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Abstract

Introduction—Type 2 diabetes mellitus (T2DM) is associated with normal or slightly elevated
bone mineral density (BMD) but paradoxically increased fracture risk. Although multiple
mechanisms have been proposed to explain this observation, one thing is clear from prior studies,
T2DM is associated with poor bone quality rather than a defect in bone quantity. The objective
of our study is to evaluate the effect of longitudinal glycemic control on bone quality and bone
turnover in men with T2DM.

Methods—This was a secondary analysis of baseline data from 169 male participants, aged
35-65 in 3 clinical trials. Participants were grouped according to the average of all their A1C
measurements between 9 and 15 months prior to study entry (group 1: no T2DM, group 2:

T2DM with A1C < 7%, group 3: T2DM with A1C > 7%). At study entry serum osteocalcin and
C-terminal telopeptide of type 1 collagen (CTx) were measured by ELISA, and testosterone and
estradiol by liquid-chromatography/mass-spectrometry. Areal BMD, trabecular bone score and
body composition were measured by dual-energy X-ray absorptiometry while volumetric BMD,
bone microarchitecture, and bone strength were assessed by high-resolution peripheral quantitative
computed tomography.
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Results—At the tibia, trabecular separation was higher and trabecular number was significantly
lower in group 3 compared to both groups 2 and 1, even after adjustments for covariates (p = 0.02
for both). Bone strength indices at the tibia such as stiffness and failure load were lowest in group
3, the difference being significant when compared to group 1 (o= 0.01, p= 0.009 respectively)
but not to group 2, after adjustments for covariates. Bone turnover markers (osteocalcin and CTx)
were significantly lower in group 3 relative to group 1, with CTx also being significantly lower in
group 3 compared with group 2 (p< 0.001, p=0.001 respectively).

Conclusion—Poor glycemic control over the course of a year in men with T2DM is associated
with poorer bone microarchitecture and strength, and reduced bone turnover. Conversely, good
glycemic control in the setting of T2DM appears to attenuate this observed impairment in bone
quality.

Keywords
Type 2 diabetes mellitus; Hemoglobin A1C; Bone microarchitecture; Bone turnover

Introduction

Diabetes Mellitus has become a growing public health concern. It is estimated that around
500 million people worldwide are living with diabetes, and half of them are unaware of

it [1]. Of emerging concern in recent years is the recognition of fracture as a skeletal
complication from type 2 diabetes mellitus (T2DM). Patients with T2DM may have normal
or higher than normal bone mineral density (BMD) relative to age-matched controls [2-4],
however their risk of fracture is significantly higher. The increase in risk depends on the
skeletal sites involved and the use of medications. Moayeri et al. found an overall relative
risk of 1.05 for any fracture [5], while Wallander et al. found that patients with T2DM

on insulin had a 1.24 increased risk for a hip fracture [6]. Data from several studies have
reported 40-50% increased risk of hip fracture in patients with T2DM [3, 7-9], which is
especially concerning because 20% of hip fracture patients die within the first year following
the event [10, 11].

The results from our previous studies and others provide evidence that T2DM is associated
with defects in bone turnover, geometry and microarchitecture of bones in patients with
T2DM [12-15]. Specifically, serum osteocalcin (OCN) and C-terminal telopeptide of type

1 collagen (CTx) are lower [12] and, while trabecular volumetric bone mineral density
(vBMD) is higher, cortical porosity is also higher, and bone size is smaller in T2DM
patients [12, 16-19]. While some report elevated trabecular bone volume fraction, this may
be due to trabecularization of cortical bone and misplacement of endosteal contour [13,

20]. It is notable that most of these studies have been done in women, and specifically
post-menopausal women. However, an analysis of members of the Framingham study found
that, while many bone structural differences exist between patients with and without T2DM,
those differences were equally observed in both sexes [21].

The underlying pathogenesis of bone derangement in T2DM is complex and multifactorial.
Specific to hyperglycemia, there is evidence that accumulation of advanced glycation end
products (AGE’s) and non-enzymatic glycation (NEG products) in the bone matrix results in
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microstructural defects [22, 23]. Pentosidine concentration in trabecular collagen correlates
negatively with ultimate strain, likely due to increased stiffness of the collagen network [23,
24]. Related to bone turnover, studies have consistently shown low bone turnover in T2DM
patients [25-27] with bone formation as the primary problem [28].

