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Not so fast: Paradoxically increased variability in
the glucose tolerance test due to food
withdrawal in continuous glucose-monitored
mice
William B. Rubio 1, Marissa D. Cortopassi 1, Deepti Ramachandran, Samuel J. Walker, Elizabeth M. Balough,
Jiefu Wang, Alexander S. Banks*
ABSTRACT

Objective: This study was performed to determine the effect of fasting on reproducibility of the glucose tolerance test. Due to individual variation
in animal feeding behaviors, fasting animals prior to metabolic and behavioral experiments is widely held to reduce inter-subject variation in
glucose and metabolic parameters of preclinical rodent models. Reducing variability is especially important for studies where initial metabolite
levels can influence the magnitude of experimental interventions, but fasting also imposes stress that may distort the variables of interest. One
such intervention is the glucose tolerance test (GTT) which measures the maximum response and recovery following a bolus of exogenous
glucose. We sought to investigate how fasting affects the response of individual mice to a GTT.
Methods: Using simultaneous continuous glucose monitoring (CGM) and indirect calorimetry, we quantified blood glucose, physical activity, body
temperature, metabolic rates, and food consumption levels on a minute-to-minute basis in adult male mice for 4 weeks. We tested the effects of a
4-h or 18-h fast on the GTT to examine the effect of food withdrawal in light or dark photoperiods. Studies were also performed with 4-h fasting in
additional mice without implanted CGM probes.
Results: Contrary to our expectations, a 4-h fast during the light photoperiod promotes a paradoxical increase in inter-animal variation in
metabolic rate, physical activity, body temperature, glycemia, and glucose tolerance. This hyperglycemic and hyper-metabolic phenotype
promotes increased corticosterone levels and is consistent with a behavioral stress response to food deprivation, even in well-fed mice. We find
that mice undergoing an 18-h fast entered torpor, a hibernation-like state. In addition to low body temperature and metabolic rate, torpor is also
associated with glucose levels 56 mg/dl lower than those seen in mice with ad libitum access to food. Moreover, the time spent in torpor affects
the response to a GTT.
Conclusion: Our results suggest fasting mice before glucose tolerance testing, and perhaps other experiments, can have the opposite of the
intended effect where fasting can increase, rather than decrease, experimental variability.

� 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. INTRODUCTION

The glucose tolerance test (GTT), which measures circulating blood
glucose levels following a bolus of exogenous glucose, is a fast, inex-
pensive, and widely used technique for comparing metabolic status
amongst experimental animals. However, both the reliability and validity
of GTTs are contingent upon the experimental protocols used. Multiple
factors affect the sensitivity of GTT to measure glucose homeostasis
including recent prandial history and environmental stressors. Stan-
dardized protocols for the GTT have yet to be broadly adopted [1e5].
To increase the interpretability of the responses, exogenous glucose
should be administered to animals in the post-absorptive state.
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Additionally, by “resetting” the metabolism of experimental animals
through fasting, it is believed that inter-subject glycemic variability will
be reduced. The consequences of reduced variation are to increase the
statistical power of the GTT, reduce the number of experimental ani-
mals required to detect a difference between groups and improve
reproducibility of experiments utilizing GTTs. Thus, fasting has become
a universal feature of efforts to standardize GTT protocols to harmonize
glycemic states. Methodological recommendations have suggested
that fasting for different durations may be optimal for reducing vari-
ation, including 2, 4, 6, or 16e18 h “overnight” fasting. It has been
acknowledged that the metabolic impact of fasting during the light
photoperiod, when mice graze to maintain levels of glycemia
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necessary to maintain euthermia, may differ from imposing fasting
during the dark photoperiod when mice consume most of their
nutrition [6,7]. However, the basic assumption that fasting reduces
glycemic variability has not been formally tested in mice.
Modern technology now allows for continuous minute-to-minute
glucose monitoring to measure glycemia without repeated blood
draws in mice [8e10], allowing for the characterization of glycemic
variability on time scales not permitted by intermittent sampling
methods. Implantation of continuous glucose monitors in mice is an
invasive procedure and does not obviate the utility of the classical
glucose tolerance test. Ideally, insights gained from continuous
glucose monitoring would allow for the optimization of the standard
operating procedures of the GTT to maximize its power and physiologic
validity. In this study, we sought to investigate whether and under what
circumstances fasting could decrease the levels of experimental
variation in the glucose tolerance test using continuous glucose
monitoring (CGM) and indirect calorimetry.

