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Abstract
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Skeletal co-morbidities in type 1 diabetes include an increased risk for fracture and delayed
fracture healing, which are intertwined with disease duration and the presence of other diabetic
complications. As such, chronic hyperglycemia is undoubtedly a major contributor to these
outcomes, despite standard insulin-replacement therapy. Therefore, using the streptozotocin
(STZ)-induced model of hypoinsulinemic hyperglycemia in DBA/2J male mice, we compared the
effects of two glucose lowering therapies on the fracture resistance of bone and markers of bone
turnover. Twelve week-old diabetic (DM) mice were treated for 9 weeks with: 1) oral canagliflozin
(CANA, dose range ~10-16 mg/kg/day), an inhibitor of the renal sodium-dependent glucose cotransporter type 2 (SGLT2); 2) subcutaneous insulin, via minipump (INS, 0.125 units/day); 3) cotherapy (CANA + INS); or 4) no treatment (STZ, without therapy). These groups were also
compared to non-diabetic control groups. Untreated diabetic mice experienced increased bone
resorption and significant deficits in cortical and trabecular bone that contributed to structural
weakness of the femur mid-shaft and the lumbar vertebra, as determined by three-point bending
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and compression tests, respectively. Treatment with either canagliflozin or insulin alone only
partially rectified hyperglycemia and the diabetic bone phenotype. However, when used in
combination, normalization of glycemic control was achieved, and a prevention of the DM-related
deterioration in bone microarchitecture and bone strength occurred, due to additive effects of
canagliflozin and insulin. Nevertheless, CANA-treated mice, whether diabetic or non-diabetic,
demonstrated an increase in urinary calcium loss; FGF23 was also increased in CANA-treated DM
mice. These findings could herald ongoing bone mineral losses following CANA exposure,
suggesting that certain CANA-induced skeletal consequences might detract from therapeutic
improvements in glycemic control, as they relate to diabetic bone disease.

Keywords

Author Manuscript

Bone microarchitecture; cortical bone; trabecular bone; glycosuria; hypercalciuria; canagliflozin;
dapagliflozin

1.1 INTRODUCTION
Persons with type 1 or type 2 diabetes (T1D, T2D) have a significantly higher fracture risk
than age-matched persons without diabetes. This propensity for fracture, however, is not
predicted by bone mineral density (BMD) measurements alone, but instead is attributed to
deficits in the microarchitecture and in the material properties of the bone tissue. This
condition is now referred to as diabetic bone disease (DBD)(1).
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Sodium-dependent glucose co-transporter type 2 (SGLT2) inhibitors (SGLT2Is) are a newer
class of drugs which selectively inhibit the renal co-transport (i.e., reuptake) of glucose and
sodium within the early proximal convoluted tubule, by blocking the renal SGLT2 cotransporter. By increasing urinary glucose excretion, they are effective in improving
glycemic control in persons with type 2 diabetes (T2D), whether as monotherapy (2, 3), or
as co-therapy, in combination with insulin (4, 5) or with a variety of oral hypoglycemic
agents (6-9). However, recent studies also suggest that SGLT2Is may be efficacious, as
adjunct-to-insulin therapy, in T1D (10), and off-label use of SGLT2Is in T1D is being
increasingly reported (11-13). The use of SGLT2 inhibition for the treatment of all diabetes
is expected to increase, because of: 1) the unique mechanism of action (increased
glycosuria) (14, 15); 2) the greater durability of effect, compared with other drug classes
(16); 3) the preferential efficacy in patients with more poorly controlled diabetes (2, 17); 4)
the concurrent beneficial reductions in weight and blood pressure that occur in persons with
T2D taking these medications (17); 5) the potential applicability to both T1D and T2D; and
6) the potential to minimize hypoglycemia risk in intensively managed T1D (13).
Early clinical investigations in T2D demonstrated a concerning increase in bone fractures in
patients receiving the SGLT2Is, canagliflozin (18) or dapagliflozin (19), with bone fractures
occurring as early as 12 weeks after drug initiation (18). This led the US Food and Drug
Administration (FDA) to issue additional guidance regarding fracture risk associated with
canagliflozin (www.fda.gov/Drugs/DrugSafety/ucm461449.htm). Mechanisms of action of
this drug class could contribute to compensatory increases in serum parathyroid hormone in
response to drug-induced renal phosphate reabsorption, or to secondary increases in urinary
Bone. Author manuscript; available in PMC 2018 February 26.
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calcium excretion, due to the osmotic diuresis of enhanced glycosuria (20). However, such
physiological responses could also detrimentally impact skeletal integrity over time,
particularly when paired with the already elevated fracture risk of a diabetic population.
Currently, very limited data is available on the effects of SGLT2 inhibition on bone mineral
homeostasis or bone turnover; and the effects of SGLT2I on skeletal integrity in T1D are
largely unknown.

Author Manuscript

Previously, we have investigated the effects of SGLT2I treatment in a rodent model of
streptozotocin (STZ)-induced diabetes (a model of hypoinsulinemic diabetes) for 10 weeks
(21), demonstrating that despite a significant improvement in glycemic control with SGLT2I
treatment, diabetes-related bone deficits were not alleviated. Such findings raise the
possibility that adverse skeletal effects from SGLT2I exposure might be occurring
independent of drug-related beneficial metabolic improvements. To address this possibility,
we sought to compare the relative impact of bio-equivalent glucose-lowering, achieved
either with SGLT2I treatment or with insulin treatment, on diabetic bone disease in a mouse
model of hypoinsulinemic diabetes (i.e., T1D). In this way, comparisons could be made
regarding the relative contribution of glycemic improvements alone, verses other nonglycemic pharmacological effects of SGLT2I drugs on skeletal outcomes. The objective of
this investigation, therefore, was to examine the effects of SGLT2I treatment on bone
microarchitecture and bone quality in a model of long-term hypoinsulinemic diabetes (i.e.,
T1D), as compared with standard insulin-replacement therapy in hypoinsulinemic diabetes.

