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Abstract: Tracking metabolic changes in skeletal muscle and bone using animal models of diabetes mellitus (DM) 
provides important insights for the management of DM complications. In this study, we aimed to establish a method 
for monitoring changes in body composition characteristics, such as fat mass, skeletal muscle mass (lean mass), 
bone mineral density, and bone mineral content, during DM progression using a dual-energy X-ray absorptiometry 
(DXA) system in a mouse model of streptozotocin (STZ)-induced type 1 DM. In the DM model, STZ administration 
resulted in increased blood glucose levels, increased water and food intake, and decreased body weight. Serum 
insulin levels were significantly decreased on day 30 of STZ administration. The DXA analysis revealed significant 
and persistent decreases in fat mass, lower limb skeletal muscle mass, and bone mineral content in DM mice. We 
measured tibialis anterior (TA) muscle weight and performed a quantitative analysis of tibial microstructure by 
micro-computed tomography imaging in DM mice. The TA muscle weight of DM mice was significantly lower than 
that of control mice. In addition, the trabecular bone volume fraction, trabecular thickness, trabecular number, and 
cortical thickness were significantly decreased in DM mice. Pearson’s product-moment correlation coefficient 
analysis showed a high correlation between the DXA-measured and actual body composition. In conclusion, 
longitudinal measurement of body composition changes using a DXA system may be useful for monitoring 
abnormalities in muscle and bone metabolism in animal models of metabolic diseases such as DM mice.
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Introduction

Diabetes mellitus (DM) is one of the most prevalent 
metabolic diseases worldwide, and prevention of vascu-
lar complications such as diabetic retinopathy and dia-
betic nephropathy is a challenge. in addition, the progres-
sion of DM is associated with a variety of diseases other 
than vascular complications, such as musculoskeletal 
disorders and cancer [1–4]. in fact, DM induces decreas-
es in skeletal muscle mass and bone density, triggering 
sarcopenia and osteoporosis [5–7]. however, our knowl-

edge of the pathophysiology of muscle and bone me-
tabolism associated with the progression of DM is lim-
ited because of the difficulty of continuously monitoring 
multiple metabolic abnormalities in mice and other small 
animals. to conduct such studies, a noninvasive method 
is needed that can be used to evaluate changes in body 
composition with DM progression over time.

in recent years, dual-energy X-ray absorptiometry 
(DXA) has attracted much attention as a noninvasive 
method for assessing body composition characteristics, 
including muscle mass and bone density, in mice [8, 9]. 
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A recent study showed that DXA can be used to nonin-
vasively detect changes in muscle mass due to disuse 
atrophy [10]. in addition, an obesity-related study 
showed that DXA can be used to assess relative changes 
in body fat mass and muscle mass due to abnormal mi-
tochondrial function [11]. on the other hand, previous 
studies related to DM have been limited to evaluation in 
chronic animal models with advanced DM [12, 13]. 
therefore, it is unclear whether DXA can accurately 
monitor the metabolic changes associated with DM pro-
gresses. to obtain a comprehensive understanding of the 
pathogenesis of DM and its complications, it is important 
to evaluate changes in muscle and bone metabolism over 
time in addition to blood glucose levels and insulin secre-
tion capacity. Considering that DXA can rapidly and 
conveniently provide quantitative data on body compo-
sition in mice [14], it may be the most suitable method 
to evaluate muscle and bone changes over time as DM 
progresses.

here, we applied DXA to DM model mice to test 
whether DXA is useful for detecting changes in body 
composition during the progression of DM. the results 
indicate that DXA can sensitively detect changes in body 
composition that occur in the early stages of DM in mice. 
DXA may be a useful in vivo method for simultaneous 
and quantitative monitoring of changes in muscle and 
bone metabolism in DM mice.

