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Abstract

Brain and muscle ARNT-like 1 (BMAL1) is a core circadian clock protein and transcription factor that regulates many
physiological functions, including blood pressure (BP). Male global Bmal1 knockout (KO) mice exhibit ∼10 mmHg reduction
in BP, as well as a blunting of BP rhythm. The mechanisms of how BMAL1 regulates BP remains unclear. The adrenal gland
synthesizes hormones, including glucocorticoids and mineralocorticoids, that influence BP rhythm. To determine the role
of adrenal BMAL1 on BP regulation, adrenal-specific Bmal1 (ASCre/+::Bmal1) KO mice were generated using aldosterone
synthase Cre recombinase to KO Bmal1 in the adrenal gland zona glomerulosa. We confirmed the localization and efficacy
of the KO of BMAL1 to the zona glomerulosa. Male ASCre/+::Bmal1 KO mice displayed a shortened BP and activity
period/circadian cycle (typically 24 h) by ∼1 h and delayed peak of BP and activity by ∼2 and 3 h, respectively, compared with
littermate Cre- control mice. This difference was only evident when KO mice were in metabolic cages, which acted as a
stressor, as serum corticosterone was increased in metabolic cages compared with home cages. ASCre/+::Bmal1 KO mice also
displayed altered diurnal variation in serum corticosterone. Furthermore, these mice have altered eating behaviors where
they have a blunted night/day ratio of food intake, but no change in overall food consumed compared with controls. Overall,
these data suggest that adrenal BMAL1 has a role in the regulation of BP rhythm and eating behaviors.
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Introduction

Blood pressure (BP) exhibits a circadian rhythm, characterized
by a morning surge on waking and a 10%–20% decline or dip
in pressure during the rest period. Loss of this rhythm is asso-
ciated with adverse cardiorenal outcomes.1 Furthermore, circa-
dian disruption, defined as misalignment between endogenous
circadian rhythms and behavioral rhythms, can be experienced
by individuals undergoing shiftwork, or chronic jet lag. This mis-
alignment is also associated with worsened health outcomes,
including hypertension.2,3 Importantly, a delay or advance of
just one hour is associated with increased adverse cardiovascu-
lar events as well as increased traffic accidents,4,5 underscoring
the critical role of precise timing in maintaining health. Under-
standing the molecular mechanisms of how these rhythms are
regulated and its implications for health is needed as hyper-
tension is the leading modifiable risk factor for all-cause mor-
tality.6,7 With humans and mice having comparable rhythms,
albeit inverted due to diurnal and nocturnal behaviors, respec-
tively,8 mouse models are useful tools to study the mechanisms
by which circadian rhythms contribute to the regulation of phys-
iological function.

Circadian rhythms are regulated in part by the central cir-
cadian clock, which resides in the suprachiasmatic nucleus
(SCN) of the hypothalamus, and peripheral clocks throughout
the body. It is widely accepted that the central clock is entrained
by light cues, and acts as a pacemaker to synchronize peripheral
clocks. More recently, timing of food intake has been shown to
be an important zeitgeber (external timing cue) for synchroniza-
tion of peripheral clocks.9–12 At the molecular level, the circadian
clock is present in nearly every cell type and consists of a series
of transcriptional, translational, and post-translational feedback
loops, for more details see.13 More simply, at the core of the clock
mechanism, four transcription factor proteins, Brain and mus-
cle aryl hydrocarbon receptor nuclear translocator (ARNT)-like
protein (BMAL1), CLOCK, Cryptochrome (CRY), and Period (PER),
function to regulate gene expression in a tissue-specific man-
ner. BMAL1 and CLOCK are part of the positive arm of the clock
machinery, which form a heterodimer and bind to enhancer box
(E-Box) promoter response elements to enhance the transcrip-
tion of target genes. Target genes include Cry and Per, which
encode the proteins CRY and PER that act in the negative arm
to inhibit the actions of BMAL1 and CLOCK.14,15

Our laboratory and others have utilized mouse models
knocking out BMAL1 to explore the role of BMAL1 in BP reg-
ulation. Curtis et al. showed that global Bmal1 knockout (KO)
male mice exhibit ∼10 mmHg reduction in BP, as well as a blunt-
ing of the BP rhythm.16 Xie et al. showed a reduction in BP in
smooth muscle Bmal1 KO male mice, with less disruption of
BP rhythm than in the global KO.17 With the kidney playing an

important role in BP,18 kidney-specific Bmal1 KO mice have been
generated, including an inducible tubule-specific KO,19 collect-
ing duct-specific KO,20 distal nephron and collecting duct KO,21

and renin cell-specific KO.22 All these models exhibited lower
BP in male mice, although BP rhythm remained intact, suggest-
ing a critical role for BMAL1 in BP regulation, independent of
rhythm. To date, no tissue-specific Bmal1 KO models studied
have fully recapitulated the global KO phenotype, therefore rais-
ing the question of what other tissues contribute to the blunting
of BP rhythm in the global Bmal1 KO male mice?