1.2 RESEARCH DESIGN AND METHODS
1.2.1 Animals and Experimental Design

Author Manuscript
Author Manuscript

Ten-week old male, DBA/2J mice (The Jackson Laboratories, Bar Harbor, ME), a strain
prone to the development of diabetic complications (7), were treated either with
streptozotocin (STZ) to induce diabetes (40 mg/kg/day × 5 days) or with vehicle (100 mM
citrate, pH 4.5), by intraperitoneal (i.p.) injection. At ~12 weeks of age, vehicle-injected,
non-diabetic mice were randomly assigned to two groups (n=10 mice per group): Group 1
(CONTROL), fed Teklad 8640 chow; and Group 2 (CONT+CANA), fed Teklad 8640 chow
compounded with the SGLT2 inhibitor, canagliflozin, at 62.5 ppm. At the same time, agematched STZ-injected, confirmed diabetic mice, were randomly assigned to four treatment
groups (n=10 per group): Group 3 (STZ), fed Teklad 8640 chow; Group 4 (STZ+INS), fed
Teklad 8640 chow and treated with insulin via ALZET® minipump (insulin dose: 0.125
units/day; as Humulin R insulin, Eli Lilly and Co., Indianapolis, IN); Group 5: (STZ
+CANA), fed Teklad 8640 chow containing canagliflozin at 50 ppm; or Group 6: (STZ
+BOTH), fed Teklad 8640 chow containing canagliflozin (50 ppm) and treated with insulin
via mini pump (0.125 units/day). Diabetic mice were fed chow containing a slightly lower
canagliflozin concentration (50 ppm vs. 62.5 ppm) to offset the polyphagia observed in
diabetic mice. A comparison group of non-diabetic mice treated with insulin could not be
justified due to the risk and likelihood of hypoglycemia. All mice were maintained in a 12hour light-dark cycle, and provided ad libitum access to water and to their assigned food for
the next 9 weeks. Body weights and cumulative food intake were measured weekly for each
animal, so as to quantify drug exposure; canagliflozin intake during the 9 week treatment
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period was similar in all groups receiving this drug: CONT+CANA, dose range: 10.5-16.5
mg/kg/day (mean ± SE: 14.9 ± 0.6); STZ+CANA, 12.0-16.8 mg/kg/day (14.9 ± 0.5); STZ
+BOTH, 12.2-16.1 mg/kg/day (13.9 ± 0.4).

Author Manuscript

During the 8th week of treatment, mice were transferred to individual metabolic cages for
urine collection. Thereafter, for dynamic bone histomorphometry analyses, mice were
injected (i.p.) with calcein (20 mg/kg), in a total injection volume of ~200 μl, at 10 and 3
days prior to euthanasia. Intraperitoneal (ip) glucose tolerance testing (ipGTT) was also
performed during the final week of treatment. For the ipGTT, mice were weighed and then
fasted for 4-5 hours with free access to water. Fasting blood glucose (BG) was measured via
glucometer (OneTouch® Ultra®2 Blood Glucose Monitoring System, Lifescan, Inc.,
Milpitas, CA). A volume of 20% glucose was then injected ip (1.5 mg/gm) and BG
measurements were obtained at 15, 30, 45, 60, 90, 120, and 240 minutes following glucose
injection. Thereby, glycemic control was assessed: 1) as area-under-curve (AUC) for glucose
measurements obtained during glucose tolerance testing (ipGTT); 2) by fasting BG
measurement at week 8, via glucometer; and 3) by trunk blood (end of study) Hemoglobin
A1c (HbA1c), using a mouse HbA1c whole blood assay (Crystal Chem; Downers Grove, IL,
#80310).

Author Manuscript

At study end, mice were killed by isoflurane overdose followed by decapitation, and trunk
blood was collected. Ex vivo analyses of bone phenotype [high resolution micro-computed
tomography (μCT) and biomechanical testing] along with bone biomarker measurements
were completed on all mice, as described in subsequent sections. Histomorphometry was
completed for 5 randomly selected mice from each group. All animal procedures were
approved by the Institutional Animal Care and Use Committee (IACUC) at the University of
Arkansas for Medical Sciences.
1.2.2 Assessment of Skeletal Microarchitecture

Author Manuscript

After euthanasia, left femurs and L6 vertebrae were harvested, frozen in phosphate buffered
saline (PBS) and stored at −20°C until analysis. Left femur length was measured using
calipers (neck to condyle groove). For bone microarchitecture analyses, the mid-shaft and
distal metaphysis regions along the axis of the bone were scanned with a micro-computed
tomography (μCT) scanner (Scanco Medical μCT50, Brϋttisellen, Switzerland): isotropic
voxel size of 6.0 μm, energy settings of 70 kVp/0.114 mA, integration time of 300 ms, 1000
projections per full rotation, and calibrated to a hydroxyapatite (HA) phantom, as we have
previously described (21, 22). The cranial-caudal axis of each L6 vertebral body (VB) was
also aligned with the long axis of the μCT tube holder and scanned while immersed in PBS,
also using a μCT scanner (Scanco Medical μCT50, Brϋttisellen, Switzerland): isotropic
voxel size of 12.0 μm, energy settings of 55 kVp/0.2 mA, integration time of 1200 ms, 1000
projections per full rotation, and calibrated to a known density HA phantom, as we have
previously described (21). For the femur, the regions of interest (ROI) included the
trabecular bone of the metaphysis and the cortical bone of the diaphysis (1.29 mm and 1.78
mm in length for mid-shaft and metaphysis, respectively). For the VB, the ROI included the
trabecular bone between the end-plates and within the cortical shell. Each ROI had a unique
threshold (465.7 mgHA/cm3 and 973.0 mgHA/cm3 for trabecular and cortical bone,
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respectively) and Gaussian noise filter (sigma of 0.2 with support of 1 for both trabecular
and cortical bone) used for all scans. Standard evaluation scripts from the manufacturer
(Scanco IPL v6) were used to determine the architectural and structural properties of
trabecular and cortical bone, respectively.
1.2.3 Bone Biomechanical Testing

Author Manuscript

To determine mechanical properties of cortical bone, intact hydrated femurs were loaded to
failure in the anterior-posterior direction, with posterior side in compression, at a constant
displacement rate of 3 mm/min using a three-point (3pt) bending fixture for the material
testing system (Dynamight 8841, Instron, Norwood, MA), as we have previously described
(21). The span between the lower supports was 8 mm. Structural properties included the
initial stiffness, the yield and peak force experienced by the mid-shaft, and work-to-fracture
(Wf is area under the force vs. displacement curve); material properties included the
modulus and bending strength of the cortical compartment, as estimated using standard
beam theory equations, and toughness, as estimated by span-adjusted work-to-fracture
divided by cross-sectional area of the bone (23). Yielding was defined as the point on the
force vs. displacement curve in which the percent difference between the initial stiffness (δi)
and the secant stiffness (δs) was 15% (100 × [δi − δs]/δi). The μCT scans provided the
moment of inertia (Imin) and the distance between the neutral axis of bending and the
outermost point in the anterior-posterior direction (Cmin). The force-displacement data
collected from 3pt bending tests were processed using custom Matlab (The Mathworks Inc.,
Natick, MA) scripts to perform the calculations.

