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Abstract

Background: As a laboratory animal resource, the ICR mouse is commonly used in a variety of research fields.
However, information on differences in exercise-related characteristics in ICR mice derived from different lineages
and the underlying mechanisms remains to be elucidated. In this study, we investigated the intrinsic exercise
capacity and a magnitude of response to acute exercise, and sought to identify mechanisms contributing to
difference in Korl:ICR (a novel ICR lineage recently established by the National Institute of Food and Drug Safety
Evaluation, Korea) and two commercialized ICR lineages derived from different origins (viz., A:ICR mouse from Orient
Bio Com, the United States, and B:ICR mouse from Japan SLC Inc., Japan).

Results: Results showed that despite no significant difference in body weight and weight-proportioned tissue mass
of heart and skeletal muscles among groups, the relatively low intrinsic exercise capacity and exaggerated response
to acute exercise were identified in B:ICR comparted with Korl:ICR and A:ICR, as reflected by total work and lactate
threshold (LT). Also, the mitochondrial efficiency expressed as the complex 1 and complex 1 + 2 respiratory control
ratio (RCR) values for cardiac mitochondrial O2 consumption in B:ICR was significantly lower than that in Korl:ICR
with higher level of state 2 respiration by glutamate/malate and UCP3 expression in cardiac muscle.

Conclusions: Taken together, these results indicate that the intrinsic exercise capacity of ICR mouse varies
according to lineages, suggesting the role of cardiac mitochondrial coupling efficiency as a possible mechanism
that might contribute to differences in the intrinsic exercise capacity and magnitude of response to exercise.
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Background
Laboratory animals have been used as an indispensable
tool in biomedical research contributing to our under-
standing of biological phenomena. Among the diverse
lineages of rodents supplied by major vendors of labora-
tory animals, the ICR mouse, developed in 1945 at the
Institute of Cancer Research (ICR), is commonly used in
the research field of genetics, neurobiology, immunology,
and pharmacology (drug efficacy and safety). This has
led to the development of several lineages of ICR mouse
worldwide for various research purposes [1–3].
Korl:ICR, a novel mouse lineage recently developed in

the ICR strain background by the National Institute of
Food and Drug Safety Evaluation (NIFDS) in Korea, has
been rotation-mated for over 19 generations and is cur-
rently under genetic and phenotypic verification [4, 5].
Recently, our research groups found that, with the
exception of certain phenotypic characteristics, the
responses of Korl:ICR mice to diverse chemicals and
physiological stimulations (e.g., gastric injury, constipa-
tion inducer, and anticancer drug treatment) are similar
to those of two other lineages of different origins (the
United States and Japan) supplied by commercial
vendors [3, 5–7].
In the field of exercise science, several studies have

been conducted to better understand the effects of
exercise and its clinical application from a metabolic
perspective using laboratory animals, including the ICR
mouse [8, 9]. Related studies have demonstrated the
positive effects of exercise, including metabolic,
neuromuscular, and neurological improvement under
sedentary and pathological conditions [10, 11], while
emphasizing that differences in intrinsic exercise cap-
acity can affect the applicability and extent of its effect

[12–14]. Meanwhile, several studies on phenotypic
characterization of rodents have reported both intra-
and inter-strain differences in the exercise-related phe-
notypes and the response to exercise through different
types of exercise test [15–17]. Moreover, it has been sug-
gested that the influence of genetic and epigenetic (e.g.,
physiological factors) background ranging from central
to peripheral organs of different mouse lineages can be
the underlying causes and determinants of intrinsic
exercise-related phenotypes [12, 14, 18]. However, infor-
mation on the difference in intrinsic exercise capacity
and response to exercise in rodents derived from differ-
ent origins and its underlying mechanisms remains to be
elucidated.
Therefore, the aim of the present study was to investi-

gate the difference in intrinsic exercise capacity and
magnitude of response to exercise in ICR mouse lineages
(viz., Korl:ICR mouse from Korea, A:ICR mouse from
the United States, and B:ICR mouse from Japan) derived
from aforementioned different origins. A better under-
standing of the intrinsic exercise capacity and magnitude
of response to acute exercise of mice derived from dif-
ferent lineages at the physiological level will provide
novel information in the field of exercise science and en-
sure proper application of these ICR lineages as one of
the useful laboratory animal resources.

