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ABSTRACT
Many lifestyle factors affect bone. Sleep deprivation increases risk for fractures and alcohol consumption can lead to alterations in the
skeleton. How combined exposure to these two risk factors affects bone is unclear. Thus, we sought to determine the effects of cir-
cadian rhythm disruption and chronic alcohol intake on bone structure and mechanical properties in mice. A total of 120 male
C57BL/6J mice were used in two cohorts of 60 mice each because of limited availability of light-tight housing cabinets. One cohort
was born in winter and the other in summer. Mice were randomly assigned to circadian disruption (weekly shifting of the light/dark
cycle) and control (no shifting) groups beginning at 8 to 12 weeks of age for 12 weeks at which time mice were administered an
alcohol-containing or control diet for an additional 10 weeks. Bone structure and mechanical properties of the femur were assessed
by micro-computed tomography and three-point bending, respectively. The initial data analysis revealed a likely cohort effect. Thus,
we used a three-way analysis of variance to assess the effects of circadian rhythm disruption, alcohol intake, and cohort. Circadian
rhythm disruption alone had minimal effects on bone structure and mechanical properties. Alcohol intake reduced body mass
and hadminimal effects on cortical bone regardless of circadian disruption. Alcohol intake resulted in higher trabecular bone volume,
but these beneficial effects were blunted when circadian rhythmwas disrupted. Cohort significantly affected body size, many cortical
bone structure outcomes, some trabecular bone structure outcomes, and tissue-level material properties. Thus, cohort had the pre-
dominant effect on bone structure and mechanical properties in this study, with chronic alcohol intake and environmental circadian
disruption having less consistent effects. The data indicate that season of birth may affect skeletal phenotypes and that studies
requiring multiple cohorts should determine if a cohort effect exists. © 2021 The Authors. JBMR Plus published by Wiley Periodicals
LLC on behalf of American Society for Bone and Mineral Research.
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1. Introduction

Many lifestyle factors such as sleep patterns and diet influ-
ence bone. Understanding these factors may help clarify

risk for osteopenia or fracture as well as identify strategies to
maintain bone mass and strength. In this study, we sought to
determine if disruption of circadian rhythm and chronic alcohol
consumption individually or in combination affected bone.

Biological rhythms are repetitive patterns in physiological pro-
cesses and behavior that recur with predictable frequency. For
instance, circadian rhythms cycle daily and circannual (or seasonal)
rhythms cycle yearly. A master circadian clock (located in the supra-
chiasmatic nucleus) and a master seasonal pacemaker (in the pitui-
tary gland) direct these biological rhythms and are robustly
influenced by exposure to light (ie, light at night) and light/dark
cycles (eg, changes in length of day with season).(1–3)
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Circadian rhythms are driven by transcriptional-translational
feedback loops (ie, core clock elements) that oscillate over a
24-hour period and are found in nearly every cell in the mamma-
lian body, including bone cells.(4) Genetic disruption of the mas-
ter or local bone clock leads to skeletal abnormalities in mice.(5,6)

The circadian clock can also be disrupted environmentally by
altering light/dark cycles as occurs in individuals engaged in shift
work (eg, working overnight or rotating shift). Several studies
demonstrate that reduced bone mineral density and increased
fracture risk are associated with environmental circadian rhythm
disruption in humans,(7–9) whereas two studies report minimal,
inconsistent impact of circadian rhythm disruption on murine
bone structure with effects observed in other bone-related
parameters.(10,11)

Alcohol is widely consumed by humans and can exert com-
plex effects on the skeleton depending onmyriad factors, includ-
ing age and pattern of use.(12) For instance, low to moderate
alcohol consumption in adults may be protective due to a
reduced bone remodeling rate and thus reduced age-related
bone turnover and loss.(12) However, binge drinking and con-
sumption of alcohol by skeletally immature individuals may lead
to deleterious effects including reduction in bone mineral den-
sity and increased fracture risk.(13,14)

There is much to be learned about how combining these fac-
tors impacts bone. For example, when combined with circadian
rhythm disruption, it is possible that chronic alcohol intake could
adversely affect bone, even in skeletally mature individuals. Thus,
we tested the hypothesis that environmental circadian disrup-
tion and chronic alcohol intake affect bone structure and
mechanical properties.