The adrenal gland synthesizes hormones, including corti-
sol (corticosterone in rodents) and aldosterone, and these hor-
mones exert a powerful influence on BP rhythm.23 Interest-
ingly, adrenal-specific Bmal1 KO male and female mice showed
augmented plasma corticosterone following an acute restraint
stressor.24 However, the role of the adrenal clock in the regula-
tion of BP remains unknown.

In the present study, we used adrenal-specific aldosterone
synthase (ASCre/+, Cyp11b2tm1.1(cre)Brlt) Cre recombinase to gener-
ate adrenal-specific Bmal1 (ASCre/+::Bmal1Fl/Fl) KO mice to test the
hypothesis that adrenal BMAL1 is required for BP regulation and
normal circadian rhythms of BP in male mice. Limited studies
have been performed in female Bmal1 KO models, but given that
female kidney-specific Bmal1 KO mice did not exhibit a change
in BP or any BP rhythm changes,20,21 this study focused on male
ASCre/+::Bmal1 KO mice.

Materials and Methods

Animals

The mouse model used in this study was generated using floxed
exon 8 Bmal1Fl/Fl mice [a gift from Dr. Karyn Esser, University
of Florida17] crossed with adrenal-specific aldosterone synthase
(ASCre/+, Cyp11b2tm1.1(cre)Brlt) Cre recombinase mice [obtained from
Dr. David Breault, Harvard24–26], generating ASCre/+::Bmal1 KO
mice. The original ASCre/+, Cyp11b2tm1.1(cre)Brlt mice were on a
mixed C57BL/6 J/129sv background. In our hands, Transnetyx
SNP analysis from representative mice showed that the genetic
background was 97.13% ± 0.41% C57BL/6 J following backcross-
ing to ∼C57BL/6 J for 8 generations at the University of Florida.
Mice (16–20 wk) were housed on a 12-h light/12-h dark cycle,
with lights on at 6 am [zeitgeber time (ZT)0] and lights off at
6 pm (ZT12). Mice were provided ad libitum access to the con-
trol diet (0.25% NaCl, 0.6% K; carbohydrate 58.7% by weight, pro-
tein 18.3% by weight, and fat 7.2% by weight; Envigo Teklad
custom diet TD.99131) and water. All experiments involving
animals were approved by the University of Florida and the
North Florida/South Georgia Veterans Administration Institu-
tional Animal Care and Use Committees (IACUC) in accordance
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with the National Institutes of Health Guide for the Care and Use
of Laboratory Animals.

Recombination PCR

Genomic DNA was extracted from adrenal glands using
three different primers for recombination triplex PCR [forward
primer (5′-ACTGGAAGTAACTTTATCAAACTG-3′), loxP reverse
primer (5′-CTGACCAACTTGCTAACAATTA-3′), and recombina-
tion reverse primer (5′-CTCCTAACTTGGTTTTTGTCTGT-3′)] to
detect the successful recombination and subsequent deletion of
exon 8 of BMAL following Cre recombinase-mediated excision in
ASCre/+::Bmal1 KO mice and AS+/+::Bmal1Fl/Fl Cre- littermate con-
trol mice.21 Other tissues were assessed, including the kidney,
heart, aorta, liver, lung, brain, and testes to determine if KO was
specific to the adrenal gland.