2. RESULTS

2.1. Circadian patterns in glycemia and metabolism
Humans and mice share many common aspects of metabolic regu-
lation. CGM recordings of interstitial fluid in nondiabetic volunteers find
similar levels of glucose in day and night monitoring periods [11]. We
find that blood glucose levels in mice fed a standard chow diet are also
similar between light and dark photoperiods, consistent with prior
results using CGM in pregnant or pre-diabetic NOD mice [10,12]. In
stark contrast, all other measured physiological parameters in mice
exhibit substantial circadian variation (Figure 1). We find that dark
photoperiods are associated with significant increases in body tem-
perature, food intake, water intake, metabolic rate, and physical ac-
tivity. These nocturnal behaviors promote positive energy balance (i.e.,
greater caloric intake than energy expenditure) and increased carbo-
hydrate oxidation (denoted by elevated RER) during the dark photo-
period. Despite these large changes in other physiological parameters,
glycemia remains surprisingly consistent through light and dark pho-
toperiods. Given this glycemic stability, we sought to understand
whether fasting could further lower the variability of metabolic pa-
rameters compared to mice with “ad libitum” unrestricted access to
food. Due to the different physiological states of the mice, we exam-
ined the effect of fasting in both photoperiods.

2.2. Food restriction increases the variability of the glucose
tolerance test
Our central question is whether fasting reduces the inter-subject
glycemic variability of a GTT and in turn, increases its statistical po-
wer. To address this point, we performed continuous glucose moni-
toring in mice undergoing a GTT. Recordings were made under
conditions of 1) unrestricted ad libitum access to food, 2) a 4-h light-
photoperiod fast, or 3) an 18-h overnight fast. The GTT for all mice was
performed at the same time of day, 1200 h, halfway through the light
photoperiod. Mice with ad libitum access to food had higher average
baseline glucose levels than mice following an 18-h fast but not a 4-
h fast (Figure 2A). To account for differences in baseline glucose levels,
we calculated the area of the curve (AOC), where baseline values for
each mouse are subtracted from the area under the curve as described
[4]. Despite receiving the same dose of glucose, the AOC was the
lowest for ad libitum mice, followed by 4-h fast and 18-h fast
respectively (Figure 2B). Importantly, we observe that ad libitum-fed
mice have approximately half the variation in glucose excursion of
overnight fasted mice as quantified by the standard deviation in the
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AOC (Figure 2C). The glucose excursion curve (GEC) shapes during the
GTT were similar. However, the ad libitum mice had a sharper peak
and more rapid drop in glucose levels when compared to 4-h or 18-
h fasted mice (Figure 2DeF).
To exclude the possibility that these results are secondary to the im-
plantation of telemetry probes, we sought to verify these results in an
independent cohort of mice that have not undergone surgery. This
independent cohort was examined under ad libitum food access or
following a 4-h fast. There were no significant differences in baseline
glucose when comparing ad libitum or 4-h fasted mice in either male
or female cohorts (Figure 2G, M). In both sexes, we observe lower and
smaller GEC in ad libitum fed mice during the GTT (Figure 2H, N). This
experiment produces similar results to those seen with CGM re-
cordings, with greater AOC values in fasted mice compared to ad
libitum-fed mice (Figure 2I, O). Fasted male mice have a 10% higher
variation in the AOC and a 36% greater variation in AUC. Fasted female
mice have an 18% greater variation in AOC but a 30% lower variation
when AUC is calculated. (Figure 2GeL). These results find larger
variations in the AOC from GTT of 4-h fasted mice compared to non-
fasted animals, similar to the CGM findings. In contrast, female mice
exhibit trends dependent on the statistical analysis implemented
(Figure 2MeR).