Materials and Methods

Animals
Male C57BL/6J mice (8–10 weeks) were used in this 

study. the mice were housed in sterile cages at 3 mice 
per 330 cm2 and kept at 22 ± 2°C with a 12 h light/dark 
cycle. the mice were also allowed ad libitum access to 
water and standard mouse feed (MF, oriental Yeast Co., 
Ltd., tokyo, Japan). the experimental procedures using 
mice were conducted in accordance with the Guide for 
Animal Experiments of the university of tokyo. All 
experimental procedures were approved by the institu-
tional review Board of the university of tokyo (ap-
proval code P18-131).

Diabetic mouse model
We used streptozotocin (stZ, FuJiFiLM Wako Pure 

Chemical, tokyo, Japan) to prepare a type 1 DM (t1DM) 
mouse model [15]. the stZ was dissolved in an ice-cold 
0.1 M citrate buffer and intraperitoneally (ip) injected at 
160 mg/kg. Control mice received the same amount of 
citrate buffer by ip injection. Blood glucose levels were 
measured using a LabAssay glucose kit (FuJiFiLM 
Wako Pure Chemical); the onset of DM was determined 

by hyperglycemia (>250 mg/dl). Blood samples were 
collected from the tail vein. since DM mice were used 
in this study, their health status characteristics, including 
movement and fur condition, were monitored 3–4 times 
a week. in addition, the cages were cleaned frequently 
to maintain a clean environment, since DM mice ex-
hibit polydipsia. in this study, we set a humane endpoint 
for the development of DM: if the rate of weight loss 
exceeded 20% within a few days after stZ administra-
tion, the mice were euthanized at that time. All animals 
were euthanized by cervical dislocation under deep iso-
flurane. No animals died before meeting the criteria for 
euthanasia.

Dual-energy X-ray absorptiometry
DXA was performed in accordance with previous 

reports [16, 17]. the body composition of each mouse 
was measured using a cone-beam flat-panel DXA detec-
tor (iNSiGHT VET DXA, Osteosys, Seoul, Korea). The 
mice were immobilized by gas inhalation (isoflurane). 
Fat mass, lean mass, and bone mass were quantified 
based on the attenuation of two different X-ray energy 
levels. regions of interest (rois) were applied to the 
lower limbs of each mouse, and fat mass, lean mass, and 
bone mass were calculated for the lower regions of the 
right and left lower limbs. To confirm the accuracy of 
the data obtained by DXA, correlations with actual mea-
surements obtained from autopsy experiments were 
evaluated by Pearson’s product-moment correlation 
coefficient analysis.

Micro-computed tomography imaging
Micro-computed tomography (microCt) imaging was 

performed to measure morphometric and densitometric 
properties of murine bone, as described in previous re-
ports [18, 19]. in this study, the analysis site in microCt 
was the tibia. Each sample was scanned using a microCt 
instrument (DELPet µCt-100, DELBio, taoyuan, tai-
wan) under the following conditions: 40 kV, 375 µA, 7.5 
µm voxel size, and 512 projections/180° rotation. Image 
reconstruction was performed using dedicated software 
(DELPet 3D reconstruction software, DELBio).

Standard morphometric analysis
Morphometric analysis of trabecular and cortical bone 

was performed using visualization and analysis software 
(Amira 4.6.0, FEi sAs, thermo Fisher scientific, 
Waltham, MA, usA). For trabecular and cortex measure-
ments, a volume of interest (VOI) of 1.5 mm (200 pixels) 
was selected. The starting point of the VOI in the longi-
tudinal direction was identified using the slice containing 
the lateral sides of the growth plate. segmentation was 
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performed using a one-level threshold calculated for each 
image as the average of the gray levels corresponding to 
the bone and background peaks in the image histogram. 
The bone volume (BV) fraction was calculated by divid-
ing the BV by the total volume (TV). For analysis of 
trabecular bone, the trabecular bone volume fraction (tb.
BV/TV), thickness (Tb.Th), separation (Tb.Sp), and 
number (Tb.N) were calculated. For analysis of cortical 
bone, the total cross-sectional area (tt.Ar), cortical bone 
area (Ct.Ar), cortical area fraction (Ct.Ar/tt.Ar), and 
average cortical thickness (Ct.th) were calculated.

