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Chronic circadian disruption alters
cardiac function and glucose regulation

in mice
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Cardiometabolic disease is a leading cause of death worldwide. One factor that may contribute to the
risk, onset, and severity of symptoms is disrupted circadian rhythms. Our study uses two strains of
mice to further elucidate this relationship: healthy controls, and a mouse model of insulin resistance
with short freerunning periods (~ 22.75 h) and enlarged hearts, raised in either a 24-h or 22.75-h LD
cycle. Through glucose and insulin tolerance tests, routine electrocardiograms from one to four
months old, and histology, we reveal worse cardiometabolic health outcomes for mice gestated and
housed in a mismatched LD cycle compared to those in an LD cycle that matches their endogenous
rhythm. This was characterized by heightened blood glucose levels following a glucose or insulin
bolus, altered electrophysiological parameters of the cardiac waveform, and increased cardiomyocyte
size. Circadian disruption due to work/social schedules or circadian-related disorders in people is
often confounded with other unhealthy lifestyles. The present study demonstrates that circadian

disruption on its own can lead to adverse health states.

Noncommunicable diseases are the leading cause of death worldwide,
accounting for 80% of mortalities, with cardiovascular disease and meta-
bolic diseases being within the top ten"”. One factor that affects the risk and
onset of heart disease, diabetes, and obesity is disrupted circadian rhythms’.
Such disruption occurs when there is a conflict between our endogenous
circadian clock that is entrained to the solar day-night cycle, and our social
clock that dictates the timing of our behaviors such as work, school, and
leisure activities. Conflict and disruption may result from nighttime light
exposure, chronic jetlag, social jetlag, rotating shiftwork or persistent night
shifts, circadian rhythm sleep-wake disorders, and even living in the western
portion of a time zone™™.

The master circadian clock in the suprachiasmatic nucleus is entrained
to our day-night cycle, and relays phase information to peripheral oscillators
throughout the rest of the body through neurohumoral communication’"".
This regulates daily fluctuations of cardiometabolic parameters such as
heart rate, blood pressure, ion homeostasis, electrophysiology, contractility,
hormonal signaling, and metabolic gene transcription'”™". Accordingly,
disruptions within the circadian system through misalignment between
rhythmic behavior and the day/night cycle have consequences on cardio-
metabolic health””~’. Specifically, shift-workers are 23% more likely to be
obese, have 14% higher rates of diabetes, and 30% more likely to have
hypertension™’. However, these misaligned lifestyles are often accompanied
by changes in quality of diet and exercise that could differentially affect one’s

risk of disease, making it difficult to separate the effects of circadian dis-
ruption from the effects of the lifestyle on disease progression™”*.

By using animal models, it is possible to disentangle the contribution of
circadian disruption on disease state from other confounding variables. The
relationship between cardiovascular disease has been well-established in
adult hamsters using casein kinase le (Tau) mutant hamsters with 22-h
freerunning periods (FRP)”. When 22-h heterozygotes mutants are raised
on a 24-h LD cydle, it results in cardiac hypertrophy, interstitial fibrosis,
impaired contractility, and reduced lifespans by 17 months old. However,
when these hamsters are housed on a 22-h LD cycle that matches their FRP,
their heart function is rescued, and their lifespan is comparable to controls.
Circadian misalignment also leads to cardiometabolic disease in adult
wildtype mice raised on either a 22.5-h LD cycle or 27-h LD cycle, compared
toa normal 24-h day****. In both misaligned LD cycles, mice show decreased
metabolic efficiency (e.g. lower body weight, increased food intake,
increased energy expenditure, higher oxygen consumption, increase in
respiratory exchange rate and carbohydrate oxidation) and disrupted car-
diac function™. Even just perinatal circadian disruption can alter beha-
vioral, cardiac and metabolic properties, leading to altered behavior, and
altered glucose tolerance and heart rate variability when rodents reached
adulthood™ ™. Extreme circadian disruption due to rearing mice in an
extremely short 8:8 LD cycle initiated during gestation leads to glucose
intolerance™, heavier body weight, higher fasting blood glucose levels,
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pathological cardiac remodeling and cardiac arrhythmia®. Taken together,
these studies demonstrate that circadian disruption adversely affects car-
diometabolic health.