Results
Intrinsic exercise capacity based on total work and lactate
threshold in different ICR mouse lineages
We measured the TW, and LT, as approximations of ex-
ercise capacity (Fig. 1A). A higher TW to exhaustion
was observed in Korl:ICR and A:ICR mice (both 471 m
in total) than those in B:ICR mice (Fig. 1B; total 325.5 m;

Fig. 1 Identification of the total work and lactate threshold (LT) as direct and indirect indicators of exercise capacity. A Schematics of the
experimental design and protocol. B TW to exhaustion through the graded treadmill running was calculated using a formula. C, D, and E The LT
was determined by blood sampling via a jugular vein catheter during the graded treadmill exercise test. The values are presented as mean ± SEM;
each group consisted of five mice. *P < .05
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TW, F(2,12) = 6.734, p = .011). Consistent with the TW
results, the LT measured in the blood sampled from the
jugular vein was relatively lower in B:ICR mice than in
Korl:ICR and A:ICR mice. For each ICR lineage, the LT
was detected within a similar range of speed (approxi-
mately 25 m/min in Korl:ICR, 27.5 m/min in A:ICR, and
22.5 m/min in B:ICR; Fig. 1C, D and E).

Changes in body weight and muscle mass after acute
exercise
The body weight and mass of skeletal (soleus and EDL)
and cardiac muscles of the three ICR lineages are shown
in Table 1. There was no difference in the body weight
of different ICR mouse lineages with varying exercise in-
tensity (average: 40.79 g). Similarly, there was no differ-
ence among the lineages with respect to the ratio of
muscle weight to total body weight.

Analysis of blood parameters associated with stress
response and muscle damage immediately after acute
exercise
At the end of the exercise session, there was no differ-
ence in the relative level of serum corticosterone and
plasma MDA among the ICR mouse lineages, although
these two variables showed a tendency to increase
linearly with increase in exercise intensity (Fig. 2B and C).
To quantify the level of blood glucose and exercise-

induced muscle damage immediately after acute exer-
cise, we examined the level of blood glucose and activity
of serum LDH as indices of muscle damage (Fig. 2D and
E). The B:ICR mice showed a relatively rapid decline in
the blood glucose level when subjected to moderate-
and high-intensity exercise (Fig. 2D; moderate, F(2,14) =
6.702, p = .009; high, F(2,14) = 68.73, p < .001). Whereas,
the activity of LDH in B:ICR mice subjected to high-
intensity exercise was higher than that in Korl:ICR mice
(Fig. 2E; high, F(2,14) = 8.507, p = .004).

Expression level of OXPHOS complex protein in cardiac
muscle and cardiac mitochondrial respiration
We performed quantitative and functional analyses of
OXPHOS complex constitutive proteins in the myocar-
dial mitochondria of the three ICR lineages (Fig. 3A and
B). Our results showed no difference among the lineages
with respect to the relative expression level of OXPHOS
complexes I to V. However, complex 1 state 2 respir-
ation, as expressed by the substrate response (G/M), in
B:ICR mice was higher than that in other ICR mice
(Fig. 3C; F(2,14) = 7.941, p = .005). Whereas, complex 1
RCR and complex 1 + 2 RCR for cardiac mitochon-
drial O2 consumption in B:ICR mice was lower than
that in Korl:ICR mice (Fig. 3D; complex 1 RCR,
F(2,14) = 6.704, p = .009; complex 1 + 2 RCR, F(2,14) =
6.678, p = .009).

Expression level of uncoupling protein 3
We examined the expression level of UCP3 protein,
which is known to affect mitochondrial coupling effi-
ciency in the cardiac and skeletal muscles (soleus and
EDL) of ICR mouse lineages (Fig. 3E and F). As expected
based on our observations of mitochondrial O2 con-
sumption, the level of UCP3 protein in the cardiac
muscle of B:ICR mice was higher than that in the cardiac
muscle of other lineages (Fig. 3F; F(2,15) = 10.296, p =
.002). However, we were unable to detect any differences
among the ICR mouse lineages with respect to the level
of UCP3 in the soleus and EDL (Fig. 3F).

Determination of the effects of cardiac mitochondrial
proton leakage on resting metabolic rate during the
mature adult phase
We further examined whether functional differences
in cardiac mitochondria affect the metabolic rate
under 24-h resting conditions (Fig. 4A - D). We
found no differences in the RMR (total period, in-
active period, and active period) of the ICR lineages
expressed by O2 uptake, CO2 production, and the
respiratory exchange rate (RER).