Immunohistochemistry

Adrenal glands were collected at 10 am and fixed with periodate-
lysine-2% paraformaldehyde to assess the efficacy of BMAL1 KO,
using immunohistochemistry (IHC) as described in.21 In brief,
adrenal glands were embedded in polyester wax, and 5μm thick
sections were cut and mounted on glass slides. Sections were
dewaxed in ethanol, rehydrated, incubated in heated Trilogy
Antigen Retrieval (Cell Marque), then 3% H2O2 to block endoge-
nous peroxidase activity. Dako protein blocker was used before
being incubated overnight at 4 degrees with BMAL1 primary
antibody (Cell Signaling). Sections were incubated with sec-
ondary antibody (Vector ImmPress Rabbit Ig) for 30 min then 3,3′-
diaminobenzidine chromogenic substrate for detection (Vector).
Finally, sections were washed, dehydrated, and mounted. Three
nonoverlapping representative images of each adrenal gland
region (zona glomerulosa, zona fasciculata, and medulla) were
taken at x40 magnification (Nikon E600 equipped with a Nikon
DXM1200F digital camera). IHC images were analyzed using
ImageJ.

Radiotelemetry and Metabolic Cages

Radiotelemetry devices (Data Science International) were
implanted into the carotid artery and extended into the aortic
arch of 16-wk-old ASCre/+::Bmal1 KO male mice and littermate
controls, previously described in.27,28 After 7–10 d of recovery,
telemetry recordings were made for three consecutive days in
home cages to measure mean arterial pressure (MAP), heart rate
(HR), and locomotor activity. Mice were then placed in metabolic
cages to acclimate for 3 d. MAP, HR, and locomotor activity were
then recorded for three consecutive days. Twelve-hour food and
water intake, and 12-h urine output were measured during this
period, with food dishes replaced daily at 6 am.

Cosinor Analysis

With BP, HR, and activity being rhythmic, cosinor analysis is
used to calculate the period, the midline estimating statistic
of rhythm (MESOR), amplitude, acrophase, and robustness. The
period is the time taken for a full cycle, or from one peak of
an oscillation to the next. MESOR is an estimate of central ten-
dency as it takes circadian rhythm into account. Amplitude is
the difference between the peak of a rhythm and the MESOR.
Acrophase is the time at which the peak of a rhythm occurs.
Robustness is the strength of the rhythm and is calculated as
the percentage of variance accounted for by the Cosinor model.21

Analysis was performed on each mouse separately over the 3 d
in the home cage and metabolic cage using Cosinor software
designed by,29 and presented as the mean ± SD for each geno-
type. Rayleigh plots were generated and statistical tests per-
formed using Oriana software.30

Flame Photometry

Flame photometry (model 2655–00, Cole-Parmer) was used to
determine urine sodium and potassium concentrations.21,31

Aldosterone ELISA

Urinary aldosterone was quantified using an aldosterone ELISA
kit (Enzo, ADI-900–173), according to the manufacturer’s instruc-
tions. The cross-reactivity for this kit is 100% for aldosterone,
0.3% 11-deoxycorticosterone, 0.19% corticosterone, 0.2% proges-
terone, and < 0.001% for cortisol, dihydrotestosterone, estradiol,
and testosterone. The detectable range is from 3.9–250 pg/mL.31

Corticosterone ELISA

In a separate cohort of mice, serum was collected by the tail
nick technique at 6 am (lights on) and 6 pm (lights off). Blood
(∼20 uL) was collected within 1 min of disturbing either the
mouse’s home or following in metabolic cages and while min-
imally restrained to acquire home or metabolic cage corticos-
terone measurements. Measurements were first completed in
home cages, and measurements were repeated in the same
animal following 5 d in metabolic cages. Serum corticosterone
concentration was quantified using a corticosterone ELISA kit
(Enzo, ADI-900–097), according to manufacturer’s instructions.
The cross-reactivity for this kit is 100% for corticosterone, 21.3%
11-deoxycorticosterone, 21.0% desoxycorticosterone, 0.46% pro-
gesterone, 0.31% testosterone, 0.28% tetrahydrocorticosterone,
0.18% aldosterone, 0.046% cortisol, and < 0.03% for preg-
nenolone, estradiol, cortisone, and 11-dehydrocorticosterone
acetate. The detectable range is from 32–20 000 pg/mL.

Statistics

Graphpad Prism was used to perform t-tests, 2-way ANOVA with
repeated measures, and 3-way ANOVA with repeated measures
to determine effect of time (ZT0, ZT12) and/or cage and genotype
with Šidák multiple comparisons post hoc analysis. All values are
presented as mean ± SD.