2.3. Physiologic variability under ad libitum and 4-h fasting
conditions
To understand the increased variability associated with a 4-h fast, we
first examined the corresponding period under ad-libitum conditions.
This interval includes the first 6 h of the light cycle as mice enter a
phase of low physical activity and food intake. We monitored 11 young,
healthy mice on a chow diet using CGM and indirect calorimetry. We
observed tight blood glucose regulation: 136 � 15 mg/dl
(mean � SD). Similar uniformity was seen in body temperature
36 � 1 �C, and energy expenditure 0.44 � 0.1 kcal/h. Despite food
availability, the voluntarily low amount of food consumed corresponds
to decreased respiratory exchange ratio (RER), representing the tran-
sition from metabolizing a high-carbohydrate diet to burning stored fat
(Figure 3AeF). Physical activity levels are similarly low, with a posi-
tional heatmap consistent with sedentary behavior or sleep (Figure 3G).
Overall, mice with ad libitum access to food have low variability in all
parameters monitored. Moreover, the fatty acid oxidation indicated by
a low RER value is consistent with a post-absorptive state.
We next examined the 4-h fasting state by removing food from the mice
at 0800 h, 2 h following the start of the light photoperiod. Cage change
with food withdrawal during the light photoperiod provoked a strong
hyper-metabolic physiological response. Within minutes of food with-
drawal, we observed increased blood glucose, body temperature, en-
ergy expenditure, and locomotion. These parameters peak in 20e
30 min and remain elevated for up to 4 h. The mice also experience a
faster decrease in RER as greater fat oxidation is required to fuel the
increased energy expenditure in the fasting state. A positional heat map
reveals greater physical activity during fasting, with typical occupancy
occurring near the empty food hopper (Figure 3G). In the first hour after
food withdrawal, we observed a 10.5� 13 mg/dl increase in glucose, a
1.5 � 0.4 �C increase in body temperature, a 10-fold increase in
physical activity, and a 34% increase in energy expenditure. We find that
food removal, rather than reducing the glucose variability, has the
opposite effect of increasing glucose variability (Figure 3AeF).
To better quantify the intra-mouse glycemic variability under each
condition, CGM data from each group were analyzed using three
frequently used statistical methods, continuous overlapping net gly-
cemic action (CONGA), mean amplitude of glucose excursion (MAGE),
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Figure 1: Circadian patterns in glycemia and metabolism. Representations of recordings with continuous glucose monitoring (CGM) and indirect calorimetry at 23 �C. AeH
photoperiod average � SEM n ¼ 11 mice over 5 d. IeP average � SEM recordings for n ¼ 11 mice every 2 min for 1 d. Q-X recordings of a single mouse over 2 d. A, I, Q) blood
glucose, B, J, R) body temperature, C, K, S) food intake, D, L, T) energy expenditure, E, P, X) energy balance (food intake minus energy expenditure) F, N, V) in-cage physical activity
(beam break distance traveled), G, M, U) respiratory exchange ratio, H, O, W) water intake. Statistics on AeH by paired t-test; ns, not significant; *p < 0.05; **p < 0.01;
***p < 0.001. Wild-type C57Bl/6J male mice on a standard chow diet. Shaded areas represent the 12-h dark photoperiod.
and mean absolute difference (MAD) [13e15]. CONGA, a method used
for the analysis of short-term glycemic variability in the order of mi-
nutes to hours, was increased during the 4-h fast and compared to
mice with ad libitum access to food for the same duration. MAGE,
another measure that assesses glycemic variability on shorter time
scales, is inversely correlated with insulin resistance and was similarly
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elevated in the 4-h fasted mice compared to the ad libitum mice.
Finally, we assessed the MAD, which was originally developed for the
analysis of 24-h data and is essentially a variation on the standard
deviation of intermittent glucose measurements, and found results
concordant with CONGA and MAGE (Figure 3HeJ). Overall, these re-
sults argue that the inter-mouse glycemic variability experienced
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Figure 2: Fasting-induced variation in glucose tolerance testing. AeF: Re-
cordings with continuous glucose monitoring (CGM). A) baseline glucose levels: the
mean of 30 min recordings prior to GTT glucose bolus. B) Area Of the Curve (AOC) of
the glucose excursion curve GEC in (DeF). C) standard deviation (SD) of AOC in B. DeF)
CGM GTT during ad libitum, 4-h or 18-h fasting for n ¼ 11 mice. GeR) Recordings
with a handheld glucometer for male (GeL) and female (MeR) mice G, M) baseline
glucose levels. H, N) glucose tolerance tests under ad libitum and 4-h fasted conditions,
I, O) AOC of the GTT, J, P) SD of AOC. K, Q) Area under the Curve (AUC) of the GTT. L, R)
SD of AUC. n ¼ 20 mice per group. ns, not significant; *p < 0.05; **p < 0.01;
***p < 0.001.
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during fasting correlates with intra-mouse glycemic variability and that
this variability is not an artifact of the stress of intermittent blood
sampling.
To test whether our findings of increased glycemic variability gener-
alized beyond healthy, wild-type mice, mice fed a high fat diet were
observed during ad libitum feeding or a 4 h fast. Similar overall trends
were observed in male mice fed a high-fat (HFD) for 7 days
(Supplemental Figure 1). During the first 6 h of the light photoperiod,
ad libitum HFD mice had higher average glucose levels and more
glycemic variability than chow-fed mice (156 � 20 mg/dl vs
136 � 15 mg/dl (mean � SD)). Consistent with the greater energy
density of the HFD, we observed a trend towards greater caloric intake
in HFD compared to chow-fed conditions (1.47 � 0.749 kcal vs
1.35 � 0.868 kcal). As expected, the diet’s high-fat content produced
greater fat oxidation rates (lower RER) when compared to chow-fed
mice. In addition, the effect of food withdrawal in HFD mice pro-
moted an exaggerated response compared to chow-fed mice. As a
result, we observe greater increases in HFD vs chow glucose (13.0
vs 10.5 mg/dl), body temperature (1.6 vs 1.4 �C), and locomotor ac-
tivity (14-fold vs 10-fold) (Supplemental Figures 1 and 4). Increased
glucose variability caused by fasting was seen consistently across both
chow and HFD conditions.

