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Abstract 
Canagliflozin (CANA) is a sodium glucose cotransporter-2 inhibitor that reduces blood glucose levels. Sodium glucose cotransporter-2 is primarily 
expressed in the kidney, but not in any bone cells, therefore effects on the skeleton are likely to be non-cell autonomous. Originally developed 
to treat type II diabetes, CANA use has expanded to treat cardiovascular and renovascular disease. Clinical trials examining CANA in diabetic 
patients have produced contradictory reports on fracture risk, but there are limited data of CANA in nondiabetic conditions. In nondiabetic 
preclinical models, short-term treatment with CANA negatively affected trabecular bone whereas long-term treatment reduced cortical bone 
mineralization in male but not female mice. To investigate the skeletal effects of an intermediate period of CANA treatment, we treated male 
and female C57BL/6 J mice with CANA (180 ppm) for 6 months. Age at treatment initiation was also evaluated, with cohorts starting CANA prior 
to skeletal maturity (3-months-old) or in adulthood (6-months-old). Longitudinal assessments of bone mineral density revealed early benefits of 
CANA treatment in female mice. At euthanasia, both trabecular and cortical bone morphology were improved by CANA treatment in males and 
females. Bone formation was reduced at the endosteal surface. CANA decreased osteoblast number in male mice and bone marrow adiposity 
in females. Overall, more skeletal benefits were recorded in CANA-treated females than males. Urinary calcium output increased with CANA 
treatment, but parathyroid hormone was not changed. Despite reduced fasting blood glucose, body composition and whole-body metabolism 
were minimally changed by CANA treatment. For all outcome measures, limited differences were recorded based on age at treatment initiation. 
This study demonstrated that in nondiabetic C57BL/6 J mice, an intermediate period of CANA treatment improved bone morphology, but reduced 
osteoblast and bone marrow adipocyte number as well as serum procollagen type 1 N-terminal pro-peptide in a sex-specific manner. 
Keywords: bone, canagliflozin, SGLT2i, kidney-bone crosstalk, glucose 

Lay Summary 
Sodium glucose cotransporter 2 inhibitors, like canagliflozin (CANA), are used to treat type II diabetes, but have recently been approved for 
treatment of cardiovascular and renovascular disease. There is concern that CANA may increase the risk of bone fracture in diabetic patients, but 
the findings are contradictory. Limited studies have examined skeletal health following CANA in nondiabetic models. In this study, we sought to 
determine the effects of an intermediate period of CANA treatment on male and female mice of varying skeletal maturity. We found that 6 months 
of CANA improved bone morphology in nondiabetic mice. Females gained more morphological benefits from CANA treatment than males. Bone 
marrow adiposity, which is often correlated with lower bone mass, was decreased by CANA treatment in females but not males. We also 
compared the age at initiation of CANA treatment; animals beginning treatment prior to skeletal maturity had similar responses to those treated 
in adulthood. In summary, intermediate periods of CANA improved bone morphology but reduced osteoblast and bone marrow adipocyte number. 
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Introduction 
Canagliflozin (CANA) lowers serum glucose by inhibiting 
sodium glucose cotransporter 2 (SGLT2) in the kidney. SGLT2 
is responsible for 90% of the reabsorption of glucose into 
the blood stream.1 During SGLT2 inhibition, most glucose is 
not reabsorbed into the blood but instead is excreted into the 
urine, thereby lowering blood glucose levels. SGLT2 inhibitors 
(SGLT2i) were initially developed to treat type II diabetes but 
their indication has since been expanded to treat other condi-
tions, including renal insufficiency and several types of heart 
failure; in addition to improved blood glucose levels, diabetic 
patients prescribed CANA had decreased blood pressure and 
lost weight.2,3 In both diabetics and non-diabetics, SGLT2i 
markedly reduced cardiovascular risk decreased morbidity 
and mortality in congestive heart failure patients, and dimin-
ished time to progression of renal failure.4 Monthly prescrip-
tions of SGLT2i by cardiologists increased 12-fold following 
their indication for cardiovascular disease.5 Clinically, SGLT2i 
are widely used, (i.e. 63.2 million prescriptions in the last 5 
years5) and even have been studied for putative effects on 
lifespan.6 Many patients begin SGLT2i therapy at midlife,7 

prior to periods of accelerated bone loss due to aging.8 

Early clinical trials reported increased risk of bone fracture 
during CANA treatment,9 but subsequent studies found no 
changes to fracture risk.2,10–12 Expression of SGLT2 at both 
the gene and protein level occurs primarily in the proximal 
tubule of the kidney13 and SGLT2 has not been detected in any 
bone cell, including osteoclasts, osteoblasts, and osteocytes.14 

Hence, bone is most likely affected in a non-cell autonomous 
manner by SGLT2 inhibition via systemic changes in cal-
cium and glucose metabolism. Worsening of renal function 
has been linked to metabolic bone disease,15 highlighting 
the importance of bone-kidney crosstalk. By preventing glu-
cose and sodium reabsorption in the proximal tubule of the 
kidney, SGLT2i reduce serum glucose levels. SGLT2i also 
induce osmotic diuresis, which can lead to calcium wast-
ing.16 Reduced calcium levels can then increase parathyroid 
hormone (PTH) secretion.17 In clinical studies, 5 days of 
CANA treatment increased PTH levels in humans18 but had 
no effect on urinary calcium output.19,20 Long-term effects of 
CANA on PTH in humans are currently unknown.21 Limited 
studies have evaluated bone following SGLT2i in nondiabetic 
cohorts.22,23 The expanded use of CANA combined with the 
history of contradictory findings for fracture risk highlights 
the need for investigation of bone quality following CANA 
treatment in nondiabetic models. 