Author Manuscript

The mechanical properties of trabecular bone were determined by loading the VB in
compression (cranial-to-caudal direction) until failure in displacement control at a rate of 3
mm/min. In order to ensure axial loading, a moment relief platen was used at the caudal end
to allow for specimen adjustment during the test. Peak force was recorded as the
measurement of the strength of the VB.
1.2.4 Bone Histomorphometry

Author Manuscript

Right femurs were harvested, cleaned, fixed in 70% ethanol, dehydrated in 100% ethanol
and embedded in methylmethacrylate. Three micron sections, cut with a Microm HM360
microtome, were then stained with Mason-Goldner trichrome stain for measurement of static
and dynamic parameters of bone structure, formation and resorption, as described by others
(24). Measurements of bone volume fraction (BV/TV), trabecular thickness (Tb.Th),
trabecular separation (Tb.Sp), % osteoid volume (OV/BV), % osteoid surface (OS/BS),
osteoid thickness (O.Th), osteoblast number/bone length (N.Ob/B.Pm), osteoblast surface/
bone surface (Ob.S/BS), erosion surface/bone surface (ES/BS), erosion depth (E.De),
osteoclast number/bone length (N.Oc/B.Pm), osteoclast surface/bone surface (Oc.S/BS),
mineral apposition rate (MAR), double labels/bone surface (dLS/BS), single labels/bone
surface (sLS/BS), mineralization surface/bone surface (MS/BS), bone formation rate/bone
surface (BFR/BS), mineralization lag time (MLT) and osteoid maturation time (OMT) were
obtained using Osteomeasure XP system (OsteoMetrics, Inc., Decatur, GA).
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Urine—Using urine collected from each animal during the final week of treatment, urine
calcium was measured using a calcium colorimetric assay (Sigma-Aldrich Corporation, St.
Louis, MO; #MAK022) and urine creatinine was measured using an alkaline picrate
chemical assay (Exocell, Inc., Philadelphia, PA; The Creatinine Companion, #1012).
Calcium concentration was normalized to urine creatinine concentration, and reported as a
urine calcium/creatinine ratio (UCCR). Similarly, urine phosphate was measured using the
Abcam phosphate colorimetric assay (Abcam, Cambridge, MA, #ab65622) and normalized
to urine creatinine, and reported as a urine phosphate/creatinine ratio (UPCR).

Author Manuscript

Serum—As a marker of bone formation, procollagen type 1 N-terminal propeptide (P1NP)
was measured in serum at sacrifice, using the Rat/Mouse P1NP Enzyme immunoassay
(Immunodiagnostics Systems, Inc., Fountain Hills, AZ; #AC-33F1). As a marker of bone
resorption, C-terminal telopeptides of type I collagen (RatLAPs) were measured in serum
using the RatLAPs ELISA (Immunodiagnostics Systems, Inc., Fountain Hills, AZ;
#AC-06F1). FGF23, an osteocyte marker that functions to inhibit renal phosphate
reabsorption, independent of PTH (25), was measured using the Millipore mouse FGF-23
ELISA (EMD Millipore Corp., St. Charles, MO, #EZMFGF23-43K).

Author Manuscript

To confirm efficacy of minipump insulin delivery (human insulin) vs. endogenous mouse
insulin production, serum insulin levels were measured using a mouse ultrasensitive insulin
ELISA (ALPCO, Salem, NH, #80-INSMSU-E01), which quantifies mouse insulin but also
detects human insulin, with ~250% cross-reactivity to Humulin R insulin. (This assay does
not cross-react with C-peptide.) Serum C-peptide levels, also a measure of endogenous
insulin secretion, were quantified using a mouse C-peptide ELISA (Crystal Chem, Inc.,
Downers Grove, IL, #90050).
1.2.6 Statistical Analyses

Author Manuscript

To analyze the data, an Analysis of Variance (ANOVA) was performed on each response
variable. Variables whose distributions showed extreme skewness were log-transformed
prior to analysis and variables showing unequal variation across groups were analyzed using
a weighted least squares ANOVA (see Table 1 and 2 legends for more information). The
overall F-test p-values were adjusted using a Benjamini-Hochberg correction (26), and each
ANOVA was determined to be significant if the False Discovery Rate (FDR)-adjusted pvalue was at most 0.05. Following the ANOVA, for significant variables post-hoc two-tailed
t-tests were performed about comparisons of interest. A multiple testing correction for posthoc comparisons from all significant variables together was performed using the BenjaminiHochberg adjustment, and each test was called significant if the FDR-adjusted p-value was
at most 0.05.
For each of thirteen bone parameters of interest (Femur: Ct.Ar, Tt.Ar, Imin, Ct.Th, Ct.TMD,
Peak Force, Bending Strength, Toughness; Vertebral Body: BV/TV, Tb.N, Tb.Th, Tb.TMD,
Peak Force), a multiple linear regression model was fit with the following explanatory
variables: treatment group, RatLAPs, UCCR, ipGTT AUC, Fasting BG, HbA1c, and body
weight (weekly weights averaged over the 9-week treatment period). The overall F-tests of
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each model were determined to be significant if the p-value was at most 0.05, after using a
Benjamini-Hochberg correction for the 13 overall F-tests. Then, for the variables with
significant overall F-tests, post-hoc tests (partial F-tests) were run for comparisons of
interest. A Benjamini-Hochberg correction was performed on all 26 post-hoc tests and both
raw and FDR adjusted p-values were determined. See Table 3 for additional details. All
analyses were performed in SAS Version 9.3 or above (SAS Institute Inc., Cary, NC).

1.3 RESULTS
1.3.1 Disease and treatment effects on metabolic control

Author Manuscript

Consistent with expectations for STZ treatment, untreated diabetic mice (group 3: STZ)
exhibited fasting (Table 1) and random hyperglycemia (Fig. 1: BG Trends and Fig. 2B:
ipGTT AUC), along with a marked increase in HbA1c (Fig. 2A), when compared to nondiabetic controls (groups 1, 2). No significant differences in glycemic control were evident
between vehicle and CANA treatment within the control groups (1 vs. 2, p=0.99); and
moreover, hypoglycemia was not apparent among CANA-treated control mice (group 2).

Author Manuscript

In comparison to the untreated diabetic mice (group 3), among treated diabetic mice (groups
4-6), significant and sustained improvements in metabolic control, as indicated by Fasting
BG (Table 1), sequential blood glucose (BG) measurements (Fig. 1D-F), and HbA1c (Fig.
2A) occurred with CANA treatment alone (group 5: STZ+CANA), and even more so than
with insulin treatment alone (group 4: STZ+INS). In contrast, glucose tolerance testing (Fig
2B; ipGTT AUC) revealed a greater improvement in post-glucose challenge glycemia with
insulin treatment. However, co-therapy with CANA and insulin (group 6: STZ+BOTH)
produced the greatest overall improvement in all three indicators of glycemic control
(Fasting BG, HbA1c, and ipGTT AUC), returning these parameters to normal at study end
(6 vs. 1 or 6 vs. 2, NS for all).

