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Context: An increase in bone fractures has been observed in women taking thiazolidinediones.

Objective: The objective of the study was to examine whether changes in circulating bone bio-
markers provide insight into the underlying mechanisms responsible for the increase in bone
fractures in female participants randomized to rosiglitazone in A Diabetes Outcome Progression
Trial (ADOPT).

Research Design and Methods: Paired stored baseline and 12-month serum samples were available
from 1605 participants (689 women, 916 men) in ADOPT, a long-term clinical trial comparing the
effects of rosiglitazone, glyburide, and metformin on glycemic control in patients with type 2
diabetes.

Results: This subset was well matched to the total ADOPT study population. In women a marker
of osteoclast activity, C-terminal telopeptide (for type 1 collagen), increased by 6.1% with rosigli-
tazone compared with reductions of 1.3% (P = 0.03 vs. rosiglitazone) and 3.3% (P = 0.002 vs.
rosiglitazone) with metformin and glyburide, respectively. In men, C-terminal telopeptide was
unchanged on rosiglitazone (—1.0%) and fell on metformin (=12.7%; P < 0.001) and glyburide
(—4.3%, P = NS). Markers of osteoblast activity, procollagen type 1 N-propeptide (P1NP) and bone
alkaline phosphatase, were reduced for women and men in almost all treatment groups, with the
greatest changes in the metformin group (P1NP in females, —14.4%; P1NP in males, —19.3%),
intermediate for rosiglitazone (P1NP in females, —4.4%; P1NP in males, —14.4%), and smallest for
glyburide (P1NP in males, +0.2%; bone alkaline phosphatase in females, —11.6%).

Conclusions: Commonly measured bone biomarkers suggest that changes in bone resorption may
be partly responsible for the increased risk of fracture in women taking thiazolidinediones. (J Clin
Endocrinol Metab 95: 134-142, 2010)
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linical evidence that thiazolidinediones increase the
c risk of fracture in women with type 2 diabetes was
first demonstrated in A Diabetes Outcome Progression
Trial (ADOPT) (1). ADOPT was a randomized, double-
blind, prospective, controlled clinical trial comparing the
effect of the thiazolidinedione rosiglitazone, biguanide
metformin, and sulfonylurea glyburide on glucose control
in recently diagnosed (<3 yr), drug-naive patients with
type 2 diabetes. Rosiglitazone was shown to result in more
durable glycemic control compared with metformin or
glyburide as assessed by fasting glucose and hemoglobin
Alc. A review of adverse event reports found an increased
occurrence of bone fractures in the upper and lower limbs,
but not hip or vertebra, in women treated with rosiglita-
zone (1, 2). A corresponding increased incidence was not
detected in men. After the publication of ADOPT, an in-
crease in fracture risk in women treated with pioglitazone,
the other thiazolidinedione in clinical use, was also re-
ported (3), suggesting a possible class effect.

In vitro thiazolidinediones promote the differentiation
of mesenchymal progenitor cells into adipocytes rather
than osteoblasts (4, 5) and may suppress osteoblast for-
mation by reducing IGF-1 levels in bone (6). Both rosigli-
tazone and pioglitazone have been shown to cause bone
loss in rodents in most studies accompanