia, we measured
expression levels in tissues collected at ZT3–5 of genes involved in
glucose metabolism including Pepck and G6pc in liver and Hk2 and
Slc2a4 (encoding Glut4) in skeletal muscle. Neither ZT2 nor ZT10
betamethasone treatment affected the expression of these genes in either
male or female mice (Supplementary Fig. 4A-H). We additionally
measured markers for other synthetic glucocorticoid-related side effects.
With regard to lipid metabolism, we did not observe changes in plasma
triglyceride or total cholesterol levels after a 6 h fast from ZT1-7 on day
14 (Supplementary Fig. 5A-D). Similarly, we did not observe any effects
of ZT2 or ZT10 betamethasone treatment on bone turnover markers
P1NP and osteocalcin on day 30 (Supplementary Fig. 5E-H). Daily
treatment with betamethasone at ZT2 or ZT10 also did not influence the
weight of the triceps, gastrocnemius, soleus and tibialis anterior (TA)
muscles at day 30, and we did not observe any major effects on forelimb
grip strength and muscle atrophy-related genes Atrogin-1 and Murf-1 in
gastrocnemius and triceps muscle (Supplementary Fig. 6A-R). Alto-
gether we show that out-of-phase treatment with 3.0 mg/kg betame-
thasone at ZT2 markedly influences glucose metabolism but no other
markers for glucocorticoid-associated side effects.

3.3. Out-of-phase and in-phase betamethasone treatment similarly
restrain total body weight and lean mass gain independent on time of
measurement

In a subsequent experiment we further focused on the effects of out-
of-phase (ZT2) and in-phase (ZT10) treatment with betamethasone on
glucose metabolism. We investigated a 14 day treatment regimen in two
parallel cohorts to be able to perform functional measurements on two
different times (morning measurement and evening measurement;
Table 1). This was done in order to establish if effects of betamethasone
treatment are dependent on time of measurement. In line with our
previous experiment, we found that both ZT2 and ZT10 betamethasone

Fig. 1. Out-of-phase and in-phase betamethasone treatment similarly attenuate
total body weight and lean mass gain in male and female mice. The effect of
treatment with 3.0 mg/kg betamethasone out-of-phase (ZT2) and in-phase
(ZT10) on (A) delta body weight (BW), (B) delta lean mass (LM) and (C)
delta fat mass (FM) in male mice; and (D) delta BW, (E) delta LM and (F) delta
FM in female mice. N = 6 mice/group. *p < 0.05, **p < 0.01, ***p < 0.001.
Statistical significance was calculated using a one-way ANOVA.
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treatment similarly attenuated total body weight gain and reduced lean
mass, and we observed that these effects were independent of the time of
measurement (Fig. 3A-F, Supplementary Fig. 7). On fat mass we did not
observe significant effects in the morning measurement while we found
minor effects of betamethasone treatment in the evening measurement
(Fig. 3C and F, Supplementary Fig. 7). In both morning and evening
measurements, we did not observe any effect of ZT2 or ZT10 betame-
thasone treatment on the wet weight of the liver, gWAT, subcutaneous
white adipose tissue (sWAT) and iBAT (Supplementary Fig. 8A-H).
Consistent with our previous experiment, treatment with betametha-
sone at ZT2 or ZT10 did not alter forelimb grip strength during either
morning or evening measurement (Supplementary Fig. 8I-J).

3.4. Out-of-phase and in-phase betamethasone treatment differentially
influence insulin sensitivity, which is dependent on time of measurement

To further investigate effects on glucose metabolism, we performed
an OGTT at day 11. The absolute glucose levels and corresponding area
under the curve (AUC) are shown in Supplementary Fig. 9A-D. When
evaluating incremental and normalized glucose levels, we observed a
nonsignificant increase in glucose and the total glucose exposure (AUC)
upon ZT2 betamethasone treatment in the morning measurement
(Fig. 4A-B, Supplementary Fig. 9E-F). These measures were strongly
dependent on time of measurement, as evening OGTT measurement
showed a sharp reduction in total glucose exposure with betamethasone
treatment independent of the time of administration (Fig. 4C-D, Sup-
plementary Fig. 9G-H). On day 14, we performed an ITT for which the
absolute glucose levels and corresponding AUC are shown in Supple-
mentary Fig. 9I-L. After insulin injection, we observed that ZT2 and
ZT10 vehicle-treated mice were highly insulin sensitive, with declining
blood glucose levels during both morning and evening measurements