Author Manuscript

Measurement of serum insulin levels (Fig. 2C) confirmed that insulin treatment by
minipump continuous infusion increased the circulating insulin levels of diabetic mice (STZ
+INS and STZ+BOTH); and at the end of the study period, insulin values in these groups
were not statistically different from control mice (1 vs. 4 or 2 vs. 6, NS); however, insulin
concentrations in groups 1, 2, 3 and 5 reflect endogenous mouse insulin production, whereas
values for groups 4 and 6 primarily quantify exogenous delivery of human insulin.
Endogenous insulin production, as reflected by measurements of serum C-peptide (Fig. 2D),
was significantly lower in diabetic mice compared with control mice (1 vs. 3, p<0.001).
However, in DM mice treated with CANA, either alone (STZ+CANA) or in combination
with insulin (STZ+BOTH), a significant difference in C-peptide was observed compared to
STZ only (group 3), indicating an increase in endogenous insulin production in response to
CANA treatment (3 vs. 5, p=0.004; 3 vs. 6, p=0.002).
1.3.2 Disease and treatment effects on bone biomarkers
As shown in Figure 3, P1NP (Fig. 3A), a marker of bone formation, was reduced in
untreated diabetic mice compared to control mice (1 vs. 3, p=0.003); P1NP did not
significantly change with either CANA or insulin mono-therapy compared to untreated
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diabetic mice. With co-therapy, a modest increase in P1NP values was observed, compared
with untreated diabetic mice, which did not reach statistical significance (3 vs. 6, p=0.11).

Author Manuscript

In contrast, RatLAPs (Fig. 3B), a marker of bone resorption, was increased in diabetic mice,
as compared to control mice (1 vs. 3, 2 vs. 5; p<0.001 for both). Insulin treatment
significantly lowered RatLAPS to near-normal values (3 vs. 4, p=0.015). However, this bone
resorption marker remained high and indistinguishable from untreated diabetic mice in
either DM group receiving CANA (STZ+CANA or STZ+BOTH), despite the concurrent
improvements in glucose control that occurred in these groups (3 vs. 5 or 3 vs. 6, NS; 2 vs. 5
or 2 vs. 6, p<0.001 for both). Similarly, urine calcium excretion (UCCR, Fig. 3C) was
significantly increased in diabetic mice (1 vs. 3, p<0.001; 2 vs. 5, p=0.012). UCCR
improved with either insulin or CANA treatment of diabetic mice or with co-therapy (3 vs.
4; 3 vs. 5; 3 vs. 6; p<0.001 for all), although mean UCCR values in either DM group
receiving CANA (STZ+CANA, STZ+BOTH) were modestly higher than in the STZ+INS
group. Moreover, a significant increase in UCCR was also noted in control mice treated with
CANA (1 vs. 2, p=0.042). Overall, an increase in urinary calcium excretion was seen in
untreated diabetic mice and in mice exposed to CANA, but lessened in those DM mice
experiencing improved glucose control.

Author Manuscript

Serum FGF23 values (Fig. 3D) were increased in untreated diabetic mice compared with
control mice (1 vs. 3, p=0.005); among DM mice treated with insulin mono-therapy, mean
FGF23 values decreased to values which were again not significantly different than control
values (1 vs. 4, NS; 3 vs. 4, p=0.002). In contrast, treatment with CANA alone did not
restore FGF23 values to normal (3 vs. 5, NS; 2 vs. 5, p<0.001). When co-therapy was
administered, a significant reduction in FGF23 was again observed (similar to insulin monotherapy) (3 vs. 6, p=0.049). Despite these group-specific changes in serum FGF23
concentration, there were no significant differences in urine phosphate-to-creatinine ratio
(UPCR) between the treatment groups (Group 1, mean ± SE: 16.2 ± 3.0 gm/mg; Group 2:
17.9 ± 3.0; Group 3: 14.1 ± 3.3; Group 4: 11.6 ± 3.1; Group 5: 14.9 ± 3.0; Group 6: 16.9
± 3.1).
1.3.3 Disease and treatment effects on bone microarchitecture, material and structural
qualities of the appendicular skeleton

Author Manuscript

In the femur, untreated diabetes caused significant deficits in cortical bone area (Ct.Ar), total
cross-sectional area (Tt.Ar), moment of inertia (Imin), and cortical thickness (Ct.Th), along
with an increase in cortical porosity (Ct.Po) (see Table 1 for p-values; 1 vs. 3). Significant
deficits in trabecular bone of the femur were also apparent; specifically, reductions in bone
volume fraction (BV/TV), trabecular number (Tb.N), trabecular thickness (Tb.Th) and
trabecular tissue mineral density (Tb.TMD), along with an increase in trabecular separation
(Tb.Sp) were apparent in untreated DM mice in relation to non-diabetic controls. These
deficits in bone microarchitecture were accompanied by changes in structural strength of the
femur (bending), including both a decrease in stiffness and peak force endured by the midshaft. With respect to the estimated material properties of the cortical bone (femur only),
STZ-induced diabetes also decreased bending strength, toughness, and post-yield
displacement (PYD).
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Treatment with either CANA (STZ+CANA) or insulin (STZ+INS) alone partially rectified
the diabetic cortical bone micro-architectural deficits of the femur, although these individual
drug improvements were not always statistically significant (Table 1). However, when used
in combination (STZ+BOTH), and in conjunction with normalization of glycemic control,
significant recovery of the femur cortical microarchitecture (Ct.Ar, Imin, Ct.Th, Ct.TMD,
Ct.Po) and fracture resistance of the femur mid-shaft (peak force, PYD, work-to-fracture,
toughness) were evident in mice receiving co-therapy. Moreover, for all these cortical
parameters except porosity (Ct.Po), treatment effects were additive (i.e., statistical analysis
showed no evidence against additivity); whereas, the improvement in Ct.Po was greatest
with CANA (4 vs. 5, p=0.05). Similar to cortical bone, within trabecular bone of the femur
restoration of BV/TV, Conn.D, Tb.N, Tb.Th, and Tb.Sp was greatest with co-therapy, and
treatment effects on these parameters were also additive. Together, this suggested that
treatment effects were related either: 1) to additive effects of SGLT2I plus insulin on
glucose-lowering; or 2) to skeletal effects operating through distinct but additive pathways.
1.3.4 Disease and treatment effects on bone microarchitecture and strength of the axial
skeleton

Author Manuscript

Deficits in trabecular bone of the vertebral body (VB) were also seen in untreated DM mice
(see Table 2 for p-values), including a reduced bone volume fraction (VB BV/TV),
trabecular thickness (VB Tb.Th), and trabecular TMD (VB Tb.TMD), contributing to a
lower whole-bone strength of the VB in compression (VB Peak Force; Table 2). Insulin
treatment, more so than CANA, resulted in significant improvements in BV/TV, Tb.N,
Tb.Th, Tb.TMD and VB strength. Changes in Tb.Th and Tb.TMD were not additive, with
greater beneficial increments attributable to insulin alone, particularly for Tb.TMD.
Moreover, Tb.TMD was significantly lower in control mice treated with CANA (p=0.05),
indicating an overall detrimental drug-effect of CANA on vertebral Tb.TMD.
1.3.5 Bone Histomorphometry