Results

Verification of ASCre/+::Bmal1 KO Model

To confirm the localization and efficacy of the KO of adrenal-
specific BMAL1, recombination PCR and IHC were performed.
Recombination PCR yielded a smaller 430-bp band, encompass-
ing a loxP site in the intact floxed Bmal1 gene present in tissues
not expressing AS-Cre recombinase, including in the adrenal
gland of floxed Bmal1 Cre- littermate control mice (Figure 1A
and B). It also yielded a 570-bp band only present in the adrenal
glands of ASCre/+::Bmal1 KO mice (denoted by ∗ in Figure 1B) due
to recombination and deletion of the sequence between the loxP
sites by Cre recombinase. The adrenal glands of ASCre/+::Bmal1
KO mice also yielded the smaller band as aldosterone synthase
is not present in all cells of the adrenal gland. There was no
evidence of recombination in other tissues (kidney, heart, aorta,
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Figure 1. Verification of theASCre/+::Bmal1 KO model. A. Schematic diagram shows the placement of loxP sites flanking exon 8 on the Bmal1 gene and the location of
primers (red arrows; forward, loxP reverse, and recombination primers) used in recombination PCR to measure the specificity of Bmal1 KO by aldosterone synthase Cre.

Band product of 570-bp yielded from recombined floxed Bmal1 Cre + KO gene. B. Recombination PCR showing expected 570-bp product in adrenal glands of ASCre/+::Bmal1

KO mice, with lack of this product in kidney, heart, aorta, liver, lung, brain, and testes of control and ASCre/+::Bmal1 KO mice confirming that recombination is only
detected in the adrenal gland of ASCre/+::Bmal1 KO mice (CNTL, control mice; KO, ASCre/+::Bmal1 KO mice). Images are representative of n = 4 per genotype and sex.

C. Representative immunohistochemical images of BMAL1 protein expression in zones of the adrenal gland of control or ASCre/+::Bmal1 KO male mice. Black arrows
indicate BMAL1-positive stained nuclei. Images were taken at 40x magnification and the scale bar = 0.05 mm. D. Quantification of % BMAL1 from control (blue circles)
and KO (orange squares) adrenal glands was performed using ImageJ (n = 6 mice per genotype). Values are means ± SD. Student’s t-test was used to compare genotypes.

liver, lung, brain, and testes (Figure 1B). Figure 1C shows BMAL1
protein expression in the zones of the adrenal gland of control
and KO mice, using IHC, showing > 75% reduction of BMAL1 in
the zona glomerulosa (P = 0.0009, Figure 1D).

ASCre/+::Bmal1 KO Mice Display Shifted Acrophase of BP
and Activity in Metabolic Cages

We performed a radiotelemetry study to determine the contri-
bution of adrenal BMAL1 on BP, HR, and activity. There were sig-
nificant time effects with no significant genotype effects in the
1-h averages over 3 d for MAP, HR, and activity in home cages
(Figure 2A–C). To note, basal MAP was higher in both KO and
littermate control mice than reported C57BL/6 wild-type mice32

but similar to previously reported 129/sv male mice.28,33 There
were no BMAL1-dependent changes in the 1-h averages over 3 d
for MAP, HR, and activity following placement in metabolic cages
(Figure 2D–F). There was a significant interaction between geno-
type and time in both MAP and HR, with activity not reaching
significance (P = 0.1045). Furthermore, averaged 24-h MAP, HR,
and activity were calculated (Figure 2G–I), showing a significant
cage effect in MAP and HR, but not activity. Thus, we performed
cosinor analysis on data from parameters measured in both

home and metabolic cages, which revealed significant geno-
type differences in BP rhythm only in metabolic cages (Table
1). The period (time taken for a full circadian cycle, typically
24 h) was significantly shortened for MAP in ASCre/+::Bmal1 KO
mice compared with littermate control mice in metabolic cages
(MAP 23 h 30 vs 24 h 18, P = 0.01). Furthermore, the acrophase
(the time at which the peak of BP occurs) was shifted ∼2 h later
in KO mice in metabolic cages (KO ZT17 h 38 vs control ZT15 h
45, P = 0.002). The MESOR, amplitude (difference between peak
and MESOR), and robustness (strength of the rhythm) of MAP
remained similar between groups. For activity, the period was
also shortened (KO 23 h 18 vs control 24 h 54, P = 0.0033) and
the acrophase delayed ∼3 h (KO ZT16 h 46 vs control ZT13 h 59,
P = 0.0017). The acrophase was further evaluated by a Rayleigh
plot, in which data are represented on a 24-h clock.29 Each data
point represents the time of the peak of the rhythm, and the
distance of each data point from the center corresponds to the
amplitude. Acrophase for both MAP and activity in ASCre/+::Bmal1
KO mice were clustered together so remained synchronized,
albeit delayed relative to control mice (Figure 3). Comparisons in
cosinor parameters between home and metabolic cages within
each genotype highlighted the effect of metabolic cages on
MAP and HR rhythm, where MESOR was significantly increased,
and both amplitude and robustness reduced, regardless of