(Fig. 4E-H, Supplementary Fig. 9I-L). In sharp contrast, ZT2 betame-
thasone treatment completely abolished insulin sensitivity in the
morning, with no meaningful reduction in blood glucose during the
morning ITT measurement, while ZT10 treatment only modestly
reduced insulin sensitivity (Fig. 4E-F). During the evening ITT mea-
surement, both ZT2 and ZT10 betamethasone similarly diminished in-
sulin sensitivity (Fig. 4G-H). On day 15, we evaluated plasma
biochemistry after a 6 h fast and found that ZT2 betamethasone treat-
ment reduced plasma glucose in both morning and evening measure-
ments while ZT10 administration only influenced evening glucose levels
(Supplementary Fig. 10A-B). We observed a modest and nonsignificant
increase in plasma insulin upon ZT2 betamethasone administration in
the morning measurement with no effects in the evening measurements
(Supplementary Fig. 10C-D).

3.5. Out-of-phase and in-phase betamethasone treatment similarly
increase deoxyglucose uptake in the liver and gWAT but differentially
affect sWAT and iBAT

To investigate whether the timing of betamethasone treatment in-
fluences lipid and glucose uptake we intravenously injected triglyceride-
rich lipoprotein-like emulsion particles labeled with glycerol tri[3H]
oleate, and [14C]deoxyglucose added to the emulsion. We observed that
both ZT2 and ZT10 betamethasone treatment enhanced the uptake of
triglyceride-derived fatty acids and [14C]deoxyglucose by liver and
gWAT specifically in the evening measurement, potentially explaining
the rapid reduction in blood glucose during the OGTT at this timepoint
(Fig. 5A-D; Supplementary Fig. 11A-D). We did not observe significant
effects in the uptake of triglyceride-derived fatty acids and [14C]deox-
yglucose by liver and gWAT in the morning measurement (Fig. 5A-D;
Supplementary Fig. 11A-D). In sWAT, we found both ZT2 and ZT10

Fig. 2. Out-of-phase but not in-phase betamethasone treatment increases plasma insulin levels in both male and female mice. Plasma biochemistry measured at ZT7
upon treatment with 3.0 mg/kg betamethasone out-of-phase (ZT2) and in-phase (ZT10) after a 6 h fast on day 14. (A) Insulin and (B) glucose in male mice, (C) insulin
and (D) glucose in female mice, (E) plasma c-peptide and (F) HOMA-IR in male mice, (G) plasma c-peptide, and (H) HOMA-IR in female mice. N = 6 mice/group. *p
< 0.05, **p < 0.01, ***p < 0.001. Statistical significance was calculated using a one-way ANOVA.
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betamethasone treatment reduced [14C]deoxyglucose uptake in the
morning, while only ZT10 treatment reduced [14C]deoxyglucose uptake
in the evening measurement (Fig. 5E-F). We did not observe any effects
of ZT2 or ZT10 betamethasone treatment on [3H]oleate updateby sWAT
(Supplementary Fig. 11E-F). In iBAT, we observed treatment timing-
specific effects, as ZT10 treatment increased [14C]deoxyglucose uptake
in the morning measurement while ZT2 treatment decreased this in the
evening measurement (Fig. 5G-H). ZT10 betamethasone treatment also
reduced triglyceride-derived fatty acid uptake in iBAT in the evening
measurement but not in the morning measurement (Supplementary
Fig. 11G-H).

4. Discussion

Synthetic glucocorticoid treatment is widely used in the clinic for a
range of applications including inflammatory diseases and autoimmune
diseases and as an antiemetic during cancer chemotherapy. In our study
we found that out-of-phase treatment with the synthetic glucocorticoid
betamethasone causes a clear disturbance of glucose metabolism, while
the effects of in-phase betamethasone treatment are less pronounced.

The effects of glucocorticoids are influenced by time of day. It is
known that the endogenous steroids cortisol and corticosterone exhibit a
strong diurnal rhythm and glucocorticoid replacement treatment for
adrenal insufficiency often intends to mimic this circadian fluctuation in
glucocorticoid exposure. Evening treatment (in rodents) is thus aligned
with the circadian rhythm of endogenous glucocorticoids [23,24], and
this might lead to fewer side effects [25,26]. Many treatment regimens
do not necessarily take circadian variation in glucocorticoid levels into

account and are typically only given at one time of the day, albeit more
often in the morning during the endogenous glucocorticoid peak. For
example in rheumatoid arthritis symptoms like stiffness and pain are
more severe in the morning and glucocorticoid is therefore administered
during this period [27,28]. It is however unclear if the side effects that
develop as a consequence of glucocorticoid therapy are also dependent
on timing. We therefore compared the effect of time of treatment with
the potent synthetic glucocorticoid betamethasone to evaluate how this
influences various side effects, with a particular focus on glucose
metabolism.