Blood chemistry tests
Blood samples for measuring insulin and insulin-like 

growth factor 1 (iGF-1) levels were obtained by cardiac 
puncture at the endpoint. Collected blood samples were 
incubated at room temperature for 2 h and then centri-
fuged at 2,000 ×g for 15 min at 4°C. the supernatant 
obtained by this centrifugation was used as the serum 
sample. the serum was evaluated for the hormones iGF-
1 and insulin. the serum levels of these hormones were 
determined using a Mouse/rat iGF-1 Quantikine ELisA 
Kit (MG100, R&D Systems, Minneapolis, MN, USA) 
and a Mouse insulin ELisA Kit (10-1247-01, Mercodia, 
Winston-Salem, NC, USA). The experimental proce-
dures were conducted in accordance with the instructions 
of the assay kit.

Statistical analysis
the numerical data were expressed as the mean ± sD. 

Statistical differences were analyzed by unpaired Stu-
dent’s t test for comparisons between two groups. sta-
tistical significance was defined as P<0.05. Pearson’s 
product-moment correlation coefficient analysis was 
used to evaluate the correlations between data. the fol-
lowing variable (t) was derived using correlation coef-
ficient (r) follows student’s t-distribution with n-2 de-
grees of freedom, so the two-tailed P value could be 
obtained from it.
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All statistical analyses were performed using Graph-
Pad Prism (version 9.3.1, GraphPad software, san Di-
ego, CA, usA).

Results

STZ induces hyperglycemia and metabolic 
abnormalities, including water and food intake 
abnormalities

We first monitored the conditions of mice after STZ 

administration over time to evaluate the metabolic 
changes caused by the onset of DM. stZ administration 
markedly increased the blood glucose levels of mice 
after 1 week (Fig. 1A). the body weights of stZ-treat-
ed mice gradually decreased with increasing blood glu-
cose levels (Fig. 1B). An increase in blood glucose and 
a decrease in body weight are typical metabolic changes 
suggesting the development of t1DM.

in addition, water intake and food intake were mea-
sured over time as indicators of the effect of DM on 
nutritional status. Water intake and food intake in control 
mice were similar during all observation periods. on the 
other hand, in stZ-treated mice, water and food intake 
increased significantly with the onset of DM (Figs. 1C 
and D). these results suggest that the onset of t1DM is 
characterized by abnormal drinking and feeding accom-
panied by hyperglycemia and weight loss, which can 
affect body composition.

DXA simultaneously detects abnormalities in skeletal 
muscle and bone metabolism in diabetic mice

Next, we applied the DXA system to DM mice to de-
termine if changes in body composition could be de-
tected continuously. Mice were maintained in the prone 
position under isoflurane anesthesia (Fig. 2A). DXA 
simultaneously provided quantitative data on fat mass, 
skeletal muscle mass (lean mass), bone mineral density, 
and bone mineral content in mice (Figs. 2B–E). in con-
trol mice, all body composition parameters remained 
constant or increased with growth (Figs. 2D and E). in 
contrast, fat mass and skeletal muscle mass decreased in 
DM mice 2 days after stZ administration (Fig. 2D). 
these decreases were likely attributable to a temporary 
decrease in food intake due to stZ administration, and 
this interpretation was supported by the data on food 
intake in DM mice. subsequently, fat mass and skeletal 
muscle mass in the lower limbs of DM mice persis-
tently decreased with the progression of DM (Fig. 2D).

in addition to fat mass and skeletal muscle mass, DXA 
quantitatively detected changes in bone mineral density 
and bone mineral content in murine tibias (Fig. 2E). the 
values of these bone parameters were significantly 
lower in DM mice than in control mice (Fig. 2E). these 
results suggest that DXA helps enable simultaneous and 
continuous monitoring of abnormalities in skeletal 
muscle and bone metabolism in DM mice.