Like in humans, there can be many underlying causes of cardiometa-
bolic disease. The BTBR mouse strain is prone to several adverse health
conditions. These mice show early insulin resistance, higher body weight,
routine barbering, perseverance and altered corticosterone levels* . From
observations in our lab, they also exhibit cardiac hypertrophy and shorter
lifespans. Importantly, BTBR mice also have extremely short FRPs
(22.74 £ 0.10 h)*. Given the chronic misalignment between BTBRs FRP
and the normal 24-h LD cycle used in animal facilities, the aim of this
experiment is to (1) determine how much of the BTBR mouse altered
cardiometabolic physiology is due to circadian misalignment, and (2) to
explore the onset of disease in typical healthy mouse strain (C57BL/6 J, B6)
exposed to early life circadian misalignment. It is hypothesized that (1)
BTBR mice and (2) B6 mice will experience worse cardiometabolic health
outcomes when conceived and housed in a misaligned LD cycle. Specifically,
it is predicted that misaligned mice will show cardiac hypertrophy, cardiac
fibrosis, prolonged RR, QT¢, and JT intervals, and highest blood glucose
levels following an injection of glucose or insulin.

Results

Physical features

Given that circadian misalignment during gestation has been associated with
poorer outcomes in adulthood, we raised two different mouse strains from
conception onwards under different LD cycles that either matched or
mismatched their respective average FRPs™ (Fig. 1). We first asked if the
overall physical differences observed in BTBR mice (greater body weight and
heart size) was a consequence of being raised in a standard 12:12LD cycle
that was longer than their average FRP of 22.75h, and if similar health
consequences could be caused in B6 mice raise in similarly mismatched LD
cycle (11.375:11.375LD). Body weight increased steadily between one month
and four months of age in BTBR and B6 mice (F(3, 300) = 901.59, p < 0.001,
wp, = 0.24; Supplementary Table 1). Additionally, males were significantly
heavier than females (F(;, 109) = 76.39, p < 0.001, w, = 0.42). Together, there
was an interaction between LD cycle and age (F( 55, 15228y = 9.08, p < 0.001,
w,, = 0.03), with BTBR mice from the 22.75-h LD cycle (p <0.001) and the
24-h LD cycle (p < 0.001) weighing more than B6 mice from the 24-h LD
cycle (Fig. 2).

Endogenous period
tau =238

A subset of mice were retained until six months of age to collect hearts
for histology. By six months of age, BTBR mice had significantly greater
bodyweights than B6 mice (F;,74) = 14.59, p < 0.001, w,, = 0.14, Fig. 3B),and
males were significantly larger than females (F ;4 =21.88, p<0.001,
w,, = 0.20). Weight was not significantly altered by LD cycle (F; 74, = 0.44,
p=0.507). None of the interactions were significant.

We next examined heart size. BTBR mice have much larger hearts
overall (Fig. 3A), but given their large body, we normalized heart size for
body size for analysis. At six months old BTBR mice had significantly larger
normalized heart weight (Fig. 3C; F74,=28.97, p <0.001, w,=0.25),
however, this was not significantly affected by LD cycle (F( 74y =2.07,
p=0.154). There were no other main effects or interactions. We next used
Mason Trichrome Stain to examine heart histology. At six months of age,
there were no obvious difference in fibrosis (Fig. 2E-L). However,
there were significant differences found in the cross-sectional area
(CSA) of cardiomyocytes between strains (Fig. 3D; F(; 34)=23.22, p<
0.001, w,, =0.35). Specifically, cardiomyocyte size was larger in mice
from the mismatched LD cycle compared to the matched LD cycle
for both strains (F(;,34) = 5.75, p < 0.001, wp, = 0.35), with BTBR mice
showing the most notable difference in cell size (Fig. 3). No sig-
nificant interactions were found.

Electrocardiogram (ECG) parameters and measurements

Next we explored if a mismatched LD cycle altered cardiac function as
determined by an electrocardiogram. To explore this possibility, we next
examined changes to ECG parameters recorded at three timepoints: one,
two and four months of age. Given the difference in heart and cardio-
myocyte size, BTBR and B6 were analyzed separately. ECG parameters were
manually quantified and compared between LD cycles and sex. Cardiac
parameters of interest are heart rate, RR interval, QTc¢ interval, JT interval,
and R amplitude.

BTBR mice exhibited a slowing in heart rate as they aged
(F,118 = 14.02, p <0.001, w,=0.10, Fig. 4B), with the heart rate at one
month being faster than at later time points (p < 0.05). Furthermore, females
had slower heart rates than males (F(; 50y = 4.30, p = 0.042, w, = 0.05). These
main effects were modulated by a significant LD cycle by sex by age inter-
action (F11s) = 3.85, p = 0.024, w,, = 0.02) where heart rates tended to be
lower in the mismatch LD cycle, particularly at later ages and more so in
male mice (p <0.01).