Length of CANA treatment elicits different skeletal effects 
in nondiabetic mice. Short-term treatment (2.5 months) with 
CANA negatively affected trabecular bone in the femur and 
vertebra of DBA/2 J mice23 whereas long-term treatment 
(17 months) reduced femoral cortical mineralization in male 
but not female mice.22 Intermediate treatment periods have 
not yet been examined. Further, the initiation of CANA treat-
ment prior to accelerated trabecular bone loss versus in adult-
hood has not been compared. In this study, we hypothesized 
that CANA treatment would have skeletal impacts that were 
dependent on the sex and stage of development at treatment 
initiation. Additionally, we anticipated that the effects of 
CANA would be compartment-specific. Thus, we aimed to 
determine the effect of an intermediate period of CANA 
treatment on bone quality in nondiabetic C57BL/6 J mice, 
beginning CANA either prior to accelerated trabecular bone 
loss (3 months of age) or in adulthood (6 months of age). 

Materials and methods 
Mice 
Male and female C57BL/6 J mice aged 3- or 6-months (Jack-
son Laboratories, Bar Harbor, ME) were randomly assigned 
to receive either CANA-containing (180 ppm6,22) or control 
diet for 6 months (Research Diets Inc, New Brunswick, NJ, 
n = 10/group). One month was defined as 4 weeks. Two 
animals were excluded for fighting, resulting in n = 8  for  
females beginning CANA treatment at 3-months of age. One 
mouse was euthanized prior to the end of the study due to 
a bad reaction to an injection, resulting in n = 9  for  males  
receiving control diet starting at 3-months of age. Body weight 
measurements were obtained monthly. Following 6 months 
of treatment, at 9 or 12 months of age, mice were euth-
anized (Figure S1, See online supplementary material for a 
color version of this figure). Immediately prior to euthana-
sia, fasting blood glucose (6-hour fast with free access to 
water) was measured (AlphaTrak 2, Zoetis, Parsippany-Troy 
Hills, NJ). 

All mouse procedures were performed under the approval 
of the Institutional Animal Care and Use Committee at the 
MaineHealth Institute for Research. Mice were group housed 
in 14-hour light:10-hour dark cycles during the study. Outside 
of fasting periods, all animals had ad libitum access to food 
and water. 

Dual energy x-ray absorptiometry 
Body mass, composition, bone mineral content (BMC), and 
bone mineral density (BMD) were assessed monthly in all 
animals using dual energy x-ray absorptiometry (Faxitron 
UltraFocus-DXA, Hologic, Marlborough, MA). The Faxitron 
was calibrated before each use with phantom standards pro-
vided by the manufacturer. A region of interest was selected to 
remove the mouse cranium from analysis. Areal bone mineral 
content, bone mineral density, fat mass, percent fat, and lean 
mass were calculated. Changes in body mass, composition, 
and BMD were calculated as the difference between final and 
baseline scans. 

Indirect calorimetry 
One week before euthanasia, eight animals from each group 
were housed individually in metabolic cages (Promethion 
cages, Sable Systems Intl., North Las Vegas, NV). All cages 
were equipped with standard bedding, a food hopper, water 
bottle, a house-like enrichment tube for body mass mea-
surements, and 11.5 cm running wheel that recorded revo-
lutions. Mice were allowed to acclimate for 24 hours prior 
to data collection. Following acclimation, data were assessed 
both over a 72-hour period and analyzed separately for day, 
night, and 24-hour cycles. Promethion Live software (v23.0.5) 
was used for data acquisition and instrument control, using 
previously published methods. Macro Interpreter (v22.10) 
was used to process the raw data. Respiratory quotient and 
energy expenditure were calculated by assessment of res-
piratory gases, using standard equations24,25 (Promethion 
Core™ CCF, Sable Systems Intl.). Food and water intake were 
assessed. XYZ beam arrays (beam spacing of 0.25 cm) were 
used to monitor ambulatory activity and position of each 
mouse. To control for potential confounding factors associ-
ated with cage maintenance and data collection, animals were 
compared with their age- and sex-matched counterparts using 
t-tests.

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
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Micro-computed tomography 
Right femurs from all animals were collected for micro-
computed tomography (μCT). Bones were fixed in 10% for-
malin and placed on a rocker for 24 hours before being rinsed, 
placed in 70% ethanol, and stored at 4◦C. All bones were 
scanned using the same instrument under the same conditions, 
in accordance with the American Society for Bone and Min-
eral Research guidelines.26 Using a high-resolution SkyScan 
micro-CT system (SkyScan 1172, Kontich, Belgium) with 10-
MP digital detector, 10 W of energy (60 kV and 167 mA), and 
a pixel size of 9.7 microns, exposure 925 ms/frame rotation 
step 0.3 degrees with ×10 frame averaging, 0.5-mm aluminum 
filter (to increase the transmission), samples were scanned 
in the air with scan rotation of 180 degrees. Prior to mor-
phometric analysis, global thresholding was applied. Image 
reconstructure was done using NRecon software (version 
1.7.3.0; Bruker micro-CT, Kontich, Belgium). Data analysis 
was done using CTAn software (version 1.17.7.2+; Bruker 
micro-CT, Kontich, Belgium). 3D images were constructed 
using CT Vox software (version 3.3.0 r1403; Bruker micro-
CT, Kontich, Belgium). 