Progression of T1DM induces skeletal muscle 
atrophy and osteopenia with reduced insulin 
signaling

insulin signaling is a powerful cell proliferation sig-
nal, and a decrease in this signal induces muscle atrophy 
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and osteopenia [20–22]. therefore, we considered that 
the decreases in skeletal muscle and bone parameters in 
t1DM mice detected by DXA may have been due to 
altered insulin signaling. We focused on the hormones 
that regulate insulin signaling, insulin and iGF-1, and 
measured serum concentrations of these hormones in 
DM mice 4 weeks after stZ administration. serum in-
sulin levels were significantly decreased in DM mice 
(Fig. 3A). serum iGF-1 concentrations in DM mice were 
not significantly different from the concentrations in 
control mice (Fig. 3B). these results suggested that the 
decreases in serum insulin levels may lead to decreases 
in the values of skeletal muscle and bone parameters.

then, to determine whether skeletal muscle and bone 
metabolism were actually abnormal in DM mice, the 
weight of the tibialis anterior (tA) muscle was quanti-
fied. The weight of TA muscle excised by necropsy was 
significantly reduced in DM mice (Fig. 3C). Bone mi-
crostructure was assessed by microCt (Fig. 3D), and 
normal bone microstructure characteristics, including 
trabecular and cortical bone characteristics, were ob-
served in control mice. on the other hand, DM mice had 
thinner cortical bone and a reduced trabecular bone area, 
a finding suggestive of reduced bone mass (Fig. 3E). In 

fact, the Tb.BV/TV, Tb.Th, Tb.N, and Ct.Th were sig-
nificantly decreased in DM mice, suggesting reduced 
bone mass (Fig. 3F). Furthermore, Tb.Sp was signifi-
cantly increased in DM mice compared with control mice 
as trabecular bone decreased (Fig. 3F). these results 
suggest that the progression of t1DM leads to muscle 
atrophy and osteopenia with decreased insulin signaling.

DXA measurements are strongly correlated with 
actual measurements in diabetic mice

Metabolic abnormalities in body composition occur 
in T1DM mice, and DXA may accurately reflect these 
changes. Finally, we performed a Pearson’s product-
moment correlation coefficient analysis on fat mass and 
skeletal muscle mass to clarify the correlation between 
DXA-provided body composition data and actual mea-
surements in DM mice. the total body fat mass esti-
mated by DXA correlated with the weight of epididymal 
fat (Fig. 4A). skeletal muscle mass was determined by 
the weight of the right and left tibialis anterior (tA) 
muscles. The lean mass quantified as the skeletal muscle 
mass in the DXA data correlated with the tA muscle 
weight (Fig. 4B). Additionally, we examined the correla-
tion between the values of bone parameters measured by 

Fig. 1. Progression of type 1 diabetes mellitus (t1DM) and metabolic abnormalities after streptozotocin (stZ) 
administration in mice. (A, B) Blood glucose levels and body weight after stZ administration in mice. 
hyperglycemia and weight loss are typical metabolic changes suggestive of the development of t1DM. 
Each column shows the mean ± sD (n=5–7). (C, D) Changes in water intake and food intake in diabetic 
mice. Each column shows the mean ± sD (n=5–7). ***P<0.005; significantly different from control.
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DXA and those measured by Ct. Bone mineral content 
in the DXA data correlated with the BV estimated by CT 
(Fig. 4C). these results suggest that DXA-provided body 
composition data accurately reflect changes in body 
composition in DM mice.

Discussion

in this study, we tested the usefulness of DXA as an 
in vivo method for tracking changes in muscle and bone 
metabolism in DM mice. Administration of stZ induced 
t1DM in mice, causing metabolic disorders, such as 