Of particular interest to clinicians is the identification of a Hemoglobin Alc (A1C) threshold
level that would correspond to the onset of deterioration in bone quality parameters. Several
studies have looked at the relationship between glycemic control and fracture risk, but

to date there is no clear evidence on target A1C threshold for fracture risk in T2DM [29-
31]. From this information we were interested in defining the biochemical changes that
could explain these observations. To that end, a previous study from our group found a
threshold A1C of 7% for impairment in bone turnover based on serum OCN and CTx in
men with T2DM [32]. This aligns with the ADA’s recommendations for good glycemic
control to prevent other known complications such as retinopathy, neuropathy, nephropathy,
and vascular disease [33-35]. Although there are a few studies on subjects with T2DM that
have used high-resolution peripheral quantitative computerized tomography (HR-pQCT) and
reported deficits in bone microarchitecture, none have yet determined the effect of glycemic
control (short or longer term), on bone quality. The objective of our study is to evaluate the
effect of longitudinal glycemic control primarily on bone quality, and secondarily, on bone
turnover in men with T2DM.

Materials and Methods

Patient Population

This was a secondary analysis of baseline data from participants of three clinical trials
conducted at the Michael E DeBakey VA Medical Center in Houston, TX (NCT02959853,
NCT03490513 and NCT03887936). The first one, a pilot project (NCT02959853), took
place between 2016 and 2018 and enrolled male veterans with inclusion/exclusion criteria
that were described previously [36, 37], but briefly include males between 35 and 65 years
old who are severely obese with body mass index (BMI) of 35 kg/m? or more who have an
average fasting total testosterone (TT) level from 2 measurements taken between 8 and 10
AM on 2 separate days within 1 month of less than 300 ng/dL, with luteinizing hormone
(LH) of < 9.0 mIUJ/L, estradiol (E2) of at least 14 pg/mL and with symptoms consistent
with hypogonadism [36, 38]. Excluded are subjects with (1) clinical/biochemical evidence
of pituitary or hypothalamic disease,(2) drugs affecting gonadal hormone levels, production
and action or bone metabolism, (3) diseases affecting bone metabolism, (4) prostate cancer
or prostate-specific antigen (PSA) of > 4 ng/mL, (6) HCT more than 50%, (7) untreated
severe obstructive sleep apnea, (8) Cardiopulmonary disease (e.g., myocardial infarction
within 6 months, unstable angina, stroke) or unstable disease (e.g., NYHA Class Il or

IV congestive heart failure, severe pulmonary disease requiring steroid pills or the use of
supplemental oxygen that would contraindicate exercise or dietary restriction, (9) history of
deep vein thrombosis or pulmonary embolism, (10) severe lower urinary tract or prostate
symptoms with International Prostate Symptom Score (IPSS) above 19, (11) excessive
alcohol or substance abuse, (12) unstable weight (i.e. + 2 kg) in the last 3 months, (13)

any condition that could prevent from completing the study, (14) a screening bone mineral
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density T-score of less than — 2.0 at the spine, femoral neck or total femur, history of
osteoporosis or fragility fracture, and (15) T2DM with a fasting blood glucose of more than
160 mg/dL, A1C more than 9.5% (16) and/or fasting TT less than 50 ng/dL. The second
study, (NCT03490513) is ongoing at our medical center since April 2018. Compared to the
first study, this is enrolling a larger number of male participants and for a much longer
period of intervention but has the same inclusion/exclusion criteria as the above pilot study
(NCT02959853).

The third study (NCT03887936) is also ongoing at our medical center since October

2019. The inclusion/exclusion criteria for this study are as described previously [39], but
briefly, male veterans, 35-65 years old, with an average fasting morning TT level from