Dynamic histomorphometry 
Prior to euthanasia (-10 days, -3 days), mice received cal-
cein injections (10 mg/kg). Following μCT analysis, femurs 
from all animals were embedded in plastic and sectioned 
for dynamic histomorphometry. Cortical bone was sectioned 
in the transverse plane and trabecular bone was sectioned 
in the coronal plane. A single user calculated bone surface, 
single labels, and double labels in a blinded fashion. Mea-
surements of mineral apposition rate, mineralized surface per 
bone surface (MS/BS), and bone formation rate (BFR/BS) 
were obtained for trabecular and cortical bone sections based 
on calcein labels using the OsteoMeasure (version 1.0.4.4, 
OsteoMetrics, Decatur, GA). For trabecular bone samples, the 
region of interest consisted of a 3×4 grid of 800×500 μm 
panels starting at the bottom of the growth plate, excluding 
anything within 200 μm of the cortical bone. The endosteal 
and periosteal surfaces of cortical bone were evaluated sepa-
rately. 

Histology and immunohistochemistry 
One tibia from each animal was fixed in 10% formalin for 
24 hours, then rinsed and stored in 70% ethanol. Bones were 
decalcified in 14% EDTA for 2 weeks. Half of the tibiae 
from each cohort (n = 4–5/group) were paraffin-embedded 
and sectioned sagittally at 5 μm thickness, then stained 
for hematoxylin and eosin, TRAP (Sigma-Adrich 387A), 
or anti pro-collagen-1 specific antibodies (Developmental 
Studies Hybridoma Bank SP1.D8). Bone marrow adiposity 
was evaluated using a region of interest beginning 200 μm 
below the growth plate and extending 3000 μm into the 
marrow cavity. Adiposity was quantified in ImageJ (version 
2.14.0/1.54f) using hematoxylin and eosin-stained sections. 
Adipocyte number and size were averaged across three 
sequential sections per animal using previously established 
methods.27 The number of bone-lining, cuboidal cells stained 
by procollagen-1 were quantified and normalized to bone 
surface. Metaphyseal cortical and trabecular bone were 
analyzed separately. Similarly, for osteoclast quantification, 
the number of tartrate-resistant acid phosphatase (TRAP)-
positive cells was normalized to the bone surface and 

quantified separately for cortical and trabecular bone. 
Cortical bone was evaluated at the endocortical surface. 

Serum collection and analysis 
Blood was collection via cheek bleed at baseline. Following 
euthanasia, blood was also collected via cardiac puncture. 
Blood was stored at 8◦C for 24 hours following collec-
tion. Samples were then centrifuged and serum was col-
lected and stored at −80◦C. Terminal CTx, procollagen type 
1 N-terminal pro-peptide (P1NP), and insulin-like growth 
factor-1 (IGF-1) levels were measured by ELISA according to 
manufacturer’s instructions (IDS AC-06F1, IDS AC-33f1, and 
ALPCO 22-IGF1MS-E01, respectively). Baseline and terminal 
measures of PTH were evaluated by ELISA in serum from 
young animals (Cloud-Clone Corp, CEA866Mu). Due to 
differences in total amount of serum obtained per animal, 
sample sizes of 5 – 10 were used for each ELISA. 

Urine collection and analysis 
Urine samples were collected at baseline and prior to euthana-
sia. Each urine collection period was 24 hours or less. Urine 
was collected into a 1.5 mL Eppendorf tube. Urine collection 
was attempted in all animals, but variability in animal compli-
ance affected collection success. Every animal included in the 
analyses gave urine samples at least twice during the 24-hour 
period. Following collection, urine was centrifuged and stored 
at −80◦C. Creatinine was diluted 1:50 and assessed using 
the manufacturer’s instructions (Abcam ab204537). Simi-
larly, calcium (1:2 dilution) and phosphate (1:2000 dilution) 
were evaluated in the urine (Abcam ab102505 and Abcam 
ab65622, respectively). Calcium and phosphate levels were 
normalized to creatinine. 

Statistical analyses 
Longitudinal data was analyzed using a two-way ANOVA 
with factors of drug and timepoint (bone mineral density, 
body mass, body composition, urine output, and PTH serum 
levels). The effect of “drug” refers to differences between 
CANA-treated and control mice for the cohort examined. The 
effect of “timepoint” refers to differences across timepoints 
examined. All four cohorts of mice were analyzed separately 
and Tukey’s post-hoc tests determined significant differences 
between groups. 

Data collected at a single timepoint was analyzed using 
a two-way ANOVA (bone morphology, dynamic histo-
morphometry, P1NP, osteoblast number, CTx, osteoclast 
number, marrow adiposity, and IGF-1). Factors of drug and 
developmental stage at treatment initiation (age effect) were 
examined. The effect of “drug” refers to differences between 
CANA-treated and control mice for the cohort examined. 
The effect of “age” refers to differences between mice starting 
treatment at 3-months versus 6-months of age. Males and 
females were analyzed separately and Tukey’s post-hoc tests 
determined significant differences between groups. Similarly, 
differences between baseline and final measurements were 
analyzed using a two-way ANOVA with factors of drug 
and age. 

For data collected from indirect calorimetry, treatment dif-
ferences using age- and sex-matched controls were determined 
with t-tests. 