Imposed Light / Dark
,LD=24

C57BL6/j

tau = 22.75

Fig. 1| A schematic of our methodology highlighting strains of mice, light/dark
(LD) cycles, and measurements. B6 mice (top mouse) and BTBR mice (bottom
mouse), display different endogenous periods in constant conditions (respective
actograms). Each strain was bred in both LD cycles: one that matched and one that
did not match their endogenous rhythm (LD =24, LD = 22.74). Over the first six
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months of life, electrocardiograms were ran at one-, two-, and four-months-old.
Mice were randomnly assigned to a GTT or ITT at three months old. At six
months, they were perfused and hearts were collected for histology. Mouse graphic
from https://creazilla.com/media/clipart/19072/lab-mouse used under CCO 1.0
licence.
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Fig. 2 | Weight increase over time in B6 and BTBR raised in different LD cycles.
Changes in bodyweight in B6 (A) and BTBR (B) mice between LD cycles. Weight
was tracked over the first four months. BTBR mice showed significantly larger body
weight compared to B6 mice in a matched LD cycle when raised in a matched LD
cycle (p <0.001) or mismatched LD cycle (p < 0.001).

In B6 mice, while heart rates also tended to be slightly higher at earlier
ages, this pattern was not significant (F(,115)=2.69, p=0.074, Fig. 4A).
Additionally, while heart rates tended to be lower in the mismatch LD cycle
at later ages, this interaction was also not significant (F g5 = 2.97, p = 0.057).

We next examined the RR interval. RR interval changed in BTBR mice
over time (F3,118) = 16.73, p < 0.001, w, = 0.12, Fig. 4E) being shortest at one
month of age and longest at two months of age. RR interval was also longer
in female BTBR mice (F; 50) = 6.23, p = 0.015, w,, = 0.08). RR intervals were
slightly longer in the mismatched LD cycle, although this difference was not
significant (F(; 59y = 2.91, p = 0.093). The lack of a main effect here might
have been influence by a weak but non-significant three-way interaction
between sex, age, and LD cycle (F(511s) = 3.00, p = 0.053, w, = 0.02).

B6 mice displayed significant differences in the length of the RR
interval between LD cycles overtime (F,, g = 3.64, p = 0.031, w, = 0.03),
with B6 mice in the misaligned LD cycle showing significantly longer RR
intervals at four months of age compared to those housed in a normal LD
cycle (Fig. 4D; p = 0.004). None of the other main effects or interactions were
significant.

As alterations in RR interval could indicate altered heart function, we
next examined several more specific ECG measures. We first examined the
heart-rate corrected QT interval (QTc). A prolonged QTc interval is asso-
ciated with increased risk of ventricular arrhythmias and cardiac
hypertrophy”*”*"” while a shortened QTc is associated with a variety of heart
conditions, including sudden cardiac death”. BTBR mice housed in the
mismatched LD cycle had shorter QTc intervals (Fig. 4H; F(; 59)=9.11,
P =0.004, w, =0.12). QTc was longest at one month of age, and shortest at
two months of age (F,,115) = 8.56, p < 0.001, w, = 0.06). Males had longer
QTc intervals than females (F(;,50) = 33.80, p = 0.004, w, = 0.11). There were
no significant interactions between sex, age and LD cycle.

With B6 mice, there was a significant shortening of QTc as they got
older (F( g2 = 3.68, p=10.029, w, = 0.03, Fig. 4G). Although female mice
decreased consistently overtime, this interaction with age was not significant
(F(2,82) = 3.01, p = 0.055). LD cycle did not significantly alter QT¢ interval in
the B6 mice (F 41y =042, p = 0.522, w, =.00). There were no other main
effects or interactions for QTc¢ in B6 mice.

We next examined if the treatments altered the JT interval. Because the
J wave accounts for 90% of the repolarization of the murine heart,
abnormalities in this segment have been associated with heart failure and
aging’>”’. The mismatched LD cycle led to a significant decrease in the JT
interval in BTBR mice (F(;,59) = 10.96, p = 0.002, w, = 0.14), although this
difference was only observed at the one month of age timepoint (age x LD
cycle interaction, F 15y = 13.63, p < 0.001, w,, = 0.10; Fig. 4K), after which
the JT intervals normalized. Additionally, females had a shorter JT interval
than males (F(; s0)=33. 4.79, p=0.033, w, = 0.06). There were no other
main effects or interactions for JT in the BTBR mice.

B6 mice housed in the mismatched LD cycle had a longer JT interval
than those in the matched 24 h LD cycle (F(j 41y = 9.29, p = 0.004, w,, = 0.16,
Fig. 4]) at one month old (p < 0.001). There was no main effect of sex or age,
and no further interactions.

We then looked at R amplitude as it has been shown to increase during
development and correlate with normalized heart weight”**. Female BTBRs
had the largest R wave amplitudes (main effect of sex, F( sy =7.80,
P =0.007, w, =0.10; Fig. 4N), although this was only observed when they
were in the matched LD cycle (sex x LD cycle interaction, F(; 59y = 13.74,
P <0.001, w,=0.17). There was a main effect of session, with most groups
showing an increase in R amplitude as they aged, apart from females in the
short LD cycle (F, 115)=4.78, p =0.010, w, = 0.04). The R amplitude of
these females decreased overtime (LD cycle by sex by session interaction; F,,
118) = 3.28, p = 0.041). However, these last two p values should be interpreted
cautiously given violations to normality.