2.4. Effect of protocol-associated environmental stress on glycemic
variability
Postulating that these physiologic findings were due at least in part to
the stress of food withdrawal, we assessed levels of corticosterone, a
hormone of the pituitary adrenocortical axis elevated in response to
environmental stress. We found that 4 h of fasting triggered a 3-fold rise
of corticosterone (Figure 3K), supporting the hypothesis that stress was
playing a significant role in the observed metabolic shifts and variability.
Given that several protocol-related events other than food withdrawal
itself could cause the mice stress, we set out to isolate the effect of each
of these perturbations on our measured metabolic parameters.
We first assessed the effects of the cage change itself in the absence
of food withdrawal. We monitored 8 healthy female mice on a standard
chow diet during the first 6 h of the light photoperiod under three
separate conditions: ad libitum food access without cage change, ad
libitum food access with a new cage with new woodchip bedding, and
with a standard fasting protocoldfood withdrawal accompanied by
change to a new cage with woodchip bedding. We found that the cage
change alone was not associated with an increase in physical activity
as seen in the fasting group but was associated with small increases in
body temperature and energy expenditure that were smaller in
magnitude than the same increases seen in the fasting group
(Supplemental Figure 3AeD). There was significant inter-mouse
variability in food intake in the mice that underwent cage change
alone (Supplemental Figure 3E), and there was a sustained increase in
RER not seen in the fasting group (Supplemental Figure 3C) with no
corresponding increase in food intake (Supplemental Figure 3E).
We next addressed whether the stress of the cage change could
contribute to the variation in the glucose tolerance test. In an inde-
pendent cohort of WT C57Bl/6J male mice that have not undergone
surgeries, we examined the effects of the cage change compared to ad
libitum conditions or fasting with a cage change. Baseline glucose
levels prior to the GTT were similar in all three groups, although fasting
mice have greater variation in glucose levels (Supplemental
Figure 3FeG). As before, fasting mice exhibit a greater glucose
excursion, greater area under the curve, and higher standard deviation
of the AUC. The mice experiencing a cage change exhibit a similar
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Figure 3: Fasting during the light photoperiod induces a hyper-glycemia and hyper-metabolic response. AeF) Recordings of chow fed and 4-h fasted mice. Left/green: ad
libitum fed mice; center/blue: the same animals two days later fasted at 8 AM (arrow). Right: mean values for each animal between 0800 and 0900. A) blood glucose, B) body
temperature, C) metabolic rate (energy expenditure), D) respiratory exchange ratio, E) in-cage physical activity (distance traveled) F) energy intake. The solid black line represents
the mean value at each minute, the shaded area represents � SEM, n ¼ 11 male mice. G) A heatmap of position within the cage for one mouse from 0800 to 0900 under fasted or
ad libitum conditions. The plotted area represents the physical location within the cage; height and color represent the accumulated time spent at each location. The food hopper is
located in the top right corner. HeJ) Estimates of glycemic variability including H) Continuous Overall Net Glycemic Action (CONGA), I) Mean Amplitude of Glycemic excursions
(MAGE), J) Mean Absolute Deviation (MAD). K) Fasting induced corticosterone levels. L) Measurements of glucose before and after food removal with a hand-held glucometer
(n ¼ 20 male mice). ns, not significant; *p < 0.05; **p < 0.01; ***p < 0.001.

MOLECULAR METABOLISM 77 (2023) 101795 � 2023 The Authors. Published by Elsevier GmbH. This is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
www.molecularmetabolism.com

5

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://www.molecularmetabolism.com