In all tests, significance was set at p<.05. All statistical 
analyses were performed in R.
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Results 
Longitudinal measures of bone mineral density 
revealed early changes to the skeleton 
Whole-body bone mineral content (aBMC) and density 
(aBMD) were evaluated monthly by DXA. Compared 
to age- and sex-matched controls, males starting CANA 
treatment at 3-months-of-age had greater areal aBMD 
(Figure 1A). In females, SGTL2 inhibition also increased 
aBMD (Figure 1B and D). A drug∗timepoint interaction effect 
revealed differences in mineralization as early as 1-month 
post-treatment in young females. Despite the presence of a 
drug∗timepoint interaction effect, Tukey post-hoc analyses 
revealed that at each timepoint examined, the aBMD of 
CANA-treated adult males was not significantly different 
from their age-matched controls (Figure 1C). 

Changes in DXA-based bone parameters were calculated 
as the difference between baseline and final scans for each 
animal. In males, the change in aBMD and aBMC was 
not different between CANA-treated and control mice 
(Figure 1E). Isolated analysis of the femur revealed that adult 
males treated with CANA gained less aBMD over the course 
of the study compared to age-matched controls (drug∗age 
interaction, p=.00616, data not shown). Adult male mice 
gained less aBMC during the study compared with their young 
counterparts (Figure 1E). In females, the change in aBMD 
and aBMC over six months of treatment was greater with 
CANA (Figure 1F). Similarly, femoral bone mineral density 
increased with CANA (p=.000304). Adult female mice gained 
less aBMC and aBMD compared to younger, sex-matched 
animals (Figure 1F). 

Trabecular bone morphology was improved by 
CANA treatment but worsened with increasing age 
Trabecular bone at the distal femur metaphysis was evaluated 
using micro-CT. Trabecular bone volume fraction and trabec-
ular number were increased with CANA treatment in both 
sexes (Figure 2A and B, Table S1). CANA increased trabecular 
thickness in females, but not males (Figure 2C). Accordingly, 
CANA reduced trabecular separation in males (p=.000262, 
data not shown) but not females. Trabecular BMD increased 
with CANA treatment in males but not females (Figure 2D). 
CANA treatment had limited effects on dynamic histomor-
phometric indices in trabecular bone. In males, CANA treat-
ment reduced trabecular mineralizing surface per bone surface 
(Figure 2E). The incidence of single- and double-labeled sur-
faces were also quantified with dynamic histomorphometry. 
CANA-treated females had more single-labeled trabecular 
surfaces compared to control animals. In trabecular bone, 
mineral apposition rate (Figure 2F) and bone formation rate 
were not changed with CANA treatment. 

Trabecular bone morphology worsened with increasing age. 
Age decreased trabecular BMD in males. Males euthanized at 
12 months had greater trabecular thickness and reduced tra-
becular separation compared with younger, sex-matched mice. 
Female mice aged 12 months at euthanasia had lower bone 
volume fraction, trabecular number, and bone mineral density 
compared with their younger sex-matched counterparts. As 
expected, trabecular separation increased with age in females. 

Age also affected dynamic histomorphometry indices in 
trabecular bone. Males aged 12 months at euthanasia had 
lower trabecular mineral apposition rate and bone formation 

rate compared to their 9-month-old sex-matched counter-
parts. Compared to 9-month-old mice, 12-month-old females 
had lower trabecular mineral apposition rate but greater 
mineralizing surface per bone surface. A total of 12-month-
old females also had fewer incidences of single- and double-
labeled trabecular surfaces compared to 9-month-old mice. 

Cortical bone morphology was improved by CANA 
treatment 
In females, CANA increased cortical bone area and decreased 
marrow area (Figure 3A and B, Table S1). In males, CANA 
treatment reduced marrow area in adults but not young 
animals (Figure 3B). Similarly, cortical bone area fraction 
increased with CANA treatment in both ages in females, but 
only increased in adult males (Figure 3C). All CANA-treated 
animals had increased femoral cortical thickness compared 
with their age- and sex-matched controls (Figure 3D). CANA 
treatment increased polar moment of inertia in females but 
not males (Figure 3E). Similarly, maximum and minimum 
moments of inertia were also increased by CANA treatment 
in females but not males. Cortical bone mineral density was 
increased with CANA only in young females (Figure 3F). 

Animal age also influenced cortical bone morphology. 
Males euthanized at 12 months of age had greater cortical area 
compared with their 9-month-old sex-matched counterparts. 
Cortical bone area fraction and cortical thickness decreased 
with age in females, but not males. Marrow area increased 
with age in female mice. In males receiving control diet, 
marrow area increased with age. In males, polar, maximum, 
and minimum moments of inertia were increased in older 
animals. Older male mice also had greater cortical BMD 
compared with their 9-month-old sex-matched counterparts. 
In females receiving a control diet, cortical BMD also was 
increased with age. 

CANA treatment reduced endocortical bone 
formation in both growing and mature C57BL6 
mice 
In cortical bone, CANA affected endosteal but not periosteal 
bone formation rate. At the endosteal surface, CANA treat-
ment reduced bone formation rate and mineral apposition rate 
in both male and female mice (Figure 4). CANA treatment 
reduced the endosteal mineralizing surface and the incidence 
of double labels in males but not females (Figure S2, See online 
supplementary material for a color version of this figure). 