The R wave amplitude in B6 mice significantly increased with age
(Fe2, 82) = 3.47, p = 0.036, w, = 0.03, Fig. 4M). There was no significant effect
of LD cycle (F(y 41 = 0.27, p = 0.605), nor any significant interaction with LD
cycle and the other variables.

Given that cardiac function can vary with bodyweight, these same ECG
measures were also analyzed when normalized for bodyweight. Effects of LD
cycle persisted when normalized in this fashion. These analyses are pre-
sented in Supplementary Fig. 4 and Supplemantary Table 2.

Intraperitoneal glucose and insulin tolerance tests

Circadian disruption has been associated with development of insulin
resistance and delayed glucose clearance’*. Because BTBR mice have been
used as a mouse model that develops insulin resistance, we next asked if
being raised in a LD cycle that was mismatched with their own endogenous
circadian period contributed to a diabetic phenotype characterized by
poorer responses to a glucose or insulin challenge.

Fasted mice had a baseline blood-glucose level measured prior to
receiving a bolus of glucose (2 g/kg). They then had their glucose levels
assessed at 15-, 30-, 60-, and 120-min after the injection. Based on these
measures, an Area Under the Curve (AUC) was calculated for blood-glucose
levels.

Results from GTT tests revealed a significant interaction between strain
and LD cycle (F(, 51) = 28.89, p < 0.001, w, = 0.32; Fig. 5A) and sex and LD
cycle (F(y, 51y = 6.25,p = 0.016 w,, = 0.08). Male B6 mice show poorer glucose
clearance in a misaligned LD cycle compared to other B6 mice (p < 0.001),
and misaligned female B6 mice displaying significantly larger AUCs than
female B6 mice in raised in a normal LD cycle (p < 0.01). Male BTBR mice
raised in a misaligned LD cycle had larger AUCs than females in a mis-
aligned LD cycle (p < 0.01), but not males in a matched LD cycle (p = 0.212).
There were no differences found between BTBR females (p = 0.289).

Finally, we examined clearance of glucose from the blood following
administration of insulin. Fasted mice had a baseline blood-glucose level
measured prior to receiving a bolus of insulin (0.75IU/kg). They then had
their glucose levels assessed at 15-, 30-, 60-, and 120-min after the injection.
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Fig. 3 | Cardiac anatomy and histology in BTBR and B6 mice raised in different
LD cycles. BTBR mice weighed more than B6 mice at six months old (B; p < 0.001).
Mice were killed by intracardiac perfusion with 4% PFA. Their heart weight was

measured, and their normalized heart weight to body weight ratio was determined
(heart weight/body weight; C). Mean normalized heart weight was higher in BTBR
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mice (A, C; p <0.001). Results from Masson’s Trichome stain reveal no fibrosis
(E-L). The cross-sectional area (CSA) revealed larger cardiomyocytes in BTBR mice
compared to B6 mice (D; p < 0.001), as well as larger CSA in a mismatched LD cycle
(D; p<0.001).

Following an insulin bolus, glucose clearance was impaired in mice
under mismatched LD cycles (Fig. 5B; main effect of LD cycle;
Fq, 74y=19.52, p <0.001, w, = 0.26). BTBR mice had a smaller area under
the curve (main effect of strain; F(;, 74 = 4.31, p = 0.044, w, = 0.06). Males
had impaired responses to insulin compared to females (main effect of sex;
F, 74 = 19.65, p < 0.001, w, = 0.26). Female BTBR mice were more sensitive
to insulin relative to BTBR males and all B6 mice (strain by sex interaction;
F(y, 74) = 8.90, p = 0.004, @, = 0.13).

Discussion

The purpose of this study was to better understand how circadian mis-
alignment contributes to early insulin resistance and hypertrophied hearts
previously seen in BTBR mice. Further, we sought to explore the onset of
cardiometabolic disease in healthy B6 mice gestated and housed in a short
LD cycle. The data presented here supports the hypotheses that early life
circadian misalignment results in worse cardiometabolic health outcomes in
both strains. Results from glucose and insulin tolerance tests reveal that even
a small change in LD cycle length (~ 63-75 min different than endogenous
freerunning period) from conception onwards results in early onset insulin
resistance in both strains of mice, with males being worse off. Further, both
strains experienced changes in cardiac parameters between LD cycles. Most
notably, mismatched BTBR mice displayed shorter QTc intervals and
slower heart rates, while mismatched B6 mice had prolonged RR and JT
intervals. LD cycle did not significantly alter body weight, although both
strains of mice tended to be heavier when misaligned. Normalized heart
weight was not affected by LD cycle but cardiomyocyte size was increased
under a mismatched LD cycle.