Figure 4: Entry into torpor following food withdrawal during the dark photo-
period. AeF) recordings of chow fed and 18-h fasted mice. Left/green: ad libitum fed
mice; center/blue: the same animals two days later fasted at 17:30 (arrow). Right:
mean differences values for each animal between 0800 and 0900. A) Blood glucose, B)
body temperature, C) metabolic rate, D) respiratory exchange ratio, E) in-cage physical
activity, F) food intake. The solid black line represents the mean value at each minute,
shaded area represents the SEM. Arrows denote the time of food removal. GeI) Es-
timates of glycemic variability including G) CONGA, H) MAGE, I) MAD. JeL) quantifying
fasting-induced torpor. J) Time spent in torpor as defined by body temperature
threshold (<34.5 �C). K) Glucose levels or L) energy expenditure in mice during bouts
of fasting-induced torpor or during the corresponding intervals under ad libitum con-
ditions. MeO) Recordings for one mouse during overnight fasting with plots of M) blood
glucose, N) body temperature, and O) metabolic rate. P) Regression analysis of glucose
AOC for 18-h fasted mice vs time spent in torpor during the 4-h prior to GTT. ns, not
significant; *,p < 0.05; ***p < 0.001.
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phenotype to mice with ad libitum access to food (Supplemental
Figure 3HeJ). Overall, these results suggest that while the stress of
the cage change contributes a minor role to the observed shift in
metabolic state of mice undergoing fasting for a GTT, the physiologic
and environmental stress of fasting itself are likely larger contributors
to these changes.
Another concern we wished to address was whether the results ob-
tained with the CGM GTT were consistent with the traditional, non-CGM
GTT. In the latter, the repeated blood sampling involved may impose
stress that could confound results or the results observed with CGM
could be due to the invasive nature of the implanted device. Using a
handheld glucometer, we confirmed the transient hyperglycemia
following food restriction in an independent cohort of wild type C57Bl/
6J male mice without any surgical intervention. In these naïve mice,
we found an increase in blood glucose when sampled 20 min prior to
and 20 min following food withdrawal (Figure 3L). However, this effect
was not observed in a cohort of C57Bl/6 female mice (Supplemental
Figure 2). The absence of an increase in serum glucose levels in the
fasting female mice may reflect either the lack of a stress-related
release of glycogen or more efficient glucose clearance in females
compared to male mice.
These studies validate that non-invasive CGM technologies and well-
established handheld glucometer technologies deliver similar results
in measuring the effects of acute fasting on increased glucose levels in
male mice. Furthermore, these findings suggest that the stress of
blood sampling during the GTT does not render baseline glucose levels
significantly different from telemetric monitoring.

2.5. Fasting during the dark photoperiod drives entry into torpor
After observing an unexpectedly large effect of food removal during the
light photoperiod, we next explored the effect of fasting in the dark
photoperiod. Over 18 h, mice with ad libitum access to standard chow
maintained tight control of glucose levels at an average of
136 � 13 mg/dl. Other physiological parameters during the dark
period are bimodal. Body temperature, physical activity, energy
expenditure, and food intake reach peak levels shortly after onset and
before the conclusion of the dark photoperiod. In addition, as quantified
by RER, carbohydrate oxidation reaches a daily maximum concurrent
with the first peak of food intake at the initiation of the dark photo-
period (Figure 4AeF).
As mice eat most (74%) of their food in the dark photoperiod
(Figure 1C), we examined the effect of food withdrawal 30 min before
the onset of darkness. The acute response observed to food removal is
a spike in blood glucose and body temperature coinciding with
increased physical activity levels. After the initial peak, average
glucose levels drop 45% to 73.5 mg/dl at the end of the fasting period.
In addition, core body temperature drops 3 �C, and energy expenditure
decreased by approximately 30% during this period. Physical activity
initially increases but ultimately drops to near 0. Low RER levels reflect
a fasting state and oxidation of fat stores. Overall, this phenotypic
pattern is consistent with torporda hibernation-like adaptive state
used by rodents to conserve energy during conditions of food scarcity
(Figure 4).
To address intra-mouse glycemic variability during the prolonged fast
during the dark photoperiod, we computed the CONGA, MAGE, and
MAD. Using the CGM data recorded from mice undergoing an 18 h
overnight fast or during the corresponding times under ad libitum
conditions. Similar to the findings for the mice undergoing a 4-h fast,
we observed a significant increase in all three measures in the mice
undergoing an 18-h fast compared to the ad libitum condition
(Figure 4GeI). Notably, the MAGE was much higher in the 18-
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h overnight fasted mice compared to the 4-h fasted mice, likely
driven by the large fluctuations in glucose levels corresponding to
bouts of torpor.
To quantify the time spent in torpor we measured the time each animal
held a body temperature below 34.5 �C [16]. With these criteria, mice
spend more than 7 h in torpor during the 18-h fast (Figure 4J). During
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the corresponding period, the body temperature of ad libitum-fed mice
was consistently higher than this threshold, i.e., 0 min in torpor. During
these bouts of torpor, blood glucose levels were 56 mg/dl (42%) lower
than during the corresponding times in ad libitum conditions (79 � 12
vs 135 � 1 mg/dl, Figure 4K). Energy expenditure levels were 61%
lower during torpor (Figure 4L). We also plotted individual animals to
examine the metabolic dynamics during torpor. We find a strong
relationship between glucose, body temperature, and metabolic rates
(Figure 4M�O). As bouts of torpor coincide with intervals of low blood
glucose levels, we next examined whether the time spent in torpor
might affect the response to a glucose bolus. The glucose excursion
curves for these mice (Figure 2F) positively correlate to the time spent
in torpor (Figure 4P). The correlation indicates that the more time mice
spent in torpor before the GTT, the greater their glucose excursion.
As entry into torpor is a process integrating information on ambient
temperature, food availability, photoperiod, and adipose tissue stores,
we similarly examined whether mice would enter torpor on a high-fat
diet. We observe strikingly similar effects for mice on HFD fasted
overnight compared to ad libitum-fed mice. Under both dietary con-
ditions, we see that while fasting reduced blood glucose levels, it
introduced more physiological variability than in unfasted mice
(Supplemental Figure 4).