Costello et al. 5

Figure 2. ASCre/+::Bmal1 KO mice exhibit altered MAP and HR, but not activity in response to placement in metabolic cages. Hourly averages in ZT over 72 h of MAP,
HR, and activity in home cages (A–C) and metabolic cages (D–F) in control (blue circles, n = 6) and ASCre/+::Bmal1 KO (orange squares, n = 5) male mice. ZT0 represents

lights on and ZT12 represents lights off. The shaded background indicates the active period (lights off, night). Averaged 24-h MAP (G), HR (H), and activity (I) in homes
and metabolic cages. Values are expressed as means ± SD. Genotype, cage, and interaction effects were determined by a 2-way ANOVA with repeated measures.

Table 1. Cosinor Analysis of MAP, HR, and Activity Measured via Telemetry from Male Mice in Home Cages vs Metabolic Cages

Home Cage Metabolic Cage

Control ASCre/+::Bmal1 KO P value Control ASCre/+::Bmal1 KO P value

Mean arterial pressure Mean arterial pressure

Period (h) 23h59 ± 0h13 23 h 45 ± 0 h 49 0.5440 24h18 ± 0h24 23 h 30 ± 0 h 18† 0.0195∗

MESOR (counts per min) 126.6 ± 5.0 122.7 ± 5.6 0.4792 133.5 ± 3.5† 132.7 ± 4.4† 0.9035
Amplitude (counts per min) 9.1 ± 0.9 7.5 ± 2.4 0.3982 4.9 ± 0.5† 5.2 ± 0.9† 0.8604
Acrophase (h) ZT15h19 ± 0h20 ZT15h40 ± 0h49 0.7901 ZT15h45 ± 0h23 ZT17h38 ± 0h49† 0.0021∗

Robustness (%) 87.7 ± 8.6 80.6 ± 10.3 0.6309 62.2 ± 6.9† 66.5 ± 13.3† 0.8062

Heart rate Heart rate

Period (h) 24h00 ± 0h37 23h35 ± 0h26 0.8288 23h42 ± 1h24 23h12 ± 2h00 0.6471
MESOR (counts per min) 535.9 ± 30.7 525.0 ± 19.1 0.7400 594.9 ± 17.1† 599.6 ± 26.5† 0.7496
Amplitude (counts per min) 43.1 ± 12.9 31.8 ± 12.7 0.4872 16.3 ± 5.8† 14.1 ± 7.1† 0.3763
Acrophase (h) ZT13h38 ± 0h53 ZT13h59 ± 0h53 0.7882 ZT13h04 ± 3h43 ZT08h35 ± 5h03 0.1383
Robustness (%) 77.1 ± 8.5 60.0 ± 15.9 0.2602 21.9 ± 10.3† 26.9 ± 16.2† 0.8117

Activity Activity

Period (h) 24h14 ± 0h11 24h06 ± 0h14 0.1589 24h54 ± 0h48 23h18 ± 0h24† 0.0033∗

MESOR (counts per min) 9.2 ± 4.0 9.1 ± 1.4 0.5142 9.3 ± 4.8 8.6 ± 3.0 0.4418
Amplitude (counts per min) 6.1 ± 2.8 6.4 ± 1.7 0.6033 5.3 ± 3.9 4.9 ± 2.2 0.4496
Acrophase (h) ZT14h53 ± 0h34 ZT14h54 ± 0h34 0.9702 ZT13h 59 ± 0h38 ZT16h46 ± 1h14† 0.0017∗

Robustness (%) 76.7 ± 9.7 73.5 ± 17.5 0.5768 54.8 ± 12.3† 58.6 ± 10.2† 0.8954

Values are expressed as means ± SD (n = 5–6). The period, MESOR, amplitude, acrophase, and robustness were calculated for MAP, HR, and activity from ASCre/+::Bmal1