Despite their large heart size, the literature on the cardiac function of
the BTBR mouse is sparse. We show that BTBR mice do, indeed, have
increased normalized heart weight compared to B6 mice. Further, BTBR
mice have larger heart cells than B6 mice corresponding to observations of

larger deflections along the cardiac waveform®. Interestingly, mismatched
BTBR mice displayed slower heart rates and shortened QTc intervals.
Typically, QT intervals are prolonged 2 ms for every 10 ms prolongation of
the RR interval”. This, along with cardiodepressant effects of xylazine, is
corrected for using the Bazette correction. Still, we were able to detect shorter
QTec intervals in mismatched BTBR mice. Although limited studies have
explored short QT syndrome (SQTS) in mice, studies in humans suggest
that the failure of QTc intervals to prolong in the presence of bradycardia is
associated with SQTS, as well as a family history of sudden death*', which is
commonly observed in BTBR mice. Change in anatomy between LD cycles
at six months old and differences in electrophysiology can support wor-
sening of heart function due to chronic exposure to circadian misalignment
in this strain during the first four months of life. These differences may
become more evident as mice age.

The lack of fibrosis and prolongation of QTc¢ intervals in B6 mice
was unexpected given past research that links the circadian system to the
cardiovascular system'*'*. Martino and colleagues™ observed interstitial
fibrosis and cardiac hypertrophy in 17-month-old hamsters housed in
misaligned LD cycles that improved when placed back on a matched LD
cycle. Similarly, West and colleagues™ observed prolonged PR, QTc and
RR intervals in mice raised on a 22.5-h LD cycle from 17 to 52 weeks old,
attributed to disrupted autonomic activity. Aging has been shown to
lead to progressive fibrosis, characterized by a reduction in cardio-
myocytes, an increase in collagen deposits*, and prolonged PQ
intervals”. Disrupted heart function due to circadian misalignment
could depend on aging as past studies using 21-month-old mice with
CLOCK gene mutations found age-dependent increases in normalized
heart weight, hypertrophy, and impaired contractility'>. Although we
observed electrophysiological and metabolic disturbances, changes in
cardiovascular anatomy might take longer to develop, as seen in those
previous experiments. We monitored the health of our mice up to
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6 months old, roughly equivalent to a 20-year-old human. Previous
experiments using animal models found heart disease at 17 months old,
compareble to that of a 60-year-old human. Aging is associated with
cardiac hypertropy, remodeling, and impaired repair following cardiac
injury®. Although fibrotic pathways are, in part, regulated by the car-
diomyocyte clock, aging exacerbates the decline in heart function and

0.02

vice versa, largely through molecular crosstalk between the circadian
system and cardiac signaling"****.

On the contrary, profound heart disease has been observed in younger
mice (8-week-old) when they were subjected to a more severe form of
circadian disruption than what we applied here. Specifically, chronic phase
shifting the LD cycle starting during gestation led to disrupted mice showing
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Fig. 4 | Changes in cardiac electrophysiological parameters overtime in B6 and
BTBR mice between LD cycles. The schematics on the left (C, F, I, L) illustrate the
interval or wave amplitude of the respective cardiac parameters being measured in
B6 (A,D,G,J,M) and BTBR (B, E, H, K, N) mice on the right. Male (blue) and female
(red/pink) B6 and BTBR mice were conceived and housed in a matched (light blue/
pink) or a mismatched (dark blue/red) LD cycle until 6 months old. At one, two, and
four months old each group received an ECG and their heart rates (A, B), RR (C-E),
QTc (F-H), JT (I-K) intervals, and R amplitude (L-N), were compared between
groups overtime. BTBR hearts rates significantly differed between one month old
and two months old (p < 0.001) and one month old and four months old (B;

p <0.01), while RR intervals significantly differed between one month and two
months old (p < 0.001), one month and four months old (p < 0.05), and two months
and four months old (E; p < 0.01). B6 mice had longer JT intervals (J; p < 0.01) and
longer RR intervals overtime (D; p < 0.05) in the mismatched LD cycle. QTc intervals
in BTBR mice were significantly longer between one month old and two months old
(p <0.001) and two months old and four months old (H; p < 0.05). At one month old,
BTBR mice in the 24-h LD cycle had significantly longer JT intervals (K; p < 0.001)
and significantly longer R amplitudes in females (N; p < 0.001). Significant inter-
actions with LD cycle are boxed out in green, main effects of LD cycle, sex, and time
are highlighted in orange, yellow, and purple, respectively.
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Fig. 5 | Changes in metabolism in B6 and BTBR mice between LD cycles. Blood
glucose levels were measured and the area under the curve (AUC) was calculated and
compared between groups following the GTT or the ITT. Male B6 mice had the
largest area under the curve following administration of 2 kg/g of glucose