Age reduced endosteal mineral apposition rate in both 
sexes. 12-month-old males also had lower endosteal bone for-
mation rates compared with their 9-month-old counterparts. 
Endosteal mineralizing surface and the incidence of double-
labeled surfaces were increased with age in females. At the 
periosteal surface, mineralizing surface, bone formation rate, 
and the incidence of double-labeled surfaces were increased 
with age in males (Figure S3, See online supplementary mate-
rial for a color version of this figure). In females, age reduced 
periosteal mineral apposition rate. 

Systemic bone formation and osteoblast number 
were reduced by CANA treatment 
Six months of CANA treatment reduced P1NP serum lev-
els in females but not males (Figure 5A and B, See online 
supplementary material for a color version of this figure). 
P1NP did not differ between 9- and 12-month-old mice. In

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
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Figure 1. CANA increased bone mineral density in all females and in young males. Bone mineral density and content were evaluated in male and female 
mice once per month for 6 months. (A) CANA increased areal bone mineral density in young males (drug effect). Compared to baseline, aBMD was greater 
at every subsequent timepoint (timepoint effect). (B) Compared to control mice, young females treated with CANA had greater areal bone mineral density 
following 1 month of CANA treatment and at all subsequent timepoints (drug∗timepoint interaction effect). The drug∗timepoint significance with Tukey 
post-hoc analyses is indicated by ∗. Within the control group, compared to baseline measures, aBMD increased at 6 mo of age and was maintained at sub-
sequent timepoints (drug∗timepoint interaction effect). Within the CANA-treated mice, a significant increase in aBMD was recorded following one month 
of treatment (4 months of age) and again after 6 months of treatment (drug∗timepoint interaction effect). (C) Bone mineral density was not altered by CANA 
in adult males. Tukey post-hoc analyses revealed that aBMD was not different between baseline and 12 months of age in control or CANA-treated adult 
male mice. Additionally, at each timepoint examined, there was no statistical difference between CANA-treated and control animals. (D) CANA increased 
areal bone mineral density in adult females (drug effect). Compared to baseline, aBMD was greater at every subsequent timepoint (timepoint effect). (E) the 
change in areal bone mineral density and bone mineral content over the course of the study was not different with CANA treatment in males. Males starting 
CANA at 3-months-of-age had a greater chance in aBMD compared to males starting CANA at 6-months-of-age. Across both control and CANA-treated 
males, the change in bone mineral content was greater in animals studied starting at 3-months-of-age versus 6-months-of-age. (F) CANA-treated females 
gained more aBMD and bone mineral content over the course of the study compared to control mice. Across both control and CANA-treated females, the 
change in aBMD and bone mineral content was greater in animals studied starting at 3-months-of-age versus 6-months-of-age. p<.05 for all effects dis-
played. The effect of “drug” refers to differences between CANA-treated and control mice for the cohort displayed. The effect of “timepoint” refers to differ-
ences across timepoints examined. The effect of “age” refers to differences between mice starting treatment at 3-months versus 6-months of age. A > B 
for CANA drug differences or drug∗age interactions. Y > Z for age differences. Abbrevations: aBMD, whole-body bone mineral density; CANA. canagliflozin. 



6 JBMR Plus, 2024, Volume 8 Issue 12 

Figure 2. Trabecular bone morphology was improved with 6 months of CANA treatment. In both males and females, CANA increased (A) trabecular 
bone volume fraction and (B) trabecular number. (C) CANA-treated females had thicker trabeculae compared with control animals. (D) In male mice, 
CANA increased bone mineral density. (E) SGLT2 inhibition reduced trabecular mineralizing surface in males but not females. (F) CANA did not alter 
trabecular mineral apposition rate in either sex. p<.05 for all effects displayed. Compared to their 9-month-old counterparts, males aged 12-months at 
euthanasia had greater trabecular thickness (C), lower trabecular bone mineral density (D), and reduced trabecular mineral apposition rate (F). In males, 
age at euthanasia did not significantly affect bone volume fraction (A), trabecular number (B), nor trabecular mineralizing surface (E). Compared to their 
9-month-old counterparts, females aged 12-months at euthanasia had less bone volume fraction (A), fewer trabeculae (B), lower trabecular bone mineral 
density (D), increased trabecular mineralizing surface (E), and decreased trabecular mineral apposition rate (F). In females, age at euthanasia did not 
significantly affect trabecular thickness (C). The effect of “drug” refers to differences between CANA-treated and control mice for the cohort displayed. 
The effect of “age” refers to differences between mice starting treatment at 3-months versus 6-months of age. A > B for CANA drug differences. Y > Z 
for age differences. Abbrevations: CANA, canagliflozin; SGLT2, sodium glucose cotransporter 2. 
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Figure 3. CANA improved cortical bone morphology in females more than males. (A) CANA treatment increased cortical bone area in females. Compared 
to their 9-month-old counterparts, males euthanized at 12-months-old had greater cortical area. (B) Marrow area was decreased with CANA in males 
starting treatment at 6 mo of age, but not 3 mo. All females treated with CANA had reduced marrow area. Compared to their 9-month-old counterparts, 
females euthanized at 12-months-old had greater marrow area. (C) In male mice, cortical bone volume fraction was increased with CANA treatment 
starting at 6 mo of age, but not 3 mo. Cortical bone volume fraction was increased with CANA treatment in females. Compared to their 9-month-old 
counterparts, females euthanized at 12-months-old had smaller cortical bone volume fraction. (D) CANA treatment increased cortical thickness in both 
sexes. Compared to their 9-month-old counterparts, females euthanized at 12-months-old had greater cortical thickness. (E) Polar moment of inertia was  
increased with CANA treatment in females. Compared to their 9-month-old counterparts, males euthanized at 12-months-old had greater polar moment 
of inertia. (F) Females starting CANA treatment at 3 mo had increased cortical bone mineral density compared to control animals. Compared to their 
9-month-old counterparts, males euthanized at 12-months-old had greater cortical bone mineral density. p<.05 for all effects displayed. The effect of 
“drug” refers to differences between CANA-treated and control mice for the cohort displayed. The effect of “age” refers to differences between mice 
starting treatment at 3-months versus 6-months of age. A > B for CANA drug differences or drug∗age interactions. Y > Z for age differences. Abbrevation: 
CANA, canagliflozin. 
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Figure 4. Endocortical bone formation was reduced by CANA treatment. (A-B) CANA reduced endocortical bone formation rate in both male and female 
mice. Compared to their 9-month-old counterparts, males euthanized at 12-months-old had smaller endocortical bone formation rate. (C-D) similarly, 
SGLT2 inhibition reduced endocortical mineral apposition rate in males and females. Compared to their 9-month-old counterparts, both males and females 
euthanized at 12-months-old had smaller endocortical mineral apposition rate. (E-F) representative images of endocortical surface labeled with calcein. 
Scale bar = 100um. p<.05 for all effects displayed. The effect of “drug” refers to differences between CANA-treated and control mice for the cohort 
displayed. The effect of “age” refers to differences between mice starting treatment at 3-months versus 6-months of age. A > B for CANA drug differences. 
Y > Z for age differences. Abbrevation: CANA, canagliflozin; SGLT2, sodium glucose cotransporter 2. 