2. Materials and Methods

2.1 Study design

All procedures used in this study were approved by the Institu-
tional Animal Care and Use Committee at Rush University Medi-
cal Center (RUMC). Mice were wild-type C57BL/6Jmales (n= 120;
Jackson Laboratory, Bar Harbor, ME, USA). Mice were housed
individually within ventilated, light-tight cabinets to allow for
manipulation of light cycles independent of the ambient light
cycles with pure corn cob bedding (Harlan, #7097) and were
fed standard rodent chow (Harlan-Teklad [currently Envigo-Tek-
lad, Indianapolis, IN, USA] Global 18% Protein Rodent Diet, prod-
uct #2018) and water both ad libitum, except as noted below.
Mice were housed and maintained by the Center for Circadian
Rhythms and Alcohol-Induced Tissue Damage at RUMC and are
a subset of animals from a previously published study.(15)

Because of a limited number of light-tight housing units, two dif-
ferent cohorts of mice, one born in the winter and the second in
the summer, were acquired from the same room at Jackson Lab-
oratory (JaxEast: MP15). Temperature and humidity were moni-
tored throughout the study and were maintained at 22 � 2�C
and 20% to 70%, respectively. Temperature and humidity were
not different over time between cohorts.

Mice were 8 to 12 weeks of age at the start of the experiment
and were randomly assigned to one of four treatment groups
(n = 15/group) within each of two cohorts. Within each cohort,
the groups were: (i) circadian normal, control diet; (ii) circadian
normal, alcohol diet; (iii) circadian disrupted, control diet; and
(iv) circadian disrupted, alcohol diet. The circadian normal mice
were subjected to consistent light/dark cycles (lights on at
7 a.m., lights off at 7 p.m.), whereas the circadian-disrupted mice

were subjected to weekly alterations in light/dark cycles (ie,
12-hour light/dark inversions: week 1 light/dark; week 2 dark/
light; week 3 light/dark, etc.) for 22 weeks.

During the last 10 weeks of the study, mice were transitioned
from standard rodent chow to a liquid diet to begin alcohol treat-
ment.(16) This transition included a 2-week gradual increase in
alcohol dose followed by 8 weeks on the full chronic alcohol
concentration in the alcohol groups (29% of total calories, 4.5%
v/v; additional dietary information in Appendix S1). Control mice
were fed an isocaloric diet in which alcohol calories were
replaced with dextrose. Food was prepared fresh daily and
served in graduated sipper tubes.

At study termination, mice (30 to 34 weeks old) were eutha-
nized by conscious decapitation. In each group, mice were
euthanized every 8 hours (n = 5 per time) to control for time-
of-day effects in the parent study;(15) however, since time of
the day had negligible effects on bone outcomes, it was not fur-
ther considered (Appendix S1). At necropsy, body weight was
recorded, serum was collected for blood alcohol measurement
(reported in Appendix S1), and the right femur was isolated,
cleaned of soft tissue, and stored in saline-soaked gauze at
�20�C until analysis.

2.2 Micro-computed tomography (μCT)

Femora were brought to room temperature and scanned
(Scanco μCT40; ScancoMedical, Brüttisellen, Switzerland) parallel
to the long axis of the bone while submerged in phosphate buff-
ered saline. Scans were completed using 55 kV, 145 μA, 300 ms
integration time, and a voxel size of 10 μm. A hydroxyapatite
phantom was scanned weekly to monitor calibration of the
X-ray source of the machine over time. Femur length was mea-
sured using the scout view.

The cortical bone analysis region of interest (ROI) spanned
from the periosteal to endocortical surfaces and included
1 mm centered at the midshaft of the femur. A threshold of
300 Scanco units was used to identify bone. In accordance with
theASBMRguidelines for the use of μCT in rodents,(17) reported out-
puts include total cross-sectional area (mm2), cortical bone area
(mm2), marrow area (mm2), cortical bone fraction (bone area/total
cross-sectional area � 100), cortical thickness (mm), cortical poros-
ity (%), cortical tissue mineral density (mg hydroxy apatite
[HA]/cm3), and polar moment of inertia (mm4).

The trabecular bone analysis ROI included the entire medul-
lary area deep to the endocortical surface, beginning sufficiently
superior to the distal femoral growth plate to avoid the primary
spongiosa, and continued proximally to 30% of the length of
the bone. On average, the ROI was 2.68 � 0.7 mm long. The
threshold for bone was set to 250 Scanco units. Trabecular out-
puts include total volume (mm3), bone volume (mm3), bone vol-
ume fraction (bone volume/total volume � 100), trabecular
number (1/mm), trabecular thickness (μm), trabecular separation
(μm), and trabecular tissue mineral density (mg HA/cm3).