(A; p <0.001), and mismatched females had significantly larger AUCs than matched
females (A; p < 0.01). Misaligned male BTBR mice had larger AUCs than femalesina
misaligned LD cycle following a glucose bolus (A; p < 0.01). B6 mice had slightly
larger AUCs than BTBRs (B; p < 0.05) and males had larger AUCs that females
(B; p <0.001). Mismatched B6 and BTBR mice displayed larger AUCs following an
injection of 0.75IU/kg of insulin compared to matched groups (B; p < 0.001). Error
bars represent SEM.

elevated markers of cardiac remodeling, cardiac hypertrophy, and com-
promised electrophysiology’. The consistent 9-h delay during gestation was
thought to be an environmental stressor that could contribute to the
pathological cardiac remodeling seen in these young mice, especially
given that the circadian system has direct control over stress hormones.
In contrast, we used small changes in the LD cycle (63 min) to study
disease progression under a mild, but persistent circadian stress. This
may have not provided enough stress on B6 mice to observe such changes
in anatomy in early life. Our colony of B6 mice already have short FRPs

around 23.8 h*. A difference of ~63 min might not result in the com-
pounding effects of circadian misalignment and stress Yu and
colleague’s’ paradigm did to elicit cardiac remodeling. Instead, we found
prolonged RR and JT intervals in B6 mice in the absence of cardiac
hypertrophy or fibrosis.

Differences observed here in electrophysiology could be a response to
circadian misalignment that precede remodeling in B6 and BTBR mouse
hearts. Indeed, the circadian system regulates cardiac function through cell-
autonomous circadian oscillators within cardiomyocytes that lead to time-
of-day rhythms in ion channel homeostasis and contractility that are
detectable by an ECG'*'****. Mutations in canonical clock genes have been
shown to prolong the length of RR and QTc intervals'**’. While changes to
the ECG are detectable in these earlier ages, it may require longer for fibrosis
to progress to detectable levels. Examining mice housed under our mis-
matched LD cycles for longer than those examined here might help resolve
this question.

Both strains of mice exhibited reduced insulin sensitivity at three
months of age when gestated and housed in a mismatched LD cycle.
Specifically, mismatched male and female B6 mice experience ele-
vated blood glucose levels following a glucose or insulin bolus relative
to their matched counterparts. Past studies found early glucose
intolerance in three-month-old female B6 mice gestated and raised in
an extremely short (8:8hr) LD cycle, but not males®', while other
disruption paradigms did not find heightened blood glucose levels in
males or females™. Our results from B6 mice are in line with past
findings that suggest circadian dysfunction can increase the risk for
diabetes through perturbations in insulin signaling and rhythmic
glucose excretion, with males being at greater risk*’. Since a T-cycle
with a period of 16 h would be outside the limits of entrainment, it is
possible that the effects observed in the study by Her and colleagues®’
may have had less to do with misalignment between the internal
clock and the LD cycle, but instead could be associated with dis-
organized behavior that loosely coordinates to the LD cycle. Such an
LD cycle would still be disrupting, but likely represents a different
experience than the strain of entraining to a LD cycle right at the
limit of entrainment.

While a mismatch LD cycle affected all mice in the insulin tolerance
test, only the B6 mice were affected by the LD cycle in the glucose test. The
GTT measures how well the pancreas is able to compensate for rising
glucose levels, either by increasing beta cell mass, or insulin production®.
Type 2 diabetes is a result of glucotoxicity due to insulin resistance that
destroys beta cells, causing the pancreas to decompensate”’. The BTBRs
change in response to the ITT verses the GTT suggests their pre-diabetic
phenotype s, in part, affected by the misalignment between the LD cycle and
their FRP. However, this is characterized by reduced insulin sensitivity that
could eventually lead to glucose intolerance. Taken together, both strains
exhibited optimal metabolic functioning under T-cycles that match their
endogenous period. This is similar conceptually to competition assays using
period mutant cyanobacteria, Arabidopsis and some period mutant fruit
flies”. When many period mutant lines are grown together both the
cyanobacteria*’ and the Arabidopsis™ lines whose FRP best matched the
imposed T cycle outcompeted the other lines. The same was true of long
period, but not short period fruit flies™. This suggest enhanced fitness
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resulting from resonance between the circadian period and imposed
T-Cycle is a basic principle observable in species across the various King-
doms of life*.