Fig. 2. Analysis of changes in body composition in diabetes mellitus (DM) mice via dual-energy X-ray absorpti-
ometry (DXA). (A) DXA system used in this study. All mice were placed in the abdominal position with 
their legs extended under isoflurane anesthesia. (B, C) DXA scan images of control and DM mice. DXA can 
visualize fat (red) and lean mass (green) in mice. the green box shows the region of interest (roi) for the 
lower limb body composition analysis. (D) Fat mass and lean mass of the lower limbs in control and DM 
mice obtained via DXA. Each column shows the mean ± sD (n=5–7). (E) Bone mineral density and bone 
mineral content of lower limbs in control and DM mice obtained via DXA. these body composition measure-
ments were conducted on days 2, 9, 16, 22, and 30 after streptozotocin (stZ) administration. Each symbol 
shows the mean ± sD (n=5–7). *P<0.05, **P<0.01, ***P<0.005; significantly different from control.
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hyperglycemia, insulin deficiency, hyperphagia, and 
increased water intake. DXA enabled noninvasive and 
quantitative detection of changes in body composition 
caused by these metabolic disorders. importantly, DXA 
was able to simultaneously detect decreased muscle mass 

and bone density in mice at risk for sarcopenia and os-
teoporosis. Furthermore, we demonstrated that body 
composition data obtained via DXA correlated with 
epididymal fat and tA muscle weight in mice. these 
findings suggest that the data provided by DXA can be 

Fig. 3. Muscle atrophy and osteopenia due to progression of diabetes mellitus (DM) in mice. (A, B) serum insulin 
and insulin-like growth factor (iGF-1) levels in control and DM mice on day 30 after streptozotocin (stZ) 
administration. Each column shows the mean ± sD (n=5–7). (C) Weight of tibialis anterior (tA) muscle in 
control and DM mice on day 30 after stZ administration. Each column shows the mean ± sD (n=4–6). (D) 
MicroCt imaging system used in this study. the tibias of mice 30 days after stZ administration were 
measured by this system. (E) representative images of the microstructure of the tibia in control and DM 
mice determined via micro-computed tomography (microCt). the blue area in the image shows the tra-
becula. (F) Microstructural analysis of trabecular and cortical bone in murine tibias using microCt. For 
analysis of trabecular bone, the trabecular bone volume fraction (Tb.BV/TV), thickness (Tb.Th), separation 
(Tb.Sp), and number (Tb.N) were calculated. For analysis of cortical bone, the total cross-sectional area 
(tt.Ar), cortical bone area (Ct.Ar), cortical area fraction (Ct.Ar/tt.Ar), and average cortical thickness (Ct.
th) were calculated. in (C) and (F), the data for each sample were calculated by averaging the values for 
both feet. Each column shows the mean ± sD (n=5–6). *P<0.05, **P<0.01, ***P<0.005; significantly dif-
ferent from control.
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used to determine metabolic changes with the progres-
sion of DM in mice. this study provides new insights 
into how to monitor muscle and bone metabolic disorders 
in metabolic disease model animals such as DM mice.

DM induces muscle atrophy and osteopenia [5–7]. in 
recent years, its significant risks and the need for thera-
peutic intervention have been recognized. Basic research 
on mice helps elucidate physiological parameters for 
therapeutic intervention [23]. We found that DXA sen-
sitively detects changes in muscle mass and bone param-
eters in the early stages of DM in mice. several reports 
have shown that mice with reduced insulin signaling 
have reduced muscle mass and bone density [20–22]. 
hyperglycemia is associated with the development of 
frailty and limited athletic performance, which are due 
to loss of muscle mass [24]. Consistent with these find-
ings, this study showed that serum insulin levels in DM 
mice were significantly reduced and that muscle mass 
and bone parameters were concomitantly reduced. the 
decreases in muscle mass and bone parameters in DM 
mice are likely due to hyperglycemia and insulin defi-

ciency. in addition, we found that the data obtained from 
excised organs and microCt supported the conclusion 
that DXA is sufficiently accurate to detect these changes. 
in clinical practice, DXA is a commonly used body com-
position assessment method, and its data correlate with 
data obtained from the gold standards: computed tomog-
raphy (Ct) and magnetic resonance imaging (Mri) 
[25–29]. These findings suggest that the data obtained 
from DXA accurately reflect changes in body composi-
tion in DM mice.