Author Manuscript

Perhaps due to smaller sample sizes (n=5 per group) along with multiple test groups,
significant between-group differences by histomorphometry were apparent only for bone
volume fraction (BV/TV), trabecular separation (Tb.Sp), % osteoid volume (OV/BV), and %
osteoid surface (OS/BS), as shown in Figure 4. Bone histomorphometry did not demonstrate
significant between group differences for Tb.Th, O.Th, N.Ob/B.Pm, Ob.S/BS, ES/BS, E.De,
N.Oc/B.Pm, Oc.S/BS, MAR, dLS/BS, sLS/BS, MS/BS, BFR/BS, MLT or OMT. However,
consistent with a state of attenuated bone formation, BFR/BS and MAR did demonstrate
noticeably lower values in diabetes, which trended toward normalization with drug treatment
(BFR/BS. CONTROL: 10.37 ± 1.43 mm3/cm2/y; CONT+CANA: 10.28 ± 1.60; STZ: 4.97
± 1.43; STZ+INS: 7.14 ± 1.43; STZ+CANA: 8.82 ± 1.43; STZ+BOTH: 7.29 ± 1.43; Overall
ANOVA p-value = 0.134. MAR. CONTROL: 1.32 ± 0.10 μm/day; CONT+CANA: 1.28
± 0.05; STZ: 0.95 ± 0.10; STZ+INS: 1.24 ± 0.06; STZ+CANA: 1.33 ± 0.12; STZ+BOTH:
1.30 ± 0.19; Overall ANOVA p-value = 0.104).
Treatment effects on BV/TV and Tb.Sp were additive (i.e., by statistical analysis, no
evidence against additive treatment effects was found). In contrast, a significant non-additive
treatment effect on % osteoid volume and % osteoid surface was found; rather, compared to
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untreated diabetic bones (group 3), a greater increase in OV/BV and OS/BS occurred in
bones of CANA-treated DM mice (Fig. 4: group 5).
1.3.6 Multiple linear regression modeling

Author Manuscript

As shown in Table 3, all thirteen bone parameters were well explained by at least one of the
following: treatment group, RatLAPs, UCCR, ipGTT AUC, Fasting BG, HbA1c, and
average body weight (Table 3, Overall p-values). In particular, after accounting for body
weight and bone resorption parameters, treatment group or glycemic control parameters
were still helpful in explaining microarchitecture deficits in cortical bone of the femur
(Ct.Ar, Ct.Th, Ct.TMD); additionally, the resultant decrements in femur structural strength
(bending, peak force) and bone toughness were significantly explained by differences in
glycemic status across the groups (Table 3, Post-Hoc Test 1 p-values). Similarly, after
accounting for body weight and glycemic control parameters, treatment group or bone
resorption status was still helpful in explaining the structural strength of the femur (bending)
and select cortical changes (Ct.Ar, Ct.TMD) across the groups (Table 3, Post-Hoc Test 2 pvalues). In comparison, whole-bone strength of the vertebral body (VB peak force) was
predominantly explained by differences in glycemic control; after accounting for glycemic
control and treatment group differences, bone resorption was no longer helpful in explaining
VB peak force differences (Post-Hoc Test 1: p=0.004; Post-Hoc Test 2: NS).

1.4 DISCUSSION

Author Manuscript

Within this model of hypoinsulinemic diabetic bone disease (DBD), significant deficits in
both appendicular and axial bone microarchitecture and bone strength were evident, along
with bone biomarker derangements indicative of reduced bone formation, increased bone
resorption, exaggerated urinary mineral loss, and a secondary increase in FGF23. These
diabetes-associated skeletal findings are consistent with our previous reports (21, 27, 28).
Herein, however, near-complete normalization of glycemic control with relevant therapies
resulted in a significant improvement in all cortical bone microarchitecture parameters, with
a return to near-normal for all parameters except Ct.Po and Ct.TMD. Similarly, deficits in
VB trabecular bone were also normalized in tandem with the metabolic improvements
induced by co-therapy. As a result, bone strength of the femur and vertebral body were
largely restored by co-therapy, consistent with explanatory modeling that suggested a
predictive effect of glycemic status on bone phenotype. Interestingly, however, despite these
structural improvements in bone, the STZ-induced increase in biomarkers indicative of bone
resorption (RatLAPs, UCCR) persisted even with co-therapy, indicating that skeletal
turnover was increased and not solely dependent upon glycemic status.

Author Manuscript

When comparing the current study to our previous results, we do recognize some variability
between experiments within this rodent model of T1D. For example, despite similar CANA
drug dosing and mode of drug administration, CANA-monotherapy in the current study
lowered the mean blood glucose in group 5 by ~ 50% compared with group 3, whereas in
our previous investigation of the effects of SGLT2I treatment on streptozotocin (STZ)induced long-term diabetes (21), only a ~35% reduction in blood glucose was achieved. This
greater effect on glycemic control in the current study likely contributed to greater
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improvements in bone microarchitecture with CANA mono-therapy (Table 1, 3 vs. 5
comparisons) than were reported in our original study (21) (i.e., a higher BV/TV in the distal
femur metaphysis in CANA-treated diabetic mice in the original study was not statistically
significant). We also noted some discrepancies in bone biomarker concentrations in the
current data, as compared with our previous investigation (21). Specifically, in our previous
report, we demonstrated a further significant increase in RatLaps in diabetic mice treated
with CANA, compared with untreated diabetic mice. Additionally, we reported an increase
in FGF23 in control mice treated with CANA, compared with untreated control mice. These
two findings were not replicated in the present study. However, the sample size per treatment
group in the first study was twice the sample size used in the current study, possibly limiting
the power of our analysis to reproduce these findings.