Male and female B6 and BTBRs tended towards heavier body weights
in mismatched LD cycles. Although this was previously found following
gestational exposure to circadian disruption®"”, other studies found reduced
metabolic efficiency characterized by increased food intake and lower body
weights in mice housed in a 22.5-h LD cycle for one year, starting at 8 weeks
old™. Given that a 22.5-h LD cycle more closely matches our experiment
here, apart from gestational exposure, differences could depend on gesta-
tional verses adult exposure to circadian misalignment. Tracking the body
weight of our animals into late adulthood to observe either maintenance of
weight gain or the onset of reduced metabolic efficiency could elucidate this.

As expected, male mice from both strains exhibited a more severe
resistance to insulin when misaligned, and higher fasting blood glucose
levels compared to females overall. However, cardiac outcomes were similar
between sexes. Research indicates that males are more prone to cardiome-
tabolic disease due to higher testosterone and lower estradiol levels™”.
Studies show that increasing testosterone in males and performing ovar-
iectomies in females worsen cardiometabolic outcomes, highlighting the
protective role of female sex hormones™’. Past research found that females
are protected against the cardiomyopathic consequences of CLOCK
mutations in the cardiomyocyte clock previously seen in males™, unlike our
study. Discrepancies in findings may stem from variations in the type and
timing of circadian disruption™. Some studies suggest there is an additive
effect, with prenantal, perinatal, and adult exposure resulting in worse
outcomes than imposing it on one developmental stage™. Considering the
circadian disruption paradigm is important for comparing health outcomes
between age and sexes.

Our study provides evidence for sex-dependent worsening of cardio-
metabolic health due to discrete changes in LD cycles in two strains of mice.
The circadian misalignment paradigm we introduced here is more com-
parable to what humans suffering from advanced sleep phase syndrome
experience, and is therefore more indicative to what they or their offspring
could be susceptible to’. Moreover, we show that circadian disruption on its
own can lead to cardiometabolic disease in healthy mice and worsen pre-
existing disease. This provides support for circadian etiology for increased
prevalence of obesity and diabetes in humans that do shiftwork, apart from
changes in diet and routine”*. Future studies should make direct compar-
isons between cardiometabolic health in young adulthood, middle-age, and
old-age, as well as differences between gestational exposure verses exposure
in adulthood, to better understand how disease onset and severity is affected
by chronic circadian misalignment throughout the lifespan. Elucidating this
will further contribute to understanding the relationship between the rise in
non-communicable diseases and lifestyles that lead to circadian misalign-
ment in humans.

Methods

Animals

Male and female C57BL/6 (B6; n=>57) and BTBR T+ltpr3tf/] (BTBR;
n = 67) mice were bred in lab from founders originally acquired from the
University of Calgary Life and Environmental Science Animal Resource
Center and Jackson Laboratories, USA, respectively. Breeders were ran-
domly assigned to eithera 12:12 hr (24-h) ora 11.375:11.375 h (22.75-h) LD
cycle. Both strains of mice were conceived, gestated, and raised in their
respective LD cycle. Sample actograms from adult mice from both strains
housed in these LD cycles are presented in Supplementary Figs. 1-3. Mice
were weaned on postnatal day 19-21 and housed with 2-5 same sex lit-
termates in polycarbonate cages (28 x 17 x 12 cm) containing woodchip
bedding, paper nesting material, and housing enrichment in the form of
cardboard houses. Ambient temperature was maintained between 20 and
23 °C and humidity was controlled. Standard laboratory chow and water
were available ad libitum (Purina Lab Diet 5001). Wheel running data
(Supplementary Figs. 14-2) were acquired using non-experimental animals
housed in polycarbonate cages (30.3 x 20.6 x 26 cm) and measured using

ClockLab Software (Actimetrics Wilmette, IL, USA). All experiments were
conducted between 1 and 6 months old. Experimental procedures were
approved by the Life and Environmental Sciences Animal Care Committee
at the University of Calgary and were performed in accordance with the
guidelines on ethical animal use by the Canadian Council on Animal Care.

Electrocardiogram recordings

ECGs of female and male BTBR mice (# = 63) and B6 mice (n = 45) LD cycle
were recorded at 1-, 2-, and 4-month of age. Mice that died before all three
recordings were attained were removed from analysis. To control for cir-
cadian influences, ECGs were conducted at the same circadian phase (i.e.,
1-3 h after lights on) for each LD cycle™. Mice were anesthetized with
ketamine (0.1 g/kg) and xylazine (5 mg/kg). Administration of the anes-
thetic agent per mouse was staggered between each ECG reading™. Elec-
trode gel (Spectra 360) was applied to two snap electrodes and placed
dorsolaterally above the forelimbs on the either side of the scapula and
secured with tape”**. ECGs were recorded until a clean continuous reading
of approximately 40 s was acquired (PowerLab)™**. ECG signals were
digitized at a sampling rate of 1000 Hz with a mains filter and a notch filter
set to 60 Hz.