3. DISCUSSION

The availability of continuous glucose monitoring has paved the way for
new insights into metabolic regulation and into better understanding
glycemic variability in humans and now in mice. The first-line assay of
glycemic control, the GTT, measures the ability of an organism to clear
a bolus of glucose from the bloodstream and provides a method to
detect disorders of glucose metabolism. Though simple to perform, the
response to this perturbation integrates a number of complex physi-
ological processes including the rates of endogenous glucose pro-
duction, glucose-stimulated insulin secretion, insulin sensitivity, and
other factors [4]. Therefore, meaningful interpretation of the results
depends heavily on the baseline physiological state of the organism as
well as environmental factors, and we here apply CGM to better un-
derstand and optimize the GTT.
Many consider fasting as an essential component of the GTT in pre-
clinical studies to achieve stable baseline glucose measurements and
monitor responses [6,17e20] from the post-absorptive state. How-
ever, we show here that fasting paradoxically contributes to the vari-
ability of the GTT due to the contribution of endogenous glucose
production. Previous work has suggested that environmental stressors
associated with fasting include the entry of the investigator into the
room, changing cage bedding, or the novel environment of placing the
animals in a fresh cage [19,21]. We confirm and extend these findings
in showing that fasting can contribute to GTT variability.
We find a surprisingly tight regulation of glucose levels in healthy mice
between light and dark photoperiods despite the considerable circa-
dian differences in food intake and other metabolic parameters. Using
noninvasive monitoring of blood glucose, food intake, physical activity,
and metabolic rate, we show two distinct fasting patterns depending
on the photoperiod. In mice fasted during the light photoperiod, we
observe a hyperglycemic and hyper-metabolic stress response as well
as an increase in physical activity consistent with food-seeking
behavior (Figure 3). These effects are more prominent at the begin-
ning of the fast. In contrast, mice fasted for the duration of the dark
photoperiod enter a shallow state of torpor (Figure 4). Prolonged fasting
MOLECULAR METABOLISM 77 (2023) 101795 � 2023 The Authors. Published by Elsevier GmbH. This is an open a
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has been shown to reduce blood glucose and insulin levels, consistent
with a state of insulin sensitivity [22]. It is therefore not surprising that
torpor’s effects on insulin sensitivity may be contributing to the vari-
ation in the GTT (Figure 3P).
We find consistent results from CGM and handheld glucometers,
suggesting that the stress of repeated tail blood glucose measure-
ment may not be a large source of variation in the GTT when per-
formed by a skilled investigator. Of note, collecting larger blood
volumes for the measurement of circulating hormones can introduce
stress and variability [1,5]. To minimize stress on the animals, we did
not collect blood for insulin or other hormone measurements during
the procedures. However, prior studies show that 6-h fasting in chow
fed mice is associated with higher glucose levels and lower insulin
levels [2].
We observed a hyper-metabolic, hyperglycemic response of mice to
food removal. These results are consistent with the phenomenon of
stress-induced hyperthermia (SIH) [23]. In response to multiple
different stressors, animals show autonomic reactions including
elevated body temperature. In humans, this type of stress is also
associated with increased temperature and blush responses. In mice,
the cage switch is a paradigm of SIH whereby the animals transferred
to a new cage will experience a transient elevation in temperature and
physical activity consistent with our observations. The anxiolytic effects
of benzodiazepines attenuate these responses [24,25]. Effects of cage
switch SIH on metabolic rate and glycemic variability have not previ-
ously been reported. Our data would suggest that increased glucose
levels, glycemic variability, and rates of energy expenditure are pre-
viously unappreciated aspects of SIH.
We have previously preferred overnight fasting prior to performing a
GTT [26e28]. In our experience, mice fasted for 16e18 h during the
dark photoperiod were calmer and less likely to bite. In the context of
the current study, we re-evaluate these behaviors as consistent with
mice in a state of torpor. Torpor allows animals to survive periods of
low food availability by rapidly decreasing metabolic energy demands
and body temperature [20]. Mice enter into progressively deeper pe-
riods of hypometabolic states with brief periods of arousal to search for
food. Using CGM, we demonstrate that periods of torpor are associated
with sharp decreases in blood glucose levels. Similar, although less
pronounced effects on glucose are also observed while mice are
housed at thermoneutral temperatures [29]. The extent of torpor, i.e.,
the degree of decrease in body temperatures and metabolic rates,
introduces considerable variability in blood glucose compared to the
tight regulation of glucose in ad libitum-fed mice. Although the goal of
overnight fasting prior to a GTT is to reduce glucose variability, this
paradigm also has the opposite effect of introducing unwanted glucose
variation.
However, it is important to emphasize that intra-subject glycemic
variability, while undesirable from the perspective of experimental
reproducibility and minimization of the number of experimental ani-
mals needed to achieve the desired statistical power, may be an
inherent feature of the post-absorptive state. Indeed, glycemic vari-
ability a measure that carries physiologic and clinical significance. For
example, high glycemic variability predicts mortality in populations of
critically ill patients and is thought to be the driver of vascular com-
plications of diabetes [30e33]. It has also been suggested that
measures of glycemic variability may be more reliably diagnostic of
impaired glucose tolerance than commonly used clinical measures
including the hemoglobin A1c and the oral glucose tolerance test
[31,34]. It should therefore not be concluded that eradication of
ccess article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/). 7
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glycemic variability in experiments will necessarily improve the in-
sights derived from those experiments, and there are certainly situa-
tions in which variability should be embraced as meaningful rather
than as a mere nuisance. CGM offers a unique opportunity to obtain
and utilize the rich information of intra-subject glycemic variability.
These results are possible through the technical innovation allowed by
combining simultaneous indirect calorimetry and continuous glucose
monitoring with telemetry. While these studies were performed in wild-
type mice, this demonstrated feasibility, and when paired together with
the genetic tractability of the mouse as a model organism, there lies
immense potential. It remains to be determined how best to analyze
the rich CGM datasets from preclinical research.
In sum, using CGM we find that mice on a standard chow diet or short-
term HFD exhibit exceptionally stable blood glucose control. While
many physiological parameters exhibit substantial circadian variation,
including food intake and physical activity, glycemia remains consis-
tent through light and dark photoperiods. We find that the fasting
methods tested do not reduce variability in blood glucose levels or
decrease the variability of the GTT. Rather we would like to draw
attention to the tradeoffs between fasting and non-fasting experimental
designs.