We first evaluated timing effects of betamethasone with a particular
focus on potential sex differences in glucocorticoid effects, given the
different responses between males and females previously reported by
others and ourselves [21,29–31]. We compared ‘out-of-phase’ betame-
thasone treatment at ZT2 (during the endogenous corticosterone trough
in mice) with ‘in-phase’ treatment at ZT10 (during the endogenous
corticosterone peak in mice). Despite baseline differences between male
and female mice in total body weight and lean mass, the reduction in
body weight gain and lean mass in response to ZT2 and ZT10 betame-
thasone treatment was largely similar between sexes. We did not find
effects of either ZT2 or ZT10 betamethasone treatment on many other
known glucocorticoid-associated side effects, including muscle function,
adiposity, lipid metabolism and bone turnover. This is not fully consis-
tent with a previous study in which 3.0 mg/kg daily betamethasone ‘in-
phase’ (ZT9) resulted in modest effects on body composition and muscle
function [21]. It is also worthwhile to note that in the current experi-
ment we only observed modest sex differences in glucocorticoid
response, while other studies show more pronounced sex differences in
response to excess corticosterone [29,31].

A significant effect on fasted plasma insulin levels was observed after
14 days of ZT2 betamethasone treatment in both sexes albeit more
pronounced in male as compared to female mice. This hyperinsulinemia
was explained by enhanced pancreatic insulin release as evidenced by
elevated C-peptide levels. Given the robust effects on plasma insulin
(release) in this study, our second experiment was designed to study
glucose metabolism specifically. The effects of ZT2 and ZT10 betame-
thasone on total body weight and fat mass were consistent with the
previous experiment and with literature [32,33], and the effects were
independent on the time of measurement (morning vs evening mea-
surement; Table 1). We included three functional tests to measure
glucose metabolism, namely an OGTT, an ITT and the uptake of radio-
labeled deoxy-glucose. For the OGTT, the effects of betamethasone were
highly dependent on the time of measurement, with a possible increase
in glucose excursion the morning after ZT2 betamethasone treatment,
but with a very steep decrease in glucose excursion upon ZT2 and ZT10
betamethasone treatment. This reduction during the evening is poten-
tially explained by betamethasone-induced uptake of deoxy-glucose by
liver and gWAT. It is worthwhile to note that there were baseline dif-
ferences in blood glucose between morning and evening measurements
in vehicle-treated mice, skewing incremental glucose values. We
observed decreased plasma glucose after 14 days of ZT2 betamethasone
treatment, which is counterintuitive but suggests that these mice are in
transition towards overt insulin resistance and are still partially
responsive to (increased) insulin.

It is known that glucocorticoids influence pancreas β-cell function
and insulin secretion [34], and we therefore performed an ITT in the
morning and evening [35,36] and again observed differences between
time of measurements. During the morning measurement, we found that
betamethasone markedly decreased insulin sensitivity but that this ef-
fect was much more pronounced upon ZT2 treatment compared to ZT10
treatment. During the evening measurement we found that betametha-
sone treatment strongly decreased insulin sensitivity independent of
timing of treatment. In the second experiment the effect of ZT2 beta-
methasone treatment on fasted insulin was much less pronounced as
compared to the previous experiment, but it has to be noted that these
results may be confounded by the ITT test that was performed shortly