2.3 Whole-bone mechanical testing

A three-point bend test was used to assess mechanical proper-
ties of the femur (Criterion 43, MTS Systems, Eden Prairie, MN,
USA). Briefly, the dorsal surface of the femur was supported by
two rounded points spanning 6.4 mm with a loading plunger
midway between the support points in contact with the ventral
surface at the midshaft. Each bone was preloaded to 1 N in the
ventral to dorsal direction before three-point bend to fracture
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was completed with a crosshead speed of 0.1 mm/s and load-
displacement acquisition rate of 10 Hz. Themain outputs include
peak force (N) and stiffness (N/mm) calculated as the slope of the
initial linear portion of the load-displacement curve using two
points acquired 0.3 seconds apart. Bone tissue-level properties,
ultimate stress (σU, MPa), and estimated elastic modulus (E, GPa)
were calculated using data obtained from whole-bone mechani-
cal testing and μCT analysis of cortical bone using previously pub-
lished equations.(18–20)

2.4 Statistical analysis

Data were analyzed using IBM SPSS Statistics (version 26, IBM
Corp, Armonk, NY, USA) and presented graphically using Graph-
Pad Prism (version 8, GraphPad Software, La Jolla, CA, USA).
Extreme values were identified using the formula: Q1 –
(3 � IQR) > value > (3 � IQR) + Q3, where Q is quartile and
IQR is the interquartile range of each outcome. A list of extreme
values is included in Appendix S1. Some additional values were
missing because of technical issues or user error, leaving a total
of 11 to 14 samples per experimental group for each outcome
assessed. After removal of extreme values, Shapiro–Wilk test for
normality was used to identify non-normally distributed data
within each experimental group based on p < 0.05. Non-
normally distributed data were normalized using a natural log
transformation before further analysis. A list of transformed out-
comes is included in Appendix S1.

Initially, data were analyzed by two-way analysis of variance
(ANOVA) to probe for main effects of alcohol intake (dextrose
control versus alcohol) and circadian status (normal versus dis-
rupted) in each cohort and with the cohorts combined. A thresh-
old of p < 0.05 was used to identify statistically significant
differences between groups. A summary of the resulting proba-
bility values for main effects of alcohol and circadian status and
interactions between alcohol and circadian status is included in
Appendix S1. During the analysis, a possible cohort effect
became apparent, so data were then analyzed by three-way
ANOVA to probe for main effects of cohort, alcohol intake, and
circadian status and interactions between these variables.

Data are presented as non-transformed group means and
standard deviations in the text and in graphs. Individual non-
transformed data points are plotted and bars and error bars rep-
resent group means and standard deviations, respectively. Bar

graphs are organized by cohort (cohort 1: winter born = gray
bars on left; cohort 2: summer born= green bars on right), alcohol
consumption (control diet= open bars; alcohol diet= striped bars),
and circadian (circ) status (circ normal = open squares/circles; circ
disrupted = black filled squares/circles). A threshold of p < 0.05
was used to identify statistically significant differences between
groups. When p < 0.05, the effect size (ES) via partial eta squared
is also presented. Effect sizes range from 0 to 1, with smaller effect
sizes closer to 0 and larger effect sizes closer to 1. Significant main
effects and interactions and their effect sizes are presented in tables
adjacent to the graphs.

3. Results

3.1 Body mass was different between cohorts and was
affected by alcohol intake

Body mass was significantly affected by cohort (p < 0.001,
ES = 0.227) and alcohol (p < 0.001, ES = 0.221, Fig. 1A). Mice
from cohort 1 (winter born) tended to have higher body mass
than cohort 2 (summer born), whereas mice who had alcohol
in their diet had lower bodymass than the control group, despite
consuming statistically indistinguishable amounts of food
(p > 0.05). Circadian rhythm disruption did not affect body mass.

3.2 Femur length was different between cohorts

Femur length was slightly higher in cohort 1 than cohort
2 (p < 0.001, ES = 0.143, Fig. 1B). Alcohol and circadian rhythm
disruption did not affect femur length.