males beginning treatment at 3-months of age, CANA reduced 
osteoblast number in trabecular bone ( Figure 5C and E). 
In control males, aging also reduced trabecular osteoblast 
number. Osteoblast number on the trabecular surface was not 
altered with treatment or age in females (Figure 5D and F). 
Osteoblast number on the endocortical surface of the cortical 
shell did not change with treatment or age in either sex. 

Bone resorption and osteoclast number were not 
altered by CANA treatment 
Serum crosslinked C-terminal telopeptides of type I collagen 
(CTx) was not different between treatment groups or ages 
in either sex (Figure S4A and B, See online supplementary 
material for a color version of this figure). Similarly, osteoclast 
number was not altered by CANA treatment or age at the 
tibial metaphyseal cortical shell. No age-related differences in 
osteoclast number were recorded in male trabecular bone (Fig-
ure S4C, See online supplementary material for a color version 
of this figure). In trabecular bone, females aged 12-months-
old had more osteoclasts compared with their 9-month-old 
counterparts (Figure S4D, See online supplementary material 
for a color version of this figure. ). 

CANA reduced bone marrow adiposity in females 
CANA reduced both the number and size of adipocytes in 
female mice (Fig. 6, p=.0337 and p=.00336, respectively). 
Similarly, the portion of area occupied by adipocytes was 
reduced CANA treatment in females (p=.0234). Bone marrow 
adiposity was not changed in CANA-treated male mice (Fig-
ure S5, See online supplementary material for a color version 
of this figure). Marrow adiposity was not statistically different 
between 9-month-old and 12-month-old mice. 

CANA increased calcium excretion but did not alter 
IGF-1 or PTH levels 
Urine was evaluated at baseline and prior to euthanasia. 
CANA treatment increased urinary calcium excretion in both 
sexes and ages (Figure S6, See online supplementary material 
for a color version of this figure). Phosphate excretion was not 
altered with CANA (Figure S7A, See online supplementary 
material for a color version of this figure). At euthanasia, 
CANA-treated animals had significantly lower creatinine lev-
els in the urine compared with age- and sex-matched controls 
(Figure S7B, See online supplementary material for a color 
version of this figure). Food and water intake was evaluated

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
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Figure 5. CANA reduced osteoblast number in males and P1NP levels in females. (A-B) CANA reduced serum P1NP in female, but not male, mice. Age at 
euthanasia did not affect serum P1NP. (C-D) trabecular osteoblast number was reduced by canagliflozin in males beginning treatment at 3-months-of-age. 
CANA treatment did not change osteoblast number in females or adult males. Age at euthanasia did not affect trabecular osteoblast number in females. 
(E-F) representative images of trabecular bone stained with procollagen-1. Scale bar = 200um. p<.05 for all effects displayed. The effect of “drug” refers to 
differences between CANA-treated and control mice for the cohort displayed. The effect of “age” refers to differences between mice starting treatment 
at 3-months versus 6-months of age. A > B for CANA drug differences or drug∗age interactions. Abbrevation: CANA, canagliflozin; P1NP, procollagen type 
1 N-terminal pro-peptide. 

during the last week of the experiment, while mice were 
housed in metabolic cages; compared with sex- and age-
matched controls, CANA-treated animals had greater water 
and food intake ( Figure S8A and B, See online supplementary 
material for a color version of this figure). Based on 
food intake and bodyweight measurements, approximate 
dosing of CANA was calculated for each cohort (young 
males: 18.5 mg/kg, young females: 18.1 mg/kg, adult males: 
20.3 mg/kg, adult females: 24.3 mg/kg). 

IGF-1 was evaluated in the serum of all groups at euthana-
sia. In both males and females, serum IGF-1 was not changed 
by CANA treatment or animal age. PTH was evaluated at 
baseline and euthanasia in young animals. Serum PTH levels 
were not different with CANA treatment in young animals. 
Both male and female serum PTH levels were greater at 
euthanasia compared with baseline. 