2 measurements of < 300 ng/dL taken between 8 and 10 AM at least a day apart and
symptoms of hypogonadism as assessed by quantitative Androgen Deficiency in the Aging
Male survey (QADAM) [40], having T2DM of < 15 years duration with an A1C of < 10.5%,
a fasting blood sugar of < 180 mg/dL, and body mass index (BMI) < 35 kg/mZ2. Diagnosis
of T2DM was by chart review and A1C measurement at study entry, using widely-accepted
diagnostic criteria of A1C > 6.5% and fasting plasma glucose > 125 mg/dL [41]. Excluded
were those with (1) a history of prostate or breast cancer, (2) testicular disease, (3) untreated
severe sleep apnea, (4) any illness that could prevent the subject from completing the study
or diseases that interfere with bone metabolism (5) hematocrit of > 50%, (6) prostate-related
findings on digital rectal exam, (7) serum PSA of = 4.0 ng/mL or = 3.0 ng/mL for African—
Americans, (8) International Prostate Symptom Score (IPSS) > 19, 9) on androgen therapy,
or selective androgen receptor modulators, (10) on medications that affect bone metabolism,
(112) current alcohol use of > 3 drinks/day, (12) history of deep vein thrombosis, pulmonary
embolism, stroke or recent diagnosis of coronary artery disease 13) a T-score < — 2.5
assessed by dual-energy X-ray absorptiometry at the lumbar spine, total femur or femoral
neck, or a history of fragility fractures (spine, hip or wrist), and/or (14) fasting TT less

than 50 ng/dL. These protocols were approved by the Institutional Review Board of Baylor
College of Medicine. All participants provided written informed consent in accordance with
the guidelines in the Declaration of Helsinki for the ethical treatment of human subjects.

Body Mass Index (BMI)

Body weight and height were measured by standard weighing scale and stadiometer,
respectively. BMI (kg/m?) was calculated by dividing the weight (in kilograms) by height (in
meters) squared.

Biochemical Analyses

Blood was obtained in the morning after an overnight fast, processed, and samples

are stored at — 80 °C until analysis. A1C was determined by high performance liquid
chromatography on fresh blood samples (Tosoh G8, South San Francisco, CA, USA).

Total and free testosterone were measured by liquid chromatography/mass spectrometry
(LabCorp of America, Burlington, NC). Fasting glucose was measured using Unicel DxC
800 Auto-analyzer (Beckman Coulter, Fullerton, CA, USA). The following were measured
using enzyme-linked immunosorbent assay Kits: CTx, marker of bone resorption (Crosslaps;
Immunodiagnostic System Inc., Gaithersburg, MD); OCN, marker of bone formation,
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(Metra OC; Quidel Corporation, San Diego, CA); and sclerostin (TECO medical Sclerostin
HS Enzyme Immunoassay Kit, Quidel Corp, San Diego, CA). The coefficients of variation
(CVs) for the above assays in our laboratory are < 10% and < 3.5% for A1C.

Mean A1C was obtained from medical record review of each patient’s chart using the
Veterans Affairs Computerized Patient Record System, A1C values measured within 9—
15 months prior to study enrollment. For each participant, the average of these A1C
measurements was calculated to give a single 12-month average A1C (- 12 M) value.

Imaging Studies

Areal BMD (aBMD), trabecular bone score (TBS) and body composition—
aBMD was assessed by dual-energy X-ray absorptiometry (DXA) on the lumbar spine,

left proximal femur (right femur if history of prior surgery) for total femur and femoral
neck regions of interest, and whole body using Hologic Discovery (Hologic Inc, Bedford,
MA, USA). DXA was performed at the time of second blood draw for testosterone assay
and within one month of participants’ initial screening test. The CVs at our center are ~
1.1% for the lumbar spine and ~ 1.2% for the proximal femur [37, 42]. TBS of the spine
images (using L1-L4) obtained by DXA was assessed using the TBS Insight 2.2 software
(Med-Imaps, Merignac, France). TBS is a gray-level textural assessment calculated from the
standard DXA spine images which is considered a measure of skeletal microarchitecture at
the spine [43].

Measurement of body composition was performed by DXA (Hologic-Discovery; Enhanced
Whole Body 11.2 software version; Hologic Inc, Bedford, MA; USA). Images were
analyzed according to manufacturer’s instructions. The coefficient of variation (CV) for

fat mass and lean mass measurements in our center is 1.5% [42]. Visceral adipose tissue
volume (g/cm3) was calculated from the DXA body composition scan using APEX software
(version 5.5.2; Hologic Inc., Bedford, MA) as previously described [37].