3.3 Cortical bone structure outcomes were different
between cohorts and were not affected by alcohol
intake or circadian disruption

Cortical bone structure, assessed by μCT at the femoral midshaft,
was different in mice in cohort 1 compared with cohort 2 (Fig. 2).
Specifically, total cross-sectional area (p < 0.001, ES = 0.248,
Fig. 2A), cortical bone area (p < 0.001, ES = 0.312, Fig. 2B), and
marrow area (p < 0.001, ES = 0.172, Fig. 2C) were each larger in
cohort 1 compared with cohort 2. Further, the cortex was thicker
(p < 0.001, ES = 0.164, Fig. 2E) and less porous (p < 0.001,
ES = 0.732, Fig. 2F) in cohort 1 than cohort 2. There was an

Fig 1. Body mass (A) and femur length (B) are plotted for two cohorts of mice. Data points represent individual mice and bars and error bars represent
group mean and standard deviation, respectively. Three-way ANOVA p values <0.05 and their associated effect sizes via the partial eta squared for each
comparison are presented in tables adjacent to graphs. Circ = circadian.
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interaction between alcohol consumption and circadian status
for cortical porosity whereby alcohol-fed, circadian-disrupted

mice had slightly higher porosity on average than the other
groups (p < 0.001, ES = 0.136). The polar moment of inertia

Fig 2. Cortical bone parameters derived from micro-computed tomography analysis of the femoral midshaft are plotted (A–H) for two cohorts of mice. Data
points represent individual mice and bars and error bars represent group means and standard deviations, respectively. Three-way ANOVA p values <0.05
and their associated effect sizes via the partial eta squared for each comparison are presented in tables adjacent to graphs. Alc= alcohol; Circ = circadian.
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was also increased in cohort 1 compared with cohort
2 (p < 0.001, ES= 0.260, Fig. 2H). Cortical area fraction and tissue
mineral density (TMD) were not affected by cohort, alcohol
intake, or circadian disruption (Fig. 2D, G). Further, there were
no effects of alcohol intake or circadian disruption alone on
any cortical bone outcomes.

3.4 Trabecular bone structure outcomes were different
between cohorts and were affected by alcohol
intake and circadian status

Trabecular thickness and TMD were significantly different
between cohorts, with increased thickness (p < 0.001,
ES = 0.301) and TMD (p < 0.001, ES = 0.161) in cohort 1 com-
pared with cohort 2 (Fig. 3E, G, respectively). No other trabecular
bone outcomes were affected by cohort, except there was an
interaction between cohort and alcohol intake for total volume
(p = 0.049, ES = 0.042, Fig. 3A).

Mice that consumed alcohol and had a normal circadian
rhythmhad higher trabecular bone volume, bone volume fraction,
and number, and lower trabecular separation than the other
groups. Specifically, bone volume was affected by alcohol
(p = 0.039, ES = 0.046), circadian status (p = 0.026, ES = 0.053),
and the interaction of alcohol and circadian status (p = 0.028,
ES = 0.052, Fig. 3B), whereas bone volume fraction was affected
by alcohol (p = 0.016, ES = 0.062) and the interaction of alcohol
and circadian status (p= 0.031, ES= 0.050, Fig. 3C). Alcohol intake
and the interaction between alcohol intake and circadian status
affected both trabecular number (alcohol: p = 0.002, ES = 0.102;
alcohol � circadian disruption: p = 0.039, ES = 0.046, Fig. 3D) and
separation (alcohol: p = 0.003, ES = 0.095; alcohol � circadian dis-
ruption: p = 0.037, ES = 0.047, Fig. 3F).

3.5 Whole-bone mechanical properties were not
affected by cohort, alcohol intake, or circadian
disruption, but tissue-level material properties were
different between cohorts

Peak force sustained during three-point bend test of the femur
was not affected by cohort, alcohol intake, or circadian disrup-
tion (Fig. 4A). Femoral stiffness was also not affected by cohort,
alcohol intake, or circadian disruption alone, but there was an
overall three-way interaction between cohort, alcohol intake,
and circadian status (p = 0.027, ES = 0.053, Fig. 4B). Ultimate
stress and elastic modulus were calculated using data from μCT
imaging and three-point bend test of the femoral midshaft. Ultimate
stress and elastic modulus were each lower in cohort 1 compared
with cohort 2 (p < 0.001, ES = 0.146 and p = 0.005, ES = 0.082,
Fig. 4C, D). There were no other significant effects on tissue-level
material properties.