to evaluate changes in body composition in meta-
bolic diseases such as DM, continuous monitoring of 
body composition is required [30]. in preclinical studies, 
microCt designed primarily for small animals has been 
used for high-definition bone structure analysis and 
muscle mass assessment [31, 32]. however, continuous 
use of Ct and Mri is limited because the steps, includ-
ing examination, image processing, and analysis, take 
considerable time. to address this issue, we proposed 
continuous monitoring using DXA. Data production via 
DXA is much faster than that via Ct or Mri. in addition, 

Fig. 4. Correlation between measured data and dual-energy X-ray absorptiometry (DXA)-estimated data for murine 
body composition. (A) Correlation between the actual measured weight of epididymal fat and the total body 
fat mass measured by DXA in mice. (B) Correlation between the actual measured weight of tibialis ante-
rior (tA) muscles and the lower limb lean mass measured by DXA in mice. (C) Correlation between the 
lower limb bone data measured by Ct and that measured by DXA in mice. Pearson’s product-moment 
correlation coefficient analysis was used to evaluate the correlations between the data. Two-tailed P values 
were calculated by GraphPad Prism.
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DXA has a lower radiation dose than Ct, and its expo-
sure dose is negligible [33]. these advantages could 
contribute not only to tracking of the body compositions 
of DM mice over time but also to assessment of the 
durations of action and therapeutic effects of drugs. DXA 
accurately detects DM-related changes in body compo-
sition in preclinical studies, which may be useful for 
assessment of preventive and therapeutic interventions 
for DM complications.

the methods used in both basic research and clinical 
trials facilitate the extrapolation of data from preclinical 
studies to the clinic. the data obtained from DXA could 
be highly reproducible in humans and would be more 
attractive than those obtained by invasive methods. in 
addition, noninvasive methods such as DXA are ex-
pected to contribute to improving the quality of animal 
experiments. interest in animal welfare is growing 
worldwide, and reducing the number and burden of 
animals used in experiments is an important task [34]. 
one useful feature of DXA is its ability to evaluate 
changes in body composition quickly and over time in 
the same individual. this reduces the number of animals 
used in studies and improves the quality of life of the 
animals. Application of DXA in animal experiments will 
contribute to both clinical extrapolation and the basic 
principles of animal experiments.

the muscle data used for DXA in this study were 
limited to weight only, and weight estimates can vary 
with glycogen and water content [35]. DM increases 
daily water and food intake, which may affect DXA es-
timates. Although this study shows that DXA estimates 
correlate with actual tA muscle weights in DM mice, 
this effect should be taken into account when interpreting 
DXA-derived muscle mass in DM model animals. Fur-
thermore, even though both Ct and DXA sensitively 
detected reduced bone parameters in DM mice, the cor-
relation between the values of bone mineral density 
measured by Ct and those measured by DXA was not 
high. The reason for this may be the different dimensions 
for comparison: DXA measures only bone weight and 
area, whereas CT measures BV. In addition, DXA is a 
radiation-based diagnostic imaging method similar to 
Ct and may not be suitable for longitudinal studies with 
radiation-sensitive juveniles. On the other hand, in 
clinical practice, DXA is frequently used to evaluate 
body composition in newborns and children [36, 37]. 
Much remains unclear about the effects of long-term use 
of DXA on the body compositions of small animals. 
Further research is needed to determine the continuous 
conditions of use for DXA. in recent years, DXA has 
been used to monitor the body compositions of model 
mice to learn more about lifestyle-related diseases [11, 

16, 38]. in the future, if the usefulness and safety of DXA 
are proven in various disease model animals, it may be 
possible to conclusively show that DXA is a useful 
method for monitoring metabolic changes in mice.

in conclusion, we demonstrated that DXA is a useful 
technique that can accurately monitor changes in body 
composition in DM mice. Monitoring body composition 
in DM mice is a crucial approach to understanding the 
functional links between DM and locomotor disorders. 
simultaneous detection of changes in muscle and bone 
metabolism via DXA is expected to enable in vivo 
monitoring of preventive and therapeutic strategies for 
locomotor disorders in DM. DXA will be a useful meta-
bolic measurement method for translational research that 
can be safely and easily performed in animals.
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