Volumetric bone mineral density (vBMD), bone geometry and bone
microarchitecture—\Volumetric bone mineral density (vBMD), bone geometry and bone
microarchitecture were assessed by HR-pQCT using Xtreme CT-11 (Scanco Medical,
Bruttisellen, Switzerland) at the nondominant distal radius and tibia (in patients with prior
surgeries or fractures on the nondominant extremity the contralateral arm/leg was scanned)
as previously described by our group [37]. HR-pQCT imaging was performed at the time
of the second blood draw for testosterone and within one month of participants’ initial
screening test. We performed a scout view and placed a reference line at the endplate of
the radius or tibia. Then, the first slice was acquired at 9.0 and 22.0 mm proximal to the
bone of interest. The mineralized bone phase was extracted using a low-pass Gaussian
filter. Bone was extracted with a fixed threshold of 320 mgHA/cm?3 for trabecular and 450
mgHA/cm? for cortical. These were assessed using voxel-based measurements. Parameters
of interest included total area (mm?), total vBMD (mg HA/cm?3), trabecular vBMD
(Th.vBMD; mg HA/cm3), trabecular thickness (mm), and trabecular separation (Tb.Sp;
mm), cortical vBMD (mgHA/cm?3), cortical perimeter (mm), cortical thickness (mm), and
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cortical porosity (unit-free). Segmentation between cortical and trabecular bone was done
manually when necessary. Micro-finite element analysis of radius and tibia, represented by
failure load (F.Load; kN) and stiffness (kN/mm), were performed as previously described
[36]. Young’s Modulus for cortical and trabecular elements were 20 and 17 GPa respectively
[44]. The micro-finite element analysis simulates a compression test in which a load in

the longitudinal direction is applied at one end, while the other end is fully constrained
i.e., an outstretched arm falling from standing height. F. Load was calculated using the
criterion developed by Pistoia et al., which was shown to predict experimental F. Load
measured by loading cadaver forearms [45]. Stiffness represents an object’s resistance to
stress deformation from an applied force. The CVs for the different parameters measured
by HR-pQCT are as follows: 0.2-2.5% for geometry, 0.6-1.7% for BMD, 0.7-2.4% for
trabecular bone compartment parameters, and 1.1% to 1.3% for cortical thickness, while
cortical porosity was higher at 11.0-13.3% [36, 44, 45].

Statistical Analyses

Results

Results are presented as means * standard deviation (SD) in the tables and means + standard
error in the graphs. Data were tested for normality. Participants were grouped according to
whether they have T2DM or not and according to — 12 M ALC as follows: (1) no T2DM, (2)
T2DM with A1C < 7%, and (3) T2DM with A1C > 7%. Group comparisons were performed
by analysis of variance (ANOVA) without or with adjustment for covariates (age, BMI,
ethnicity, serum free testosterone and 25-hydroxyvitamin D levels). Post-hoc comparisons
between the 3 groups were performed using Fisher’s Least Significant Difference method.
A pvalue of < 0.05 was considered significant. Data were managed using Excel 2013
(Microsoft, Redmond, WA) and analyzed using SAS version 9.3 (SAS Institute, Inc., Cary,
NC, USA).

The data from 169 consecutive men who were able to provide the outcomes of interest were
included in this analysis. Of the 169 men, 87 (52%) were African—American, 61 (36%) were
non-Hispanic white, 19 (11%) were Hispanic, and 2 (1%) were Asian. Ages at study entry
ranged from 35 to 65 years with an average of 51.4 + 7.5 years. There were 78 subjects
(46%) with T2DM with duration of disease ranging from 0.25 to 30 years with an average
of 7.75 £ 6.3 years. Among the subjects with T2DM, 8 were not on any medication while
70 were on different kinds of medications alone or in combination. There were 22 subjects
on metformin alone, 3 on insulin alone, and 15 on metformin + insulin. The rest were on
some combination of metformin, insulin, dipeptidyl peptidase 4 inhibitors, sulfonylureas,
thiazolidinedione’s (TZD), glucagon-like peptide-1 receptor agonists, and sodium-glucose
cotransporter-2 inhibitors. While we acknowledge that TZD use can have negative impacts
on bone health, specifically a decrease in osteoblastogenesis and bone mineral density with
concurrent increase in fracture risk [46], we had only 2 participants on these medications,
and their data did not alter the results described below (see Fig. 1).