Author Manuscript

When comparing insulin mono-therapy with CANA mono-therapy, certain unique features
of SGLT2I therapy were observed. Specifically, CANA-treated mice demonstrated an
increase in urinary calcium loss. The phosphaturic hormone, FGF23, also remained high in
CANA-treated diabetic mice perhaps compensating for drug-induced renal phosphate
reabsorption. These features could contribute to ongoing mineral loss following CANA
exposure. Consistent with this hypothesis, a significant decrease in appendicular cortical
thickness (Ct.Th) and in axial bone density (VB Tb.TMD) was identified even in control
mice exposed to CANA. Finally, in diabetic mice treated with CANA, alone or in
combination with insulin (group 5 or 6), evidence of bone resorption persisted despite the
improved metabolic milieu evident in these two groups. Together, these observations could
suggest that, over time, certain CANA-induced skeletal consequences might detract from the
drug-induced therapeutic improvements in glycemic control, at least as they relate to
diabetic bone disease.
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Our pre-clinical findings are consistent with a recent pharmacodynamic analysis in ten
healthy (non-diabetic) adults treated acutely (days 1-5) with canagliflozin. In these subjects,
a significant increase in serum phosphate, FGF23 and PTH was noted, which the authors
postulate as evidence of a secondary hyperparathyroidism in response to drug exposure (29).
Despite this, biochemical factors directly relating to the increased fracture risk demonstrated
in T2D patients treated with either canagliflozin (18) or dapagliflozin (19) remain unclear.
Retrospective pooled dataset analysis from placebo-controlled, Phase III studies treating
adult T2D patients with either canagliflozin (CANA) (30) or dapagliflozin (DAPA) (19, 31)
have identified modest, but clinically insignificant increases in serum phosphate (CANA,
DAPA), magnesium (CANA, DAPA), osteocalcin (CANA) (32), parathyroid hormone
(DAPA) and collagen type-1 beta-carboxy telopeptide (CANA, DAPA) (30, 32, 33)
concentrations in patients treated with these SGLT2Is. In contrast, pooled clinical data
analysis for empagliflozin (34) examining >8500 T2D patients from 17 placebo-controlled
Phase I to III trials plus 6 extension trials (study duration up to 104 weeks), found no
increase in fracture incidence and no significant change in serum calcium, phosphate,
magnesium, parathyroid hormone, alkaline phosphatase, or urinary N-telopeptide
concentration among empagliflozin-treated subjects, perhaps suggesting drug-specific
differences in ultimate skeletal impact.
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Although high affinity facilitative glucose transporters (GLUTs) are expressed in osteoblasts
(GLUT1 and GLUT3) and osteoclasts (GLUT1) (35-37), sodium-dependent glucose cotransporters (i.e. SGLT1 and SGLT2) have not been identified in bone cells. To determine
whether effects of SGLT2I therapy specifically on bone phenotype might result from altered
glucose transport at the cellular level in bone, we have previously examined the expression
of SGLT1 and SGLT2 by quantitative RT-PCR in mouse calvarial osteoblasts, C3H10T1/2
mesenchymal stem cells, and MC3T3-E1 cells at various stages of differentiation.
Expression was also analyzed in in vitro differentiated macrophages, pre-osteoclasts and
mature osteoclasts from mouse bone marrow. SGLT1 and SGLT2 were not detected in cells
of the osteoclast lineage and SGLT2 was not detected in any of the osteoblast cell lines
(Supplemental Table 1). SGLT1 was detected in MC3T3-E1 differentiating osteoblasts
(weeks 2-4), albeit at levels <1% of that observed in the kidney (Supplemental Table 1).
These findings are consistent with the hypothesis that any SGLT2I-related skeletal effects
are more likely the result of systemic changes in bone-mineral homeostasis and glycemia,
rather than disruption of SGLT2-dependent glucose transport in bone cells.

Author Manuscript

Beyond our observed skeletal outcomes, a potential beneficial effect on pancreatic β-cell
function was seen with SGLT2I drug treatment. Consistent with STZ-induced β-cell toxicity,
mean C-peptide concentration, a reflection of endogenous insulin secretion, was
significantly reduced in all diabetic mice (Groups 3-6) relative to control levels. Conversely,
those groups treated with CANA, either alone or in combination with insulin, demonstrated
a significant, ~ 5-fold increase in C-peptide, suggesting some recovery of β-cell function
and/or β-cell mass following CANA treatment. Similar beneficial effects of SGLT2Is on
pancreatic β-cell mass and β-cell function have been seen in STZ-induced type 1 diabetic
rats (empagliflozin) (38), obese type 2 diabetic db/db mice (tofogliflozin, luseogliflozin)
(39, 40), and in adult patients with T2D (41, 42). In models of T2D, certainly, protection of
β-cells from glucotoxicity could contribute to enhanced β-cell function. However, in our
model of insulin-deficiency T1D, glucose-lowering with insulin therapy alone did not
similarly improve C-peptide concentrations, suggesting that SGLT2I effects on β-cell mass
could extend beyond their effects on glucotoxicity. It remains to be seen whether SGLT2I
drugs impact β-cell proliferation in models of autoimmune-mediated diabetes. However, if
confirmed, enhanced β-cell function in response to SGLT2I therapy could represent an
indirect anabolic mechanism whereby SGLT2I drugs impact bone.
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Interestingly, because the primary mechanism of SGLT2I action is one of glucosuria,
independent of β-cell function, hypoglycemia potential is thought to be low. However, in
studies utilizing empagliflozin as add-on to insulin or metformin + sulfonylurea therapy, the
incidence of hypoglycemia was higher with empagliflozin than with placebo (34),
potentially also forecasting differences in β-cell responsivity to different drugs in the
SGLT2I class. Unfortunately, a greater risk of hypoglycemia might also contribute to a
greater fall-related risk of fracture in these patients.
Certain limitations of this study must be recognized. First, this study involves the use of only
one SGLT2I drug, given at only one dose. Hence, these observations may not be
generalizable to other drugs within the SGLT2I drug class. However, our intent was to
identify a drug-dose combination which would closely approximate normoglycemia, without
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hypoglycemia, in a model of insulin-deficiency diabetes (i.e., T1D); this goal was, in fact,
achieved by our study design. Secondly, while the DBA/2J strain was chosen for its
propensity to develop diabetic complications, and for its consistent DBD phenotype (21, 28),
this study has not been replicated in other rodent models of hypoinsulinemic diabetes such
as the non-obese diabetic (NOD) mouse, the Akita mouse, or other STZ-treated mouse
strains. Hence, these observations, particularly as they relate to β-cell function, might not be
generalizable to other animal models. Additionally, while this study was conducted to
examine skeletal effects of SGLT2 inhibition in a hypoinsulinemic model of diabetes, the
current clinical relevance of these findings must be interpreted cautiously since, at this time,
SGLT2I therapy is only FDA-approved for treatment of T2D, a condition which is often
complicated by insulin resistance, obesity, and secondary comorbidities which indirectly
also influence skeletal homeostasis. Our model does not replicate these T2D confounding
variables, nor does it replicate the impact of SGLT2I-induced weight loss on skeletal or
clinical outcomes. Moreover, pharmacologic effects of SGLT2 inhibitors on rodent
physiology may, indeed, be distinct from effects seen in humans.
In summary, long-term normalization of glycemic control with SGLT2I plus insulin cotherapy is efficacious in preventing the occurrence of diabetic bone disease in an STZinduced model of hypoinsulinemic diabetes. However, despite clear benefits in glucoselowering, SGLT2Is alone may also impart secondary effects on bone turnover which warrant
continued surveillance as SGLT2-inhibitor utilization becomes more routine, for T2D and
perhaps also for T1D.
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•

In a model of long-term hypoinsulinemic diabetes (STZ-induced
hyperglycemia in DBA/2J male mice), deficits in appendicular and axial bone
microarchitecture and strength are consistently observed.