CANA had limited effects on body composition and 
whole-body metabolism in C57BL/6 J mice 
Six months of CANA treatment had limited effects body com-
position. Longitudinal assessments revealed that males treated 
with CANA from 6 to 12 months of age (adults) weighed 
less than sex- and age-matched controls (treatment effect, 
p=.0427). CANA-treated females had less fat mass compared 

with age-matched controls, regardless of their age at treatment 
onset (treatment effect, p=.00858 for young females, p<.0001 
for adult females). 

Body weight and composition were evaluated monthly. 
Compared to age- and sex-matched controls, males starting 
CANA treatment at 6-months-of-age had lower bodyweight 
(Figure S9C, See online supplementary material for a color 
version of this figure). Changes in body composition over the 
course of the experiment, calculated as the difference between 
baseline and final measurements, revealed that CANA did 
not alter bodyweight or lean mass in any cohorts analyzed 
(Figure S9E and F, See online supplementary material for a 
color version of this figure). The change in fat mass and body 
fat percent was greater in CANA-treated males aged 6-months 
at treatment initiation (Fig. S9G-H, See online supplementary 
material for a color version of this figure). Fat mass and 
percent body fat was not altered by CANA treatment in 
females or young males. 

Despite significantly lowering fasting blood glucose levels 
(Figure S10, See online supplementary material for a color 
version of this figure), 6 months of CANA treatment had 
few effects on whole body metabolism. At the end of the 
treatment period, females that started CANA at 3-months-of-
age had greater nighttime energy expenditure compared with

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
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Figure 6. CANA treatment reduced marrow adiposity in females. (A) Representative images of marrow adiposity; sections stained with hematoxylin and 
eosin. (B) Adipocyte number, size, and percent area covered were reduced by CANA treatment (p<.05). Age at euthanasia did not affect marrow adiposity. 
Scale bar = 500 μm. Abbrevation: CANA, canagliflozin. 

controls ( Figure S8C, See online supplementary material for 
a color version of this figure, 10% increase). Males starting 
treatment at 6-months-of-age had greater daytime energy 
expenditure compared with controls (Figure S8D, See online 
supplementary material for a color version of this figure, 10% 
increase). The 24-hour average respiratory exchange ratio was 
reduced in CANA-treated males compared with controls (4% 
reduction in young males and 3% in adult males). Similarly, 
CANA-treated males had increased the 24-hour oxygen con-
sumption compared to age and sex-matched controls (8% 
increase in young males and 7% in adult males). Females 
beginning treatment at 3-months of age (young) had both 
increased oxygen consumption and carbon dioxide expulsion 
over a 24-hour period (5% and 1%, respectively). Nighttime 
activity, including wheel running and cage ambulation, did not 
change with CANA treatment. 

Discussion 
In the current study, we interrogated the effects of CANA 
treatment on the skeleton in the C57BL/6 J mouse, examining 
differences between skeletally immature (3-month-old) and 
mature (6-month-old) animals. CANA treatment affected the 
skeleton similarly in young and adult animals. Across all 
cohorts, CANA treatment reduced bone formation. Following 
CANA treatment, osteoblast number, serum P1NP and bone 
marrow adipocyte number were reduced in a sex-specific 

manner. Despite reduced bone formation, 6 months of CANA 
treatment conferred morphological benefits to both cortical 
and trabecular bone. 

The increased risk of bone fracture observed in patients 
receiving CANA treatment is primarily driven by data col-
lected in the initial CANVAS clinical trial9; non-CANVAS 
studies did not record increased fractures with CANA treat-
ment.2,10,11 Variability in CANA-associated fracture risk may 
be due to variation within patient populations between the 
CANVAS and non-CANVAS studies. All patients had type 
II diabetes9 and therefore increased fracture risk compared 
to the general population. Although duration of diabetes 
was similar between the CANVAS and CREDENCE trials, 
treatment history could affect fracture risk.3,28 Variation in 
geographical recruitment and patient ethnicity also could have 
contributed to differing fracture risks.2,3,28 

Use of CANA has recently expanded to nondiabetic popula-
tions to treat cardiovascular disease,3 but preclinical investiga-
tions into the effect of CANA on skeletal health in the absence 
of diabetes are limited.22,23,29 In preclinical models, variabil-
ity in CANA-induced changes to the skeleton may be driven 
by genetic variability and animal age. Genetic differences 
between mouse strains affect bone,30,31 which could influence 
preclinical studies. The increased food intake of C57Bl6 mice 
recorded in this study could potentially lead to increased 
CANA dosing compared to previous analyses in UM-HET3 
mice6; however, food intake was measured as the amount of

https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
https://academic.oup.com/jbmrplus/article-lookup/doi/10.1093/jbmrpl/ziae128#supplementary-data
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food removed from the hopper and could not account for 
shredding of food pellets, therefore, predicted doses may be 
greater than the true dosing. Further, the developmental stage 
of the animal at treatment onset affects bone morphology 
changes during the treatment period32–34 as well as the cell 
populations within the skeleton.35–37 Our study provides 
novel, direct comparisons between the developmental stage 
of the animal at the start of treatment, providing insight 
into skeletal responses both prior to and after periods of 
accelerated bone loss. 