Using the ECG module in LabChart7 (ADinstruments), correct
identification of each R complex was manually verified”. The average dis-
tance between R intervals was automatically calculated (RR interval). The
amplitude and frequency of PQRS]JT and PR, QRS, QT, and corrected QT
(QTc) intervals were defined manually in the averaging view and calculated
automatically using Bazette correction under mouse settings””*”. The
length of the P wave was determined to be between two isoelectric points.
The QRS interval was defined as the beginning of the isoelectric point along
the Q wave, to the isoelectric point along the ] wave, as previously
defined”””". The ST segment was defined as the plateau between the positive ]
wave deflection and the negative T wave deflection. The end of the T wave
was defined as the first plateau between the T wave and the next P wave.
Example of wave boundaries are shown in Supplementary Fig. 3. ECG
signals were averaged over >100 R complexes™. Given that cardiac function
can be affected by bodyweight, we also analyzed the ECG data corrected for
bodyweight (Supplementary Fig. 4).

Histology

Mice were weighed and killed at approximately 6 months old by pento-
barbital overdose (Euthanyl, 500 mg/kg i.p.) followed by intracardiac per-
fusion using 4% paraformaldehyde (PFA). Hearts were collected, weighed,
and kept in 4% PFA overnight, followed by 30% sucrose with sodium azide
until ready for staining. Normalized heart weight was determined by
dividing heart weight in grams by body weight in grams. Hearts were cut
into 2/3 sagittal sections and embedded in paraffin. A microtome was used
to cut slices of heart sections at 5 microns. Masson’s Trichrome Stain and
Picrosirius Red Stain protocols were performed on slide as per the manu-
facturer (Sigma Aldrich and abcam, respectively) Tissue processing and
staining was performed at an independent site, Health Sciences Center,
Foothills Campus (Calgary, AB), Libin Cardiovascular Institute Core
Pathology Services. CSA was measured using Image] software (NIH, USA).
Individual cells were identified and traced. CSA was determined by aver-
aging over 30 cells along the free left ventricular wall.

Intraperitoneal insulin and glucose tolerance tests

Intraperitoneal Insulin Tolerance Tests (ITT; n =54) and Glucose Toler-
ance Tests (GT'T; n = 59) were performed at 13 weeks of age. For both tests,
animals were placed in a clean cage with a new hopper within 1-h after lights
on in their respective LD cycle. Animals fasted throughout the resting period
for 6 h. Each cage was randomly assigned to receive an intraperitoneal (IP)
injection of either glucose (2 g/kg) or insulin (0.75IU/kg). Blood glucose
levels were collected by lancing the tip of the tail and gently massaging a drop
of blood out of the tip. The drop was placed on a testing strip and measured
over 5 time points: before IP injection and 15-, 30-, 60-, and 120-min
following IP injection. Every subsequent drop at each time point was

npj Biological Timing and Sleep| (2025)2:18


www.nature.com/npjbioltimingsleep

https://doi.org/10.1038/s44323-025-00032-6

Article

massaged out (mice were only lanced once). Blood glucose levels were
measured using Freestyle Lite Meter and ZipWik tabs, a device previously
used in rodent models™. Multiple glucometers of the same brand were
compared on testing day and batteries were routinely changed to maintain
accuracy of readings. Blood glucose levels were recorded over two hours and
the area under the curve (AUC) was used to compare glucose and insulin
sensitivity between strains, LD cycles, and sex.

Statistical analysis

Two three-way ANOVAs were performed on each strain two assess
differences in the AUC between LD cycle, sex, and strain for GTT and
ITT. Two three-way ANOVAs were used to assess the differences
between body weight (BW) and normalized heart weight (HW; HW/BW
(g/g)) between LD cycles, sex, and strain. A four-way mixed ANOVA was
used to investigate changes in body weight over the first four months of
life between LD cycle, sex, and strain. One three-way ANOVA was used
to investigate differences between strain, LD cycle, and sex in CSA of
cardiomyocytes. Five three-way mixed model ANOVAs were used to
investigate the difference in the RR interval, heart rate (beats per minute),
QTc interval, JT interval, and R wave amplitude. Upon violations to
sphericity, Greenhouse-Guisser’s adjusted p-values are reported. When
violations to normality or heterogeneity of variance occur alone, statis-
tical significance is set to p < 0.01. Otherwise, results p <0.05 are con-
sidered significantly significant. One extreme outlier was removed from
histology to correct for violations to both normality and between group
variances. Post hoc comparisons were made using Holm’s adjustment of
p values. Analysis was performed using R studio. All statistical tests are
summariezed in Supplementary Table 1.

Data availability
All numerical data files are available at http://borealisdata.ca/. Heart his-
tology slides are available from MCA upon request.
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