•

Normalization of glycemic control, via SGLT2-inhibitor plus insulin cotherapy, is efficacious in preventing the occurrence of diabetic bone disease in
this STZ-induced model of diabetes, and glycemic status is predictive of bone
phenotype.

•

SGLT2-Inhibitor therapy alone may impart secondary effects on bone
turnover.

•

Continued surveillance of the effects of SGLT2-Inhibitors on skeletal
outcomes is relevant, particularly as the clinical indications for SGLT2I
therapy are expanded.
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Figure 1. Blood glucose trends across treatment groups

Weekly random blood glucose (BG) measurements (mg/dL) are shown for individual
animals within each treatment group from weeks 1 through 9 of treatment.
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Figure 2. Metabolic parameters

A comparison of metabolic parameters across the treatment groups is shown. Parameters
include: (A) HbA1c, hemoglobin A1c, %; (B) ipGTT AUC, intraperitoneal glucose
tolerance test area-under-curve, mg/dL*min; (C) Insulin, ng/mL; and (D) C-peptide, ng/mL.
2C: Insulin values depicted for groups 1, 2, 3, and 5 reflect serum concentrations of
endogenous mouse insulin, whereas values depicted for groups 4 and 6 reflect the serum
concentration of exogenously administered human insulin. Boxplots show minimum and
maximum values, interquartile range (box), median (horizontal line) and group mean
(symbol). Pertinent, statistically significant differences are designated, as follows: (*), p ≤
0.05; (**), p ≤ 0.01; (***), p ≤ 0.001.
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Figure 3. Bone biomarkers

A comparison of serum bone biomarker concentrations across the treatment groups is
shown. Parameters include: (A) P1NP, procollagen type 1 N-terminal propeptide, ng/mL;
(B) RatLAPS, C-terminal telopeptides of type I collagen, ng/mL; (C) UCCR, urine calciumcreatinine ratio, μg/mg; and (D) FGF23, fibroblast growth factor-23, ng/mL. Boxplots show
minimum and maximum values, interquartile range (box), median (horizontal line) and
group mean (symbol). Pertinent, statistically significant differences are designated, as
follows: (*), p ≤ 0.05; (**), p ≤ 0.01; (***), p ≤ 0.001.
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Figure 4. Histomorphometry

Selected bone histomorphometry measurements are presented, across the treatment groups.
Parameters include: (A) BV/TV, bone volume/total volume, %; (B) Tb.Sp, Trabecular
separation, μm; (C) OV/BV, osteoid volume/bone volume, %; (D) OS/BS, osteoid surface/
bone surface, %. Boxplots show minimum and maximum values, interquartile range (box),
median (horizontal line) and group mean (symbol). Pertinent, statistically significant
differences are designated, as follows: (*), p ≤ 0.05; (**), p ≤ 0.01; (***), p ≤ 0.001.
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---

PYD (log)
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Mpa

Work-toFracture

Bending
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18.54 (0.43)

N

Peak Force

285.96 (5.69)

5.09 (0.45)

17.72 (0.45)

N

Yield Force
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1369.6 (3.7)

mgHA/cm3

%

0.198 (0.003)

mm

Ct.Po

Ct.TMD

Ct.Th
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Ma.V

0.067 (0.002)
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mm3

Imin
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gm
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Cortical
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Final BW
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0.009
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0.003
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1 vs 3
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0.02
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0.005
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NS

3 vs 5
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NS

3 vs 5

NS

<0.001

0.008
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0.002

0.002
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0.02

NS

0.002

NS

NS

3 vs 6

<0.001

0.05

3 vs 6

Adjusted p-values
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NS

NS

0.004

0.002

NS

NS

0.02

NS

NS
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NS
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2 vs 5
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2 vs 5

Group-specific differences in selected properties of femur cortical and trabecular bone, as determined by μCT, three-point bending and
compression testing
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NS
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NS

<0.001
0.01

<0.001

<0.001
0.003

0.006
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Tb.Th

Tb.Sp
990.60 (5.39)
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0.039 (0.001)

4.163 (0.075)

2.38 (0.04)

174.13 (7.72)

8.37 (0.37)

CONT+CANA2

2.62 (0.24)

18.06 (0.63)

(n=10)

917.40 (6.90)

0.294 (0.005)

0.028 (0.001)

3.423 (0.075)

2.17 (0.08)

149.87 (11.04)

4.98 (0.37)

STZ3

1.67 (0.24)

16.45 (0.63)

(n=9-10)

941.33 (6.24)

0.276 (0.005)

0.032 (0.001)

3.666 (0.079)

2.19 (0.05)

166.55 (9.71)

6.38 (0.38)

STZ+INS4

2.17 (0.27)

17.55 (0.70)

(n=8-9)
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912.75 (7.14)

0.277 (0.006)

0.032 (0.001)

3.654 (0.083)

2.01 (0.03)

182.39 (5.33)

6.94 (0.41)
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2.84 (0.27)

17.21 (0.70)

(n=7-8)

STZ+CANA5

937.11 (8.86)

0.254 (0.005)

0.035 (0.001)

4.020 (0.079)

1.96 (0.08)
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3.12 (0.26)

17.17 (0.66)

(n=10)

STZ+BOTH6

b

<0.001

b

<0.001

<0.001

<0.001

<0.001
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0.008

<0.001

Overall
F-test

0.005

NS

Overall
F-test

<0.001

<0.001

<0.001

<0.001

0.008

NS

<0.001

1 vs 3

0.02

NS

1 vs 3

0.03

0.03

0.001

NS

NS

NS

0.03
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NS

NS

3 vs 4

NS

NS

0.002

NS

NS

0.02

0.003

3 vs 5

0.007

NS
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NS

<0.001

<0.001

<0.001

NS

0.007

<0.001

3 vs 6

<0.001

NS

3 vs 6

Adjusted p-values

<0.001

<0.001

<0.001

<0.001

<0.001

NS

0.03

2 vs 5

NS

NS

2 vs 5
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Significant differences between Groups 1 vs. 2 included: Imin, p=0.05; and Ct.Th, p=0.01; all other 1 vs. 2 comparisons were NS.

Weighted least squares analysis was used; weights were determined by inverse group variances.

<0.001

f

If only one p-value is shown, the p-values for both 1 vs. 6 and 2 vs. 6 are equal.