In nondiabetic preclinical models, the temporal response 
of bone to CANA may differ, reflected by differences in 
treatment timelines. In previous examinations of nondiabetic 
DBA/2 J males, short-term treatment with CANA (10 weeks) 
had limited effects on bone; bone volume fraction was reduced 
by CANA, but no changes to bone strength or systemic bone 
formation and resorption were recorded.23 On the contrary, 
long-term CANA treatment (17 months) in nondiabetic UM-
HET3 male mice negatively affected cortical but not tra-
becular bone morphology.22 Female UM-HET3 mice treated 
with long-term CANA incurred deficits in both cortical and 
trabecular bone. Lifelong loss-of-function of the Slc5a2 gene 
that encodes SGLT2 negatively affected bone morphology 
in 50-week-old males but did not change bone strength in 
either sex.29 In our study, the early beneficial changes to 
bone mineral density recorded in B6 females contrast with 
reduced bone formation rates at euthanasia, following an 
intermediate period of CANA treatment (6 months), high-
lighting differences in the temporal responses to SGLT2 inhi-
bition. Additionally, compared to control mice, CANA-treated 
females had greater increases in aBMD and aBMC, suggesting 
protective effects against age-related bone loss. 

CANA treatment improved skeletal health more in females 
than male mice. Although we observed benefits to skeletal 
morphology in both sexes, more outcome measures were 
improved in females than males. In our study, reduced bone 
remodeling could have prevented the age-related bone loss 
typically observed in B6 mice.32,38 Previous investigations 
of CANA may have been occluded by age-related bone loss 
in females.22 In addition to the skeletal benefits recorded in 
females, marrow adiposity was reduced by CANA. Marrow 
adiposity is associated with worsened bone health35,39 and 
changes with age in a sex-specific manner. Aging increases adi-
posity more in females than males,40 therefore our euthanasia 
at 9- and 12-months of age may have precluded our ability to 
discern attenuation of marrow adiposity in males. 

Although SGLT2 inhibition is often compared to caloric 
restriction models,41 our data suggest that CANA treatment 
elicits a distinct skeletal phenotype. Previous examinations 
of CANA treatment in nondiabetic mice have documented 
reductions in body mass and increases in longevity,6,22 sup-
porting similarities between whole-body responses to SGLT2 
inhibition and caloric restriction.41 In our study, CANA 
induced limited changes to body composition whereas caloric 
restriction models elicit drastic effects on body weight and fat 
mass.25,42 Furthermore, CANA treatment reduced marrow 
adiposity whereas caloric restriction consistently increases 
both bone marrow adipocyte size and number.25,42,43 Energy 
expenditure is reduced in calorie-restricted animals25 but was 
only minimally changed in this study. Finally, both in our 
study and in clinical populations, CANA increased caloric 
intake.44 

The mechanisms driving the bone changes following 
CANA treatment are likely independent of kidney function. 

Despite increased calcium urinary excretion, no changes 
were recorded in systemic PTH levels, supporting previously 
published findings in nondiabetic CANA-treated mice.23 

Although the animals in our study were not hypoglycemic, 
reduced serum glucose levels with CANA may decrease 
glucose availability within bone cells or elicit a compensatory 
mechanism that changes the bioenergetic state of bone cells. 
Compared to other organs in the body, bone takes up a large 
proportion of glucose.45 Glycolysis, which requires glucose as 
its primary substrate, is elevated during osteoblastic differen-
tiation.46–48 Runx2-mediated osteoblastic differentiation and 
deposition of collagen by osteoblasts is dependent on glucose 
availability.49 The reductions in osteoblast number and serum 
P1NP measured in this study indicate that CANA negatively 
affects osteoblasts. Although osteoclastic resorptive activities 
rely on the influx of glucose as the primary substrate,50 we 
recorded no differences due to CANA treatment in osteoclast 
number or activity, suggesting that the primary influence 
of CANA on bone is mediated by changes to mesenchymal 
progenitors. 

Our study has some limitations that should be addressed 
in future experiments. Although we evaluated longitudinal 
changes to aBMD with DXA scanning, future use of in vivo 
μCT would allow us to confirm our hypothesis that age-
related bone loss was attenuated by CANA. Despite simi-
larities in treatment-induced changes to bone morphology 
between males and females, further evaluation of the mecha-
nisms driving these changes is warranted. Another limitation 
of our study is the examination of only long bones (femur and 
tibia), so future investigations should include additional skele-
tal sites. In addition to changes in bone morphology, CANA 
treatment likely altered bone mineralization,22 therefore, a 
more detailed analysis of mineral content should be evaluated 
in future investigations. The findings we recorded in bone 
marrow adiposity may not translate to other mouse strains 
or humans, due to the high sensitivity of C57BL6/J mice to 
metabolic alterations. Although CANA has been expanded 
to nondiabetic patient populations, our investigation did not 
include models that suffer from the cardiac diseases indicated 
for treatment. Confounding effects of these diseases on bone 
could lead to different skeletal changes compared to what we 
measured here. Finally, we cannot exclude a cell autonomous 
effect by which CANA might bind to other skeletal ion 
transporters or exchangers (e.g. sodium hydrogen exchangers) 
in bone cells. 

In summary, we demonstrated that 6 months of CANA 
treatment reduced bone formation by impairing osteoblast 
numbers, likely due to progenitor recruitment. Despite lim-
ited changes to systemic body composition and metabolism, 
CANA-treated animals had improved bone morphology. In 
females, CANA also reduced bone marrow adiposity. Our 
work highlights the non-cell autonomous effects of CANA on 
the skeleton in nondiabetic B6 mice. 
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