Fig. 3. Out-of-phase and in-phase betamethasone treatment similarly attenuate
total body weight and lean mass gain independent on time of measurement. The
effect of treatment with 3.0 mg/kg betamethasone out-of-phase (ZT2) and in-
phase (ZT10) on (A) delta body weight (BW), (B) delta lean mass (LM) and
(C) delta fat mass (FM) in male mice during the morning measurement. (D)
Delta BW, (E) delta LM and (F) delta FM during evening measurement. N = 6
mice/group. ***p < 0.001. Statistical significance was calculated using a one-
way ANOVA.
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Fig. 4. Out-of-phase betamethasone treatment impairs glucose tolerance and insulin sensitivity which is dependent on time of measurement. The effect of treatment
with 3.0 mg/kg betamethasone out-of-phase (ZT2) and in-phase (ZT10) on glucose metabolism in male mice. (A) Incremental glucose levels during an oral glucose
tolerance test (OGTT) in the morning (ZT7–9) and (B) area under the curve (AUC), and (C) during an OGTT in the evening (ZT15–17) and (D) AUC. (E) Normalized
glucose levels during an insulin tolerance test (ITT) in the morning (ZT7–9) and (F) AUC, and (G) during an ITT in the evening (ZT15–17), and (H) AUC. N = 6 mice/
group. *** and ^^^ p < 0.001 vs. respective vehicle groups. Statistical significance was calculated using a two-way ANOVA.
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before blood collection for plasma biochemistry measurements. When
evaluating deoxy-glucose uptake by different tissues we again found
differences between time of measurement, e.g. with an increase of
glucose uptake in the liver and gWAT during the evening but not
morning measurement. For brown adipose tissue we found an increase
upon ZT10 betamethasone in the morning and a decrease in glucose
uptake upon ZT2 treatment measured during the evening. Taken all
those findings together, we can conclude the effect of glucocorticoid
treatment on glucose metabolism is dynamic and that outcome differs
throughout the time of day.

One limitation of our study is that time of measurements was not
symmetric for all functional measurements, with different time between
ZT2 and ZT10 betamethasone treatment and functional measurements
(Table 1). We expect that this may influence some of the analyses,
although the OGTT, ITT and organ uptake study were all performed with
comparable time after ZT2 treatment until morning measurement and
ZT10 treatment until evening measurement. It is reassuring that some of
the timed glucocorticoid effects like the effect of ZT2 betamethasone
treatment on insulin sensitivity during the ITT were observed during
both the morning and evening test, excluding that the time since last
treatment is a confounding factor for this readout. The glucocorticoid
effects that we observed may be mediated via disturbance endogenous
glucocorticoid levels as well as overexposure to synthetic glucocorti-
coids [37,38]. Our study setup does not allow us to dissect the exact
contribution, but both scenarios share the aspect of GR activation at the
wrong time of day. Finally, it should be noted that species differences (e.
g. between rodents and humans) exist for glucocorticoids, so it is unclear
to what extent these findings translate to humans [39].

In addition to glucose metabolism, we also measured other possible
glucocorticoid-associated side effects. We did not observe strong effects
on muscle mass or function, besides a transient reduction of muscle
strength in female mice. We previously found that female mice were
more sensitive to betamethasone-induced muscle dysfunction after 14
days of treatment [21], but we did not observe strong effects in this
study (up to 30 days). We also monitored markers for glucocorticoid-
induced osteoporosis [40], including plasma osteocalcin and P1NP,
but these were not significantly influenced by neither ZT2 nor ZT10
betamethasone treatment in both male and female mice. Hyper-
insulinemia can be caused by different processes in various tissues
[41–43]. We could not attribute the effects of betamethasone on one
tissue per se, as we did not find transcriptional changes in the liver and
skeletal muscle. It is noted that we performed expression analysis after
30 days and that the effect on plasma insulin was attenuated as
compared to after 14 days of treatment.

In summary, our study compared the effects of morning and evening
daily betamethasone treatment on the development of glucocorticoid-
associated side effects. Even if the magnitude of side effects in our
study was overall modest, we found that out-of-phase betamethasone
administration generally caused more adverse effects on glucose meta-
bolism. Given the differences we observed between different times of
measurement we urge the importance to carefully consider the time of
measurements in studies focusing on glucocorticoid-induced side ef-
fects, at least in relation to glucose metabolism.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.lfs.2024.123080.

(caption on next column)

Fig. 5. Out-of-phase and in-phase betamethasone treatment similarly increase
deoxyglucose uptake in the liver and gWAT but differentially affect sWAT and
iBAT. The effect of treatment with 3.0 mg/kg betamethasone out-of-phase
(ZT2) and in-phase (ZT10) on [14C]deoxyglucose uptake in (A-B) liver, (C-D)
gonadal white adipose tissue (gWAT), (E-F) subcutaneous white adipose tissue
(sWAT) and (G-H) interscapular brown adipose tissue (iBAT) in the morning
(ZT7–9) and evening (ZT15–17) after a 6 h fast. N = 6 mice/group. *p < 0.05.
Statistical significance was calculated using a two-way ANOVA. (For interpre-
tation of the references to colour in this figure legend, the reader is referred to
the web version of this article.)
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