Average BMI was 39.2 + 5.7 kg/m2. Average A1C for the entire population was 6.7 +
1.4%, while it was 5.8% + 0.4% for those without T2DM and 7.8% =+ 1.4 for those with
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T2DM. Group 2 (good glycemic control) had a mean Alc of 6.6 £ 0.3% while group 3
(poor glycemic control) had a mean A1C of 8.6 £ 1.3% (p < 0.001). Except for one newly
diagnosed diabetic, the number of Alc data points available from patients with T2DM
ranged from 2 to 6. Average testosterone level for the entire population was 294.3 + 106.5
ng/dl. Based on the current Endocrine Society definition [47] of low testosterone (i.e. < 264
ng/dl), 76 men were considered hypogonadal while 92 had normal testosterone.

Demographics

Table 1 shows the clinical characteristics of the study population divided according to

the mean A1C measured within 12 months prior to study enrollment. Group 1 included
significantly younger patients compared to both groups 2 and 3. BMI was not significantly
different among the groups. Because the inclusion criteria in two of the parent clinical trials
included obesity, most of our subjects are obese. The duration of T2DM was longer in group
3 than ingroup 2 (9.3 £ 6.4 vs 5.2 + 5.1 years, p= 0.008). During the ~ 12 months that

we tracked the A1C, 3 subjects developed T2DM. A separate analysis using the study entry
A1C was performed, and results can be found in the supplements (Supplementary Tables
1-4).

Hormonal and biochemical profile

Average total testosterone (TT) level was lower in groups 3 and 2 compared to group 1

(272 £ 74 and 270 + 125, vs 314 + 113 ng/mL, respectively, p = 0.03) but significant
difference was only observed between groups 3 and 1 in the post-hoc analysis (see Table

2). There were no significant differences in estradiol levels among the groups according to
mean 12-month A1C. SHBG was significantly lower in groups 2 and 3 compared with group
1(26.8+7.9and 25.9 + 10.6 vs 33.1 £ 12.8 nmoL/L, respectively, p< 0.001).

Bone turnover markers

Although OCN was lowest in group 3 (4.4 £ 2.6 vs. 6.2 £ 2.4 and 5.1 + 2.2 ng/mL, groups 3,
1 and 2, respectively, p < 0.001) statistical significance was only observed between 1 and 3
in the post-hoc analysis (Fig. 2A, Table 2). CTx was significantly lower in group 3 compared
to groups 1 and 2 (0.26 + 0.15 vs. 0.29 + 0.13 and 0.28 £ 0.17 ng/mL, respectively, p
=0.001) (Fig. 2B, Table 2). Because of the potential effect of vitamin D levels on bone
turnover markers, we compared bone turnover markers among the three groups adjusted for
25-hydroxyvitamin D. Again, OCN was significantly lower in groups 2 and 3 than group 1
(p<0.001), and CTX was significantly lower in group 3 than 1 (= 0.009). There were no
significant differences in sclerostin or parathyroid hormone.

Bone Mineral Density (BMD) by DXA

While femoral neck aBMD was significantly lower in group 2 than group 1 (0.89 £ 0.11

vs 0.98 + 0.14, with group 3, 0.94 + 0.15 g/cm?, p= 0.03), those differences were not
significant after adjustments. There were no significant differences in aBMD at the lumbar
spine, total hip, and whole body, or in trabecular bone score (TBS) among the groups. Body
composition including visceral adipose tissue volume, fat-free mass, and appendicular lean
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mass were also not significantly different among the groups except for percent body fat
which was significantly lower in group 1 than group 2 after adjustments (Table 3).

Bone Quality and Strength by HR-pQCT

Radius—Total area of the radius was significantly lower in group 3 compared to groups 1
and 2 (372 + 76 vs. 408 + 72 and 411 + 61 mm?, respectively, p = 0.02 for unadjusted

and p = 0.003 after adjustments for age, BMI, ethnicity, serum testosterone, and 25-
hydroxyvitamin D) (Table 4). Cortical perimeter was also significantly lower in group 3
compared to group 1 (83.4 £ 9.9 vs. 86.9 + 7.9 mm, p = 0.05) after adjustments. There were
no significant differences in the rest of the bone parameters by HR-pQCT as shown Table 4.