4. Discussion

Our original intent was to assess the effects of environmental cir-
cadian disruption and chronic alcohol intake, alone and in com-
bination, on bone structure and mechanical properties in mice.
We found minimal impact of environmental circadian rhythm
disruption on murine bone structure and mechanical properties,
while chronic alcohol intake had significant effects on trabecular
bone structure. Alcohol intake, particularly when circadian
rhythm was normal, resulted in higher trabecular bone volume,
but the beneficial effect of alcohol was blunted when circadian
rhythm was disrupted. Interestingly, many outcomes were

affected by cohort, including body mass, cortical bone (total
area, bone area, marrow area, thickness, porosity, polar moment
of inertia), trabecular bone (thickness and TMD), and calculated
cortical bone tissue-level material properties (ultimate stress
and elastic modulus). All of these outcomes were higher in the
cohort born in winter comparedwith the cohort born in summer,
except cortical porosity, ultimate stress, and elastic modulus,
which were lower in winter-born mice.

Circadian disruption can impact bone(5–9) and can be caused
by shiftwork, which is modeled in the laboratory by exposing ani-
mals to aberrant light and dark cycles. Two previous studies
assessed murine bone in response to this type of circadian dis-
ruption.(10,11) In the most recent study by Llabre and colleagues,
light/dark cycles were altered on the same 3 days in a row each
week for 22 weeks in a study that also exposed some mice to a
high-fat diet.(11) Although the combination of circadian disrup-
tion and high-fat diet readily induced hyperglycemia, effects of
circadian disruption alone on bone structure and mechanical
properties were less consistent. Circadian rhythm disruption
(independent of diet) resulted in increased advanced glycation
end products (AGEs) within bone tissue, suggesting an effect of
circadian rhythm disruption on bone matrix properties. The sec-
ond report utilized ApoE*3-LeidenCETP female mice exposed to
alterations in light/dark cycles for 15 weeks and found reduced
serum bone turnover markers and cortical mineralization, but
no differences in μCT-based cortical bone structure or mechani-
cal properties, and a nonsignificant increase in trabecular bone
volume.(10) Similarly in the present study, circadian disruption
did not robustly affect bone structure or mechanical properties,
even after 22 weeks of weekly disruption. It is possible that
because mice had no other comorbidities and were not of
advanced age, circadian rhythm disruption affected them less.
Also, a longer duration of exposure to this type of circadian dis-
ruption or other patterns of aberrant light cycling may be
required to observe effects on murine bone structure, but future
studies will be needed to evaluate these possibilities.

Alcohol and bone have a complex relationship with effects
ranging from beneficial to detrimental depending on age, fre-
quency, and amount of alcohol consumed, along with other bio-
logical factors, including nutritional status and sleep schedule.(12)

In the current study, mice that chronically consumed alcohol
(10 weeks) had higher trabecular bone volume than other
groups, indicating protective and/or beneficial effects on bone,
which is generally inconsistent with previous studies in rodent
models.(21,22) It is possible that a longer duration of consumption
or increased dose would be required to induce the expected
negative effects of chronic alcohol on bone in mice(23) or that
an alternative method of alcohol delivery (eg, alcohol in water
or alcohol gavage) would lead to different results. Bone remodel-
ing is typically reduced by alcohol consumption, which may slow
age-related bone loss; however, alcohol also reduces bone for-
mation.(12) We observed higher trabecular bone volume in
alcohol-fed mice, which could have been caused by suppressed
resorption due to reduced remodeling, assuming that the exist-
ing remodeling sites completed their bone formation process.(24)

Although circadian rhythm disruption did not blunt the protec-
tive effects of alcohol on cortical bone, the beneficial effects of
alcohol on trabecular bone were not observed in circadian-
disrupted mice and cortical porosity was modestly higher when
alcohol consumption was combined with circadian rhythm dis-
ruption. Taken together, these findings hint at the importance
of maintaining a normal circadian rhythm when alcohol is
consumed.
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Fig 3. Trabecular bone parameters derived frommicro-computed tomography analysis of the distal femoral metaphysis are plotted (A–G) for two cohorts
of mice. Data points represent individual mice and bars and error bars represent group means and standard deviations, respectively. Three-way ANOVA
p values <0.05 and their associated effect sizes via the partial eta squared for each comparison are presented in tables adjacent to graphs. Alc= alcohol;
Circ = circadian.
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Although our observation of a cohort effect might simply
reflect differences in animal cohorts due to breeding patterns
or phytonutrient abundance rather than a consequence of birth
season, several preclinical and clinical studies demonstrate the
direct effects of birth season on bone. Delahunty and colleagues
found sex- and bone compartment–specific seasonal differences
in C57BL/6J mice.(25) In their study, 16-week-old mice born in
autumn were compared with mice born in spring. The study
demonstrated that male mice born in autumn had higher body
size and increased periosteal and endosteal circumferences at
the femoral midshaft than mice born in spring. Similarly, body
mass and many cortical bone outcomes in the present study
were different between the cohorts. We acknowledge that fac-
tors thought to entrain seasonal rhythms in humans, such as
length of day, temperature, and ultraviolet light exposure, are
kept constant across seasons in the laboratory environment
and cannot account for the differences observed in this study.(3)

However, taken together, these two studies suggest that there
appear to be differences in murine bone structure that may be
dependent upon season of birth. The environmental conditions
that lead to these reported differences in bone structural param-
eters need to be further investigated.