Structural model index characterizes the shape of trabecular bone (1: plate-like; 3: rod-like).

e

NS

<0.001
0.001

NS

<0.001

0.007
NS

NS

1 vs 6
2 vs 6

NS

NS

1 vs 6
2 vs 6

This variable was log-transformed due to violation of the normality assumption . [Log scale PYD mean ± SE data are shown. Raw data PYD (mm) mean ± SE values are as follows: Group 1, 0.211 ± 0.035
mm; Group 2, 0.215 ± 0.032; Group 3, 0.125 ± 0.047; Group 4, 0.175 ± 0.031; Group 5, 0.270 ± 0.052; Group 6, 0.309 ± 0.061].

d

c

b

A comparison of all parameters [group mean (ANOVA SE)] across treatment groups is shown. Pairwise ANOVA p-values are indicated. NS = no significant difference.

a

trabecular number; Tb.Sp, trabecular separation; Tb.Th, trabecular thickness; Tb.TMD, trabecular tissue mineral density; Tt.Ar, total cross-sectional area. Significant differences (p≤0.05) are highlighted in
bold font. Statistically significant additive drug effects are shown by gray highlights.

Abbreviations: BW, body weight; BG, blood glucose. Bone morphology, alphabetically listed: BV/TV, bone volume/tissue volume; Conn.D, connectivity density; Ct.Ar, cortical area; Ct.Po, cortical
porosity; Ct.Th, cortical thickness; Ct.TMD, cortical tissue mineral density; Imin, minimal moment of inertia; Ma.V, marrow volume; PYD, post yield displacement; SMI, structural model index; Tb.N,

Tb.TMD

0.039 (0.001)

2.51 (0.07)

---

e

SMI

mm−3

Conn.D

154.88 (7.81)

7.76 (0.37)

%

Femur BV/TV

Toughness
CONTROL1

2.61 (0.24)

MJ/m3

Metaphysis/
Trabecular
Bone

17.39 (0.63)

Gpa

Modulus

(n=10)

STZ3
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mm

mm

Tb.Th

Tb.Sp
924.0 (6.2)

0.272 (0.009)
904.0 (6.2)

0.267 (0.009)

0.053 (0.001)

3.80 (0.11)

1.06 (0.08)

135.00 (8.75)

18.8 (0.8)

26.47 (1.05)

(n=10)

CONT+CANA2

829.0 (6.2)

0.298 (0.009)

0.041 (0.001)

3.43 (0.11)

1.23 (0.08)

147.60 (8.75)

13.3 (0.8)

13.51 (1.05)

(n=9-10)

STZ3

879.0 (6.5)

0.270 (0.010)

0.049 (0.001)

3.79 (0.11)

1.08 (0.08)

132.00 (9.23)

17.1 (0.9)

21.32 (1.11)

(n=8-9)

STZ+INS4

870.5 (6.9)

0.320 (0.010)

0.048 (0.001)

3.20 (0.12)

1.09 (0.09)

117.38 (9.79)

15.2 (0.9)

19.30 (1.17)

(n=7-8)

STZ+CANA5

891.0 (6.5)

0.291 (0.010)

0.051 (0.001)

3.49 (0.11)

1.04 (0.08)

129.78 (9.23)

17.3 (0.9)

23.07 (1.11)

(n=10)

STZ+BOTH6

<0.001

0.003

<0.001

0.004

NS

NS

<0.001

<0.001

Overall
F-test

<0.001

NS

<0.001

NS

NS

NS

0.001

<0.001

1 vs 3

<0.001

NS

<0.001

0.05

NS

NS

0.007

<0.001

3 vs 4

<0.001

NS

<0.001

NS

NS

NS

NS

0.002

3 vs 5

<0.001

NS

<0.001

NS

NS

NS

0.005

<0.001

3 vs 6

Adjusted p-values

0.002

0.001

0.006

0.002

NS

NS

0.01

<0.001

2 vs 5
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If only one p-value is shown, the p-values for both 1 vs. 6 and 2 vs. 6 are equal.

d

Significant differences between Groups 1 vs. 2 included: VB Tb.TMD, p=0.05; all other 1 vs. 2 comparisons were NS.

c

Structural model index characterizes the shape of trabecular bone (1: plate-like; 3: rod-like).

A comparison of all parameters [group mean (ANOVA SE)] across treatment groups is shown. Pairwise ANOVA p-values are indicated. NS = no significant difference.

b

a

Bone morphology abbreviations, alphabetically listed: BV/TV, bone volume/tissue volume; Conn.D, connectivity density; SMI, structural model index; Tb.N, trabecular number; Tb.Sp, trabecular
separation; Tb.Th, trabecular thickness; Tb.TMD, trabecular tissue mineral density. Significant differences (p≤0.05) are highlighted in bold font. Statistically significant additive drug effects are shown by
gray highlights.

Tb.TMD

mgHA/cm3

3.70 (0.11)

mm−1

Tb.N
0.054 (0.001)

1.19 (0.08)

SMI

---

b

c

18.5 (0.8)
129.20 (8.75)

%

ConnD

mm−3

a

VB BV/TV

25.80 (1.05)

N

(n=10)

VB Peak Force

L6
Vertebral
Body

CONTROL1

Author Manuscript

Selected properties of vertebral body (VB), as determined by μCT and compression testing

0.002
NS

NS

NS

NS

NS

NS

NS

d
NS

1 vs
6
2 vs
6
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Table 3

The impact of glycemic status vs. bone resorption status on bone phenotype

Author Manuscript

To examine the impact of either glucose regulation or bone resorption on specific bone parameters of interest
(response variables), a multiple linear regression model was fit with the following explanatory variables:
treatment group, RatLAPs, UCCR, ipGTT AUC, Fasting BG, HbA1c, and body weight (averaged over the
treatment period). For each of these thirteen bone parameters, at least one of these seven explanatory variables
was significant (p≤0.05) in predicting the outcome. Therefore, post-hoc tests (partial F-tests) were run for
comparisons of interest, to test two hypotheses. In model 1, after controlling for body weight, RatLAPs and
UCCR, the effect of glycemic status (treatment group, ipGTT AUC, Fasting BG, HbA1c) in predicting
differences in each parameter was investigated. In model 2, after controlling for body weight, ipGTT AUC,
Fasting BG, and HbA1c, the effect of bone resorption status (treatment group, RatLAPs, UCCR) in predicting
each parameter was investigated. Significant partial F-test adjusted p-values (≤0.05) for each model are shown,
to indicate whether glycemic control and/or bone resorption contributed to the outcome for each bone
parameter.
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Bone Resorption

Adjusted
p-value

Predictive

Peak Force

<0.001
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0.004
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---

BV/TV

<0.001
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---

NO

---

Tb.N

<0.001

NO

(0.06)

NO

---

Tb.Th

<0.001

YES

0.003

YES

0.05

TMD

<0.001

YES

0.002

YES

0.03

Ct.Ar

<0.001

YES

0.003

YES

0.003

Tt.Ar

<0.001

NO

(0.07)

YES

0.04

Imin

<0.001

NO

(0.07)

NO

---

Ct.Th

<0.001

YES

0.03

NO

---

Ct.TMD

0.008

YES

0.05

YES

0.03

Peak Force

<0.001

YES

0.04

NO

(0.07)

Bend Strength

<0.001

YES

0.03

YES

0.009

0.03

YES

0.05

NO

---
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