Tibia—Unadjusted total vBMD was lower in group 3 compared to 1 and 2 (313 + 55 vs
335 + 51 and 317 + 38 mgHA/cm3, groups 3, 1 and 2, respectively, o= 0.05) but statistical
significance was observed only when comparing 3 and 1 in the post-hoc analysis (Table 4).
However, this statistical significance was lost after adjustments.

Unadjusted and adjusted trabecular number (Tb.N) was significantly lower in group 3
compared to groups 1 and 2 (1.47 £ 0.21 vs 1.58 + 0.26 and 1.63 + 0.23 1/mm, respectively,
p=10.01), and consequently tibia trabecular separation was higher in group 3 than groups 1
and 2 (0.67 £0.11 vs 0.62 + 0.11 and 0.60 + 0.10 mm, respectively p= 0.02), even after
adjustments (see Table 4).

Unadjusted and adjusted stiffness were significantly lower in group 3 compared to group 1
(240 £ 46 vs. 264 + 45 kN/mm) with value for group 2 (258 + 39 KN/mm) in between 1

and 3, p=0.01 (Table 4, Fig. 3A) and p= 0.006 after adjustments. F. Load also followed
the same trend with group 3 significantly lower compared to group 1 (13.0 £ 2.4 vs. 14.3 +
2.3 kN, for groups 3 and 1, respectively) with group 2 (14.0 £ 2.0 kN) in between the two
groups, p=0.01 for unadjusted and p = 0.004 for adjusted (Table 4, Fig. 3B). There were no
significant differences in stiffness or F.Load between groups 2 and 1 or between 2 and 3.

For the alternative analysis using A1C value at study entry, important trends in bone
turnover markers and bone strength and quality parameters were similar to what we have
described above (see Supplemental Tables 1-4). The effect of insulin use on HR-pQCT
parameters of bone density, quality, and strength at both the radius and tibia was also
evaluated and found to have no effect in our cohort (see Supplementary Table 5).

Discussion

Our results showed that bone turnover markers are lower in patients with poor glycemic
control than those with good control or those without T2DM. HR-pQCT analyses similarly
showed significant deterioration in microstructural integrity and bone strength with loss of
glycemic control. This was evident most especially in the tibia where there was significantly
reduced trabecular number with greater trabecular separation in those with poorly-controlled
T2DM. These changes were reflected in microarchitecture by reduced bone strength among
those who have poorly-controlled T2DM relative to subjects without T2DM and those with
well-controlled T2DM.
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T2DM is a complex, multifactorial disease. While much remains obscure, it is clear that
genetics and environmental factors play important roles in the pathophysiology of T2DM
[48-50]. The insulin resistance in the skeletal muscle, hepatic, and adipose tissues, over
time, leads to relative pancreatic islet cell failure, resulting in overt hyperglycemia [51, 52].
Given the etiology and gradual progression of the disease, we expect patients with T2DM to
be older than those without. Our data confirm this.

Among our cohort, those with T2DM had lower testosterone, except group 2 (A1C < 7%)
did not reach significance due to high standard deviation. Although a mutual influence
between testosterone and glucose metabolism has been suggested by studies showing that
men with low T have impaired glucose metabolism [53], it should be noted that this
secondary analysis draws on participants recruited to studies for men with hypogonadism,
hence our analyses were adjusted for testosterone levels.

We previously found that among subjects with a single A1C measurement taken at the

time of study entry, an A1C of > 7% is associated with suppressed bone turnover markers;
both CTx and OCN are lower compared to those with A1C of < 7% or with no T2DM

[32]. Since intact OCN is secreted only by osteoblasts, and CTx is a marker of bone
resorption, these results suggested to us that bone turnover is impaired only in the context

of poorly-controlled T2DM. In this study, we used the — 12 M A1C average to compare
bone turnover markers between groups. Our analysis showed that, similar to a single A1C
measurement, mean A1C in the poorly-controlled range is associated with bone impairment,
which further supports the notion that poor glycemic control (short or longer term) can have
significant consequences on bone. In fact, for CTx, values for those with well-controlled
T2DM were not statistically different than those without it. These observations persisted
even after adjustment for circulating 25-hydroxyvitamin D levels (which are known to affect
bone turnover) [54-56] suggesting that regardless of vitamin D sufficiency, long-term, poor
glycemic control is associated with reduced bone turnover markers. More importantly, these
changes in bone markers are accompanied by congruent changes in bone microarchitecture.
Data from our HR-pQCT analysis showed that bone microstructural parameters at the tibia
such as Th.Sp and Th.N were almost indistinguishable between patients with well-controlled
T2DM and those without. These led to significantly lower bone strength, i.e., as represented
by tibia F.Load and stiffness in those with poorly-controlled T2DM.

Previous work from our group showed that obese men with T2DM have greater trabecular
separation at the tibia and radius and lower tibia F. Load and stiffness [37], but we did

not examine the degree of glycemic control in these subjects. A cross-sectional study by
Burghardt et al. done in elderly post-menopausal women with T2DM showed that, despite
having higher trabecular vBMD and thickness, the T2DM cohort had increased cortical
porosity and porous volume at the radius [18]. The Framingham HR-pQCT study showed
decreased cortical vBMD at the tibia in subjects with T2DM and a prior history of fragility
fractures. However, they found no difference in bone parameters of trabecular thickness
and number between patients with T2DM and those without it [21]. On the contrary, a
previous study by Nilsson et al. involving elderly women showed that those with T2DM
had a higher trabecular number and less trabecular separation at the standard site, higher
cortical vBMD, both at radius and tibia, and a higher F. Load [57]. It is possible that
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these discrepancies in findings are due to differences in the populations under investigation,
the degree of glycemic control, and duration of T2DM. Different from prior studies, our
participants consisted of middle-aged men, who are mostly obese and may be hypogonadal
as compared to predominantly elderly women or men in other studies. More importantly,
their studies did not take glycemic control into consideration, which is the primary focus of
this report.

In segmenting by glycemic control status, we found that the population with lower
testosterone (group 3) also had lower total area and cortical perimeter at the radius; lower
total vBMD and trabecular number, and higher trabecular spacing at the tibia. While

most studies, including ours [12], show normal BMD (aBMD or vBMD) and preserved
microarchitecture in patients with T2DM compared to those without DM [57], our present
study is different in dividing our subjects with T2DM into good glycemic control vs. poor
control. By doing so, we found that men with good control have preserved microarchitecture
and vBMD that is not significantly different from those without T2DM. By contrast, those
with poor T2DM control have lower vBMD and poor microarchitecture (lower Tb N and
increase Th SP) compared to those with good control and no DM. Moreover, that study
was done with only pQCT, whereas our present one uses the more advanced HR-pQCT
imaging. Hunt et al. [58] demonstrate that patients with T2DM in fact have higher Th.N
and lower Th.Sp in the weight-bearing bones of the femur ex-vivo. Although it is likely that
weight-bearing has a positive effect on their findings, this study considers the population of
T2DM as whole without regard for glycemic control. The average Alc of their participants
was 7.07 £ 0.89%, far better (we assume a pre-requisite prior to elective surgery) than the
mean AL1C of the poorly-controlled subjects in our cohort of 8.6 + 1.3%.

A recent report indicated that among patients with T2DM, insulin use is associated with
lower total vBMD, trabecular thickness, cortical thickness, log cortical pore volume, bone
stiffness, and failure load at the distal radius [59]. A separate analysis comparing insulin
users and non-insulin users in our cohort found no significant differences between the

two groups. This may be due to the fact that our participants were exclusively male and
middle-aged, whereas those in de Waard et al.’s [59] were both male and female and older
on average. It should also be noted that our studies excluded patients with osteoporosis.

Structural parameters like the ones described above are better predictors of fracture risk than
the classic bone density definitions using DXA [60]. To our knowledge the best noninvasive
surrogate measures available are bone stiffness and F.Load by FEA using HR-pQCT [61].
We hypothesize that, progressing from bone turnover to microstructure and finally strength,
poor glycemic control likely affects these parameters sequentially, hence full effect on bone
phenotype takes longer to manifest. Perhaps shorter disease course would correspond to
greater preservation of bone microstructure and strength despite the beginning of impairment
in bone turnover. Several epidemiologic studies have reported an increased fracture risk
among those with poor glycemic control [29-31, 62, 63]. Although fracture outcome is not
the intent of this report, our results (from bone turnover markers to bone microarchitecture)
lend mechanistic support to prior findings of increased fracture risk in those with poor
glycemic control.
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It should be noted that the relationship between glycemic control and bone parameters could
be site specific, i.e., weight-bearing vs. non-weight-bearing bones. While differences in bone
geometry (total area and cortical perimeter) exist between those with good vs. poor glycemic
control at the radius, i.e., smaller bone size in those with poor glycemic control, there

were no differences in parameters of bone microarchitecture or strength found among the
three groups. The converse is true for the tibia, i.e., those with poor glycemic control have
reduced bone strength and poor microarchitecture, however, there were no differences in
bone geometry parameters observed. Bone turnover markers, which represent the systemic
effect of glycemic control on the skeleton, would not be able to discriminate whether
mechanical loading interacts with the degree of hyperglycemia at a particular skeletal site.
Using imaging studies of the radius and tibia, our study was able to demonstrate the
possibility that loading affects response of particular skeletal site to glycemic control. This
link between glycemic control and weight-bearing status of bones is relatively unexplored
and could be elaborated by further research.

Despite the potential clinical implications of our work, there are several shortcomings that
may limit the generalizability of our findings in the current study and include but are not
limited to: (1) a relatively small sample size, (2) a heterogenous population that includes
participants who are both eugonadal and hypogonadal, (3) because of study designs of the
parent studies, we have more subjects in the obese category, and (4) we have no information
on the fracture history of our subjects. Furthermore, an important group that would have
been included here are patients with osteoporaosis, but they were excluded by the parent
studies. Finally, although this study is longitudinal, we do not have data on bone turnover
markers or HR-pQCT at the —12 M time point. A larger sample size with more time points
over a longer period of time may shed more light on the role of glycemic control on bone
strength and potentially future fracture risk. On the other hand, the strengths of our study
include the unique, understudied population of middle-aged, mostly obese men who in
general are not considered at high risk for fracture, and the use of a longer-term glycemic
control. To our knowledge, this is the first study to characterize the effect of longer-term
blood glucose control on bone turnover, microarchitecture and bone strength in the unique
population of middle-aged men with T2DM.

Conclusion

Our group has previously found that a threshold A1C of 7% for impairment of bone turnover
in T2DM [32]. Here we have compared patients with and without T2DM, both with good
and poor glycemic control over the past 12 M. We have extended our findings to conclude
that A1C of 7% could also be the threshold for bone quality impairment as evidenced by
deteriorations in bone microstructure and strength. Notably, a decrease in bone turnover,

loss of bone microarchitecture, and poor bone quality can apparently be attenuated with
good glycemic control. An A1C of 7%, which has been identified by the American Diabetes
Association as the threshold at which diabetes complications on the eyes, kidneys and other
organs occur, may also be the threshold for bone impairment in men with T2DM.
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Medication regimens of the study participants. DPP4/ dipeptidyl peptidase 4 inhibitor,

SU Sulfonylurea, Met Metformin, 7.ZD Thiazolidinedione, GLP-1 Glucagon-like peptide-1
receptor agonists, SGL 77 sodium-glucose cotransporter-2 inhibitors
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Fig. 2.

Segrum osteocalcin (OCN) and C-terminal telopeptide (CTx) Concentrations at — 12 Month.
2A: OCN by A1C group. 2B: CTx by A1C group. — 12 Month: 12 months prior to study
enrollment. Groups were defined as: 1) no T2DM, 2) T2DM with A1C < 7%, and 3) T2DM
with A1C > 7%. Superscripts refer to post-hoc analyses, indicating that the value is: a) p <
0.05 compared to group 1, and b) p < 0.05 compared to group 2
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Fig. 3.

St?ffness and Failure Load at the Tibia at — 12 Month. 3A: Stiffness by A1C group. 3B
Failure load by A1C group. — 12 Month: 12 months prior to study enrollment. Groups
were defined as: 1) no T2DM, 2) T2DM with A1C < 7%, and 3) T2DM with A1C > 7%.
Superscripts refer to post-hoc analyses, indicating that the value is: a) p < 0.05 compared to
group 1, and b) p< 0.05 compared to group 2
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