3.1. Limitations
Our study does not exhaustively test whether a fasting paradigm might
exist that could reduce the variability of the glucose tolerance test. We
examined CGM in only a single strain of male mice on either a chow diet
or short-term HFD. We would expect an increase in glycemic variability
in diabetic mice. The use of continuous glucose monitoring is surgically
challenging to achieve and is expensive, with each single-use probe
costing approximately 1000 USD. These factors suggest that CGM in
mice may have limited adoption in the research community. Indeed, we
found quantitatively similar results of the GTT with a handheld gluc-
ometer. In addition, our study demonstrates that some experimental
variation is derived just from the cage change prior to the glucose
tolerance test. Regardless, introduction of these new protocols may
complicate comparison with previous data. Specifically, this paradigm
of ad libitum glucose tolerance tests may produce different results in
mice under altered environmental, genetic, or behavioral conditions.

4. METHODS

4.1. Animal husbandry
All animal experiments were performed with approval from the Insti-
tutional Animal Care and Use Committees (IACUC) of The Beth Israel
Deaconess Medical Center. Male and female C57BL/6 wildtype mice at
18e20 weeks of age were ordered from the Jackson Laboratory. Mice
were held at 12 h/12 h light/dark cycles 0600:1800, 22 � 2 �C room
temperature, and 30%e70% humidity with ad libitum access to food
and water; special treatments (e.g. fasting, GTT) are individually
specified. Cages and corn cob bedding were changed once a week,
and mice were monitored regularly for their health status for the
duration of this study. Additionally, mice were monitored on a standard
chow diet for 23 days before switching to HFD.

4.2. Continuous glucose monitoring
The CGM system utilized here differs from those used in clinical
practice as these mouse probes record glucose from circulating blood
rather than subcutaneous interstitial fluid.
Mouse-sized HD-XG probes record glucose and body temperature
(Data Sciences International). The glucose sensor is implanted in the
aortic arch, while the probe’s body is implanted in the peritoneal cavity
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to record core body temperature. W.B.R. attended the DSI surgical
skills course (DSI, St Paul, MN) to ensure the surgery was performed
according to the manufacturer’s recommendations. Of the mice un-
dergoing surgery, 11 of 16 mice survived the CGM implantation pro-
cedure. Following 12e16 days of surgical recovery, glucose probes
were powered on by proximity to a magnetic field. After 4 h, probes
were calibrated with a 2-point calibration at ad libitum baseline and
20 min following a 2 g glucose per kg body weight bolus. For cali-
brations, the tail tip was nicked to elicit a drop of blood, and the
average of two measurements with hand-held glucometers was used.
For the remainder of the experiment, single-point calibrations were
taken 2� weekly ad libitum. The calibration measurements were
repeated if the glucometers showed a difference of more than 10%.