KO and control male mice in home cages and metabolic cages. Student’s t-test was used to for comparisons with p values expressed for comparisons between genotypes
within each cage.
∗Significant comparison between genotypes within each cage.
†Significant comparison between cages within each genotype.
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Figure 3. ASCre/+::Bmal1 KO mice display a delayed peak of BP and activity in metabolic cages. Rayleigh plots showing the acrophase on a 24-h clock where each data
point represents the time of the peak of the MAP (A) or activity (B) rhythm in control (blue circles, n = 6) and ASCre/+::Bmal1 KO (orange squares, n = 5) male mice. The
distance of each data point from the origin corresponds to the amplitude. Values are expressed as the mean acrophase over a 72-h period and error bars are SD.

genotype (Table 1). For activity, robustness was reduced fol-
lowing placement in metabolic cages and this effect was inde-
pendent of genotype. In contrast, the period was significantly
shorter and the acrophase significantly delayed for MAP and
activity in ASCre/+::Bmal1 KO mice in metabolic cages compared
to home cages. These effects suggest that changes in BP and
activity rhythm in response to placement in metabolic cages are
BMAL1-dependent.

ASCre/+::Bmal1 KO Alters Night/Day Ratio of Eating
Behavior, Influencing Timing of Sodium, and
Potassium Balance

The advantage of placing the mice in metabolic cages is that
accurate food and water intake and urine output can be mea-
sured. Average 24-h food intake was not significantly different
between genotypes (Figure 4A). Day and night food intake were
assessed and demonstrated a significant interaction between
genotype and time (P = 0.0058; Figure 4B). This led us to cal-
culate the night/day ratio of food intake, which was signifi-
cantly reduced in ASCre/+::Bmal1 KO mice compared with controls
(P = 0.0008, Figure 4C). Water intake (24-h total, 12-h or night/day
ratio) was not different between genotypes (Figure 4D–F). Urine
output was similar over 3 d on the control diet in control and KO
animals (Figure 5A). Sodium and potassium excretion were aver-
aged over the 3 d and displayed significant time effects but were

similar between genotypes (Figure 5B and D). Sodium and potas-
sium balances were calculated by subtracting urinary excretion
from dietary intake. There was a significant interaction between
genotype and time for sodium balance (P = 0.0189; Figure 5C)
and for potassium balance (P = 0.0336; Figure 5E), both of
which appeared more positive during the day (rest phase) and
more negative during the night (active phase) in KO vs con-
trol. Lastly, urinary aldosterone, an adrenal hormone known
to regulate sodium and potassium balance, was measured. As
expected, active-phase aldosterone excretion was higher than
daytime (P < 0.0001) without an apparent effect of genotype
(P = 0.1387; Figure 5F).

Serum Corticosterone in Home and Metabolic Cages in
ASCre/+::Bmal1 KO Mice

With metabolic cage telemetry data suggesting that mice were
under stress, the effect of placing mice into metabolic cages
on serum corticosterone was assessed to determine the effects
of time-of-day, genotype, and cage. Three-way ANOVA demon-
strated significant effects of time and cage on serum cor-
ticosterone (Figure 6). Furthermore, there was a significant
interaction between time and genotype on serum corticos-
terone, with a blunting of night/day differences in ASCre/+::Bmal1
KO mice vs. control when the mice were in metabolic
cages.
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Figure 4. ASCre/+::Bmal1 KO mice exhibit blunted night/day differences in food intake, but not water intake in metabolic cages. Twenty-four-hour food (A) and water

intake (D), 12-h food (B) and water (E) intake, and night/day ratio of food (C) and water (F) intake in control (blue circles, n = 9) and ASCre/+::Bmal1 KO (orange squares,
n = 9) male mice. Values are expressed as means ± SD. Student’s t-test was used to compare genotypes. Genotype, time, and interaction effects were determined by a
2-way ANOVA with repeated measures.

Figure 5. ASCre/+::Bmal1 KO mice displayed altered timing of sodium and potassium balance. Urine output over 3 d on the control diet in control (blue circles, n = 9) and

ASCre/+ ::Bmal1 KO (orange squares, n = 9) male mice (A). Twelve-hour (day and night) sodium excretion (B), sodium balance (input-output, C), potassium excretion (D),
and potassium balance (E) averaged over the 3-d period. Day and night urinary aldosterone concentration (UAldo) was measured on the final day of the experiment
(F). Values are expressed as means ± SD. Genotype, time, and interaction effects were determined by a 2-way ANOVA with repeated measures.