Discussion
To date, several studies have shown that there are
certain differences in the physiological and metabolic
responses among mouse strains to exercise stimulus
[14, 19]. However, the metabolic changes related to
physical exercise among different mouse lineages are
poorly understood. In the present study, we investi-
gated the intrinsic exercise capacity and response to
acute exercise in ICR mouse lineages derived from
three different sources, including the newly developed
Korl:ICR mouse lineage, to determine mouse lineage-
specific differences and elucidate the possible under-
lying mechanisms.
Interestingly, in terms of intrinsic exercise capacity

based on the TW to exhaustion and the level of LT, our
results showed that Korl:ICR and A:ICR mice have a
relatively higher exercise capacity and exercise endur-
ance than B:ICR mice do. Our results imply that the
exercise-related physiological characteristics of B:ICR
mice have a partially exaggerated reactivity compared
with those of Korl:ICR and A:ICR mice. Several studies
that have investigated differences in the exercise capacity
of rodents have mainly discussed the differences among
strains with a wide range of genetic diversity. Avila et al.
[12] reported that the strain with the highest exercise
capacity ran twice as long as the lowest and Massett &
Berk [14] reported the difference in exercise-related phe-
notypes of rodents was also observed in hybrid mice.
Thus, despite certain uncontrollable or unidentifiable
factors related to the experimental environment or
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Fig. 2 Comparative analysis of the magnitude of response to different acute exercise intensities (low, moderate, and high) among different lineages of ICR
mice. A Schematics of the experimental design and protocol. B Changes in the blood corticosterone and C malondialdehyde levels. D Changes in the blood
glucose, and E lactate dehydrogenase. The values are presented as mean ± SEM; each group consisted of 5–6 mice. *P< .05, **P< .01, and ***P< .001

Fig. 3 Comparative analysis of the cardiac mitochondrial oxidative phosphorylation (OXPHOS) complex, mitochondrial function, and uncoupling protein
(UCP) 3 expression levels among the ICR lineages. A Representative western blots showing the protein levels of the OXPHOS complex. B The
densitometric analysis of blots normalized for COX-IV in the cardiac mitochondrial fraction of different ICR lineages. C Oxygen consumption rate (OCR) in
the permeabilized cardiac muscles of different ICR lineages was recorded using the Oroboros O2K instrument. D The respiratory control ratio (RCR) was
calculated as the ratio of oxygen consumption at state 3 (complex 1 and complex 1 + 2) to that at state 2. E Representative western blots showing the
protein levels of UCP3 in the soleus, extensor digitorum longus (EDL), and cardiac muscle. F The densitometric analysis of blots normalized for the density
of Ponceau staining in different muscles. The values are presented as mean ± SEM; each group consisted of 5–6 mice. *P< .05, **P< .01, and ***P< .001
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testing protocol used, these results exhibited a similar
tendency to those of previous studies, demonstrating the
difference in intrinsic exercise capacity by the influence
of genetic background.
To further validate our aforementioned results, we in-

vestigated the difference in the magnitude of response to
acute exercise. Consistent with our recent observations
and those of other studies involving the same ICR line-
ages [3, 5–7], the results revealed a higher level of LDH
in B:ICR mice than in Korl:ICR mice, accompanied with
a sharp decline in the blood glucose level coupled with
an increase in exercise intensity. However, we did not
observe significant mouse lineage-dependent differences
with respect to biological properties (e.g., body weight
and muscle tissue mass) and the level of corticosterone
and MDA, although they showed a tendency to increase
linearly with increase in exercise intensity. With respect
to exercise-related physiological characteristics in the
three lineages of ICR mice, B:ICR mice exhibited an

exaggerated physiological responses in GLU and LDH to
acute exercise. It has been suggested that hypoglycemic
response and the elevation of LDH by prolonged and
acute exercise are typically shown in human and rodents
[20–23], which basically means that B:ICR mice might
have had relatively lower metabolic efficiency despite the
similar physiological profile. These findings indicate that
the ICR lineages with different physiological characteris-
tics by genetic background might have some differences
in exercise-related phenotypes, such as lower exercise
capacity observed in B:ICR mice, in terms of metabolic
and hematological responses.
Recently, in addition to the direct influence of skeletal

muscle function on exercise capacity, exercise endurance
has been evaluated. Several studies have examined car-
diac LV function based on the energy flux of myocar-
dium considering oxygen delivery and fatigue resistance
through fine-tuning of the skeletal muscle and myocar-
dium function [24, 25], as well as the pathological

Fig. 4 Comparative analysis of the metabolic phenotypes of different ICR lineages during a 24-h period at resting metabolic rate (RMR). A
Schematics of the experimental design and protocol. B Changes in oxygen uptake and total oxygen uptake during different phases (total,
inactive, and active). C Changes in CO2 production and total CO2 production during different phases. D Changes in the respiratory exchange ratio
(RER) and average RER during different phases. The shaded part of the line graph represents the dark period of the day cycle. The values are
presented as mean ± SEM; each group consisted of four mice
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