4.3. Indirect calorimetry
Metabolic cage data was collected on individually housed mice
placed in a Promethion indirect calorimeter (Sable Systems) with a
temperature-controlled cabinet (Pol-Eco) and provided with ad libi-
tum food (Labdiet 5008, metabolizable energy 3.23 kcal/g or
Research Diets D12492i, 60% kcal from fat, 5.21 kcal/g) and water
purified by reverse osmosis. DSI or Starr Scientific telemetry receiver
bases were placed beneath the Promethion Cages to match the
implanted probes. Mice were maintained under 12-h/12-h light/dark
photoperiods (0600e1800) at an ambient temperature of
23 � 0.2 �C. Position and physical activity were collected every
second. Rates of oxygen consumption (VO2) and carbon dioxide
production (VCO2) were measured every 2 min. Data were imputed to
a 1-min resolution to match the glucose and body temperature re-
cordings. Male mice for chow and HFD experiments were run in two
staggered cohorts of n ¼ 6 and n ¼ 5. Mice not receiving glucose
probes were implanted with Starr scientific E-Mitter body tempera-
ture telemetry probes in the peritoneal cavity. All mice survived the
body temperature surgeries, however one probe failed to transmit
data. We observed poor agreement between locomotor activity as
recorded by the implanted telemetry probe and the infrared (IR) beam
break measurements. Many episodes of physical activity due to beam
breaks were not detected by telemetry. We, therefore solely used the
IR measurements for physical activity. Torpor was quantified at a
body temperature below 34.5, as described [35].

4.4. Fasting, cage change/cage flip, or ad libitum monitoring
Due to the caloric content of residual corn kernels, corn cob bedding
was replaced with wood chip-based bedding for the fast [36]. No in-
terventions were performed on mice monitored in the ad libitum
condition: neither the corn cob bedding nor the cage was changed. For
the cage flip, the mice were placed in a clean cage with fresh wood
chip bedding at 08:00. The mice had a momentary lack of access to
food and water for under 2 min during the cage change. After the
monitoring period (12:00) or following the glucose tolerance test
(14:30) the cage was changed again to clean corn cob bedding.
Fasting was performed in conjunction with a complete cage change.
For the duration of the fast mice retained access to drinking water.

4.5. Data analysis
Data analysis and plots were generated in the R programming lan-
guage version 4.3.0 [37] using the tidyverse package or GraphPad
Prism software [38]. Indirect calorimetry data were exported with
Macro Interpreter, macro 13 (Sable Systems) prior to analysis in CalR
version 1.3 (19). Rates of energy expenditure were calculated with the
Weir equation [39]. RER is calculated as VCO2/VO2. Telemetry re-
cordings contain short periods of signal dropout. Missing values were
his is an open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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imputed using the imputeTS R package [40]. As indirect calorimetry
and CGM were recorded on the same PC, data files were aligned by the
system time to the nearest minute. The two cohorts of male mice were
aligned by experimental start time. Data visualization used a 5- to 15-
min rolling mean function to reduce visual noise. All comparisons of
fasting versus non-fasting were performed in the same animals with
an interval of no more than 3 days. As a result, starting body weights
did not significantly differ. Fasting vs ad libitum-fed comparisons were
performed with ANOVA. Three-way comparisons were performed with
one way ANOVA and Tukey’s HSD post-hoc test.

4.6. Corticosterone assay
Serum or urine was collected from mice for the corticosterone assay.
For serum, whole blood samples were collected by cardiac puncture
after carbon dioxide euthanasia and placed on ice for 30 min. After
centrifugation at 2000 � g 4 �C for 10 min, the supernatant was
collected and frozen before the corticosterone assay. For urine, mice
were transferred to single cages without bedding. After 1 h, urine on
the cage bottom was collected. The test was performed using the
Corticosterone Parameter Assay Kit (KGE009, R&D Systems) according
to the manufacturer’s protocol.

4.7. Glucose tolerance testing
The glucose tolerance tests were performed with a sterile-filtered 20%
glucose solution at 2 g of glucose per one kilogram bodyweight. The
animals were aged 21e23 weeks at the time of the tests for chow fed
mice, and 25e27 weeks for mice on HFD. Blood was collected by
nicking the tail vein for handheld glucometer readings. Glucose con-
centrations were measured by using the CONTOUR NEXT EZ meter and
CONTOUR NEXT test strips from Bayer AG according to the manu-
facturer’s protocol. For all experiments, the GTT was performed at
1200.
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