Discussion

The main findings of this study are that KO of BMAL1 in the
zona glomerulosa of the adrenal cortex in male mice results
in a shortened BP and activity circadian cycle (period), and
delayed peak of BP and activity. Importantly, these results were
observed when the mice were housed in metabolic cages, which
in our hands acted as a stressor as serum corticosterone was
elevated, and ASCre/+::Bmal1 KO mice lost the night/day differ-
ence in serum corticosterone. Furthermore, these mice showed
altered eating behaviors with a blunted night/day ratio of food
intake, but overall did not eat anymore compared with controls.
Although sodium and potassium excretion were not affected,
this effect was associated with changes in the timing of both

sodium and potassium balance. Overall, these data suggest that
BMAL1 in the adrenal cortex has a role in the regulation of BP
rhythm in response to stress.

Previously, we showed a lower BP phenotype in kidney-
specific Bmal1 KO male mice,21 consistent with previous find-
ings in other KO mouse models of BMAL1.16,17,19,20,22 However, in
the present study, ASCre/+::Bmal1 KO male mice did not exhibit a
reduction in BP during basal conditions or following placement
in metabolic cages, suggesting zona glomerulosa BMAL1 does
not play a role in this BP-lowering phenotype or that compen-
satory mechanisms abrogate its effect. With the global Bmal1
KO mice displaying blunting of the BP rhythm, the mechanisms
behind this are of interest. The BP dip was not altered, showing
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Figure 6. ASCre/+::Bmal1 KO mice display blunted night/day differences in serum corticosterone. Serum corticosterone in control (blue circles) and ASCre/+::Bmal1 KO
(orange squares) male mice at ZT0 (lights on) and ZT12 (lights off) in home cages and metabolic cages. Values are expressed as means ± SD (n = 5–6). Genotype, cage,

time, and interaction effects were determined by a 3-way ANOVA with repeated measures (significant post hoc comparisons shown).

a fall in BP during the rest phase in control and ASCre/+::Bmal1
KO mice. However, aspects of the BP circadian rhythm were
altered, including a shortening of the period and a shift of the
acrophase in MAP and activity, which was evident in metabolic
cages but not home cages. Rayleigh plot analysis showed that
the acrophase of these parameters occurred in a synchronized
manner as the data were clustered together, but was delayed
in the KO. Both MAP and HR increased in metabolic cages and
remained elevated after 5 d in both genotypes. This effect has
been shown in mice on a mixed C57BL/6 J/129/sv background,
but in these mice, MAP did return to baseline following day 1 in
the metabolic cages, with HR remaining elevated.34 HR remained
elevated in our study, and there was a significant interaction
between time and genotype in the metabolic cages. Cosinor
analysis was carried out on this dataset and showed that the
robustness of HR (strength of the rhythm) was only ∼ 20% for
both genotypes. Robustness below 20% is likely to be biological
noise instead of signal.29 Therefore, future work will assess HR
variability to further investigate differences in HR over time in
ASCre/+::Bmal1 KO mice.

There are many key regulators of the 24-h BP profile that
could contribute to changes in the length of the period and shift
in acrophase including, but not restricted to, ambient temper-
ature, light, food, stress, activity, sleep/wake cycles, the auto-
nomic and central nervous systems, and the renin-angiotensin-
aldosterone system (reviewed in35). Ambient temperature and
a 12-h light/12-h dark cycle were maintained throughout the
experiment. Furthermore, urinary aldosterone was not differ-
ent between genotypes under steady-state conditions. However,
the timing of eating behavior was shifted in ASCre/+::Bmal1 KO
mice, with a blunting of the night/day ratio of food intake. Food
has been shown to be a strong Zeitgeber for peripheral clocks as
restricted feeding to the rest phase in mice inverses the phase
of circadian clock expression in the kidney, liver, heart, and pan-
creas,36 which is likely to have influences on physiological func-
tions. In fact, time of feeding has been previously shown to drive
the circadian rhythm of BP, as restricted feeding to the rest phase
for 6 d inverted the diurnal rhythm of MAP.37 This appeared inde-
pendent of BMAL1 under basal conditions, as restricted feed-
ing in global Bmal1 KO male mice also displayed inverted diur-
nal rhythm of MAP. This restricted feeding interestingly shifted
the acrophase of MAP, HR, and activity. In the present study,

the KO animals have altered timing of eating behavior dur-
ing ad libitum feeding, this could be a potential mechanism
behind the shifted acrophase of MAP and activity seen in the
metabolic cages.

Metabolic cages acted as a stressor in this study, as serum
corticosterone was significantly increased compared with mice
in their home cages, consistent with previous studies in
rodents.38,39 Furthermore, prior work found increased response
to stress following acute restraint stressor in adrenal-specific
Cyp11A1Cre/+::Bmal1FlFl KO mice.24 The magnitude of the stressor
was significantly higher than when placed in metabolic cages,
but nevertheless, the serum corticosterone response was sig-
nificantly altered following this mild stressor. Interestingly, we
see a significant interaction between time and genotype in male
ASCre/+::Bmal1 KO mice, with a blunting of time-of-day differ-
ences in metabolic cages. Corticosterone has been previously
measured in male adrenal-specific Cyp11A1Cre/+::Bmal1FlFl KO
mice, showing no significant differences at baseline.24,26 How-
ever, only one time point was measured. The altered corticos-
terone profile in ASCre/+::Bmal1 KO male mice could explain the
differences seen between genotypes following a mild stressor.
Glucocorticoids are increased following a stressor and/or fol-
lowing increased sympathetic nervous system (SNS) tone, to
increase mobilization of energy to maintain homeostasis and
promote survival. Interestingly, stress-induced increase in SNS
tone can impact HR and BP to adapt to the stressor.40 There-
fore, this could also influence BP and activity rhythm, so future
work will look to measure catecholamines in ASCre/+::Bmal1 KO
mice. Stress has been linked to both increased and decreased
food intake, thought to be dependent on stress intensity and/or
frequency.41 Evidence has also shown that glucocorticoids can
regulate the timing of eating in rodents.42 It is tempting to spec-
ulate that this could be a potential mechanism behind altered
timing of food intake, which may subsequently influence BP and
activity rhythm. Time of eating can also alter the rhythm of
glucocorticoid secretion, where 7 d of daytime feeding in mice
resulted in a bimodal distribution of serum corticosterone where
the first peak occurred at ZT0 with a second peak between ZT8
and 12.43 Therefore, this could create a disruptive cycle between
timing of glucocorticoid secretion and eating when challenging
ASCre/+::Bmal1 KO mice with a stressor, causing changes to BP
and activity rhythm.
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The initial goal of this study was to place mice in metabolic
cages to accurately measure food and water intake and urine
output while these mice underwent radiotelemetry measures.
However, the metabolic cages acted as a mild stressor, and,
interestingly, this is where differences were seen. A limitation
of the current study is that this work was only carried out in
male mice. With an exaggerated response to stressors previously
reported in female ASCre/+::Bmal1 KO animals,24 future studies
will investigate the role of adrenal BMAL1 in both males and
females on feeding behaviors and BP rhythm in response to pro-
longed and/or more moderate stress. Another limitation is the
lack of more temporal resolution in the serum corticosterone
data. Future studies will look to assess the response to pro-
longed and/or more moderate stress with measurements col-
lected every 4 h over a 24-h period.

A question that has arisen from this study is whether the
effects of altered time of eating and altered BP and activity
rhythms are compensatory or maladaptive? This is of interest
as irregular feeding times and disruption of circadian rhyth-
micity can lead to circadian misalignment, hormonal imbal-
ance, increased HR, sleep disorders, increased BP, and there-
fore, overall increasing risk of cardiovascular disease.44–46 To
address these questions, future work will investigate the long-
term effects of chronic stress on time of feeding and BP rhythm
and how the adrenal circadian clock plays a role in this. Future
experiments are likely to include time-restricted feeding, as lim-
iting the time of food intake to the mouse active period has
been shown to improve circadian behavior and cardiovascular
rhythms.47,48

Notably, this study shows for the first time that KO of
BMAL1 specifically in the zona glomerulosa of the adrenal gland
results in altered circadian rhythms in BP and activity, blunted
night/day ratio of food intake, changes in timing of both sodium
and potassium balance, and blunted night/day differences in
serum corticosterone in the setting of a metabolic cage. Circa-
dian rhythm defects typically require constant conditions to be
revealed.49 Thus, these findings are quite remarkable in that
they were clearly evident under normal light:dark conditions.
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