Namgung and colleagues found that bone mineral content in
human infants was higher in those born in winter compared with
summer, even after controlling for race and sex.(26,27) Body
weight and limb length have also been linked to season of birth
in infants, with those born in autumn and winter having higher
body weight and limb length, respectively, than infants born in

other seasons.(28) Further, Danish men and women born in the
winter have a decreased risk for fracture later in life compared
with those born in the summer.(29) A decreased risk for fracture
based on birth season is supported by other findings suggesting
that birth weight and growth in early life predict bone mass,
strength, and mineral content late in adulthood.(30–32) These
data are compelling and suggest that there are also differences
in human bone structure based on season of birth.

Several mechanisms explaining seasonal effects have been
suggested. For instance, maternal vitamin D, a molecule shown
to vary by season and latitude,(33) measured at approximately
18 weeks of gestation, was positively associated with offspring
bone mineral content and density at 20 years of age.(34) Another
study reports that higher bonemineral content in infants born in
winter was associated with decreased osteocalcin and vitamin D
levels in serum.(27) Serummelatonin and testosterone levels also
vary seasonally in rats maintained on a constant light/dark
schedule, with increased melatonin observed during winter
and summer in both males and females and increased testoster-
one observed during the autumn in male rats,(35) but the mech-
anisms contributing to this phenomenon are not yet clear. In the
current study, cortical area and thickness, as well as trabecular
thickness tended to be greater in male mice born in winter com-
pared with summer. It is possible that molecules like osteocalcin,
vitamin D, melatonin,(36) and testosterone(37) (known influencers of
bone) exert direct or indirect effects on bone structure or mineraliza-
tion during development that lead to the bone phenotypes we
observed. Future studieswill beneeded to evaluate this phenomenon.

Fig 4. Mechanical properties, including peak force (A) and stiffness (B) derived from three-point bend test of the femur, and calculated tissue-level prop-
erties, including ultimate stress (C) and elastic modulus (D), are plotted for two cohorts of mice. Data points represent individual mice and bars and error
bars represent group means and standard deviations, respectively. Three-way ANOVA p values <0.05 and their associated effect sizes via the partial eta
squared for each comparison are presented in tables adjacent to graphs. Alc = alcohol; Circ = circadian.
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There are some limitations worth considering. This study
included only adult, male mice. Age-related bone loss is greater
in female mice and they may be more sensitive to the effects
of circadian disruption and alcohol.(38) Future studies should
examine serum or tissue level markers of bone turnover to better
understand potential mechanisms of action. Another important
limitation is the μCT scanning resolution that was used (10 μm),
particularly when considering cortical porosity. This resolution
is too coarse to accurately reflect all types of cortical porosity,
such as lacunar-canalicular osteocyte remodeling. The resolution
used likely measures vascular pores, with some partial volume
effects on results. Future studies should examine cortical poros-
ity with finer resolution. Finally, we acknowledge the limitation
that the breeding was performed by a commercial vendor.

In conclusion, cohort, or possibly season of birth, chronic alco-
hol consumption, and to a much lesser extent circadian rhythm
disruption affect bone structure in normal laboratory male mice.
These findings are important becausemost recognized drivers of
seasonal variation, including day length and temperature, are
kept constant in laboratory settings, suggesting some other
internalization of seasonal time. Based on our results and prior
studies, C57BL/6J mice may be a useful model organism to eluci-
date intrinsic mechanisms driving seasonal variations, which was
also recently suggested by Reynolds and colleagues.(39) Given
the association of season of birth with bone density and fracture
risk status later in life in humans, continued study of season of
birth effects on bone is warranted.

Finally, from the perspective of scientific rigor, season of birth
or cohort-induced variation in experimental outcomes may
degrade reproducibility of preclinical studies and should be con-
sidered in experimental design. Thus, we recommend consider-
ation of season of birth and cohort in multi-cohort studies and
inclusion of date and/or season of birth in publications, which
is not currently included in the ARRIVE guidelines for reporting
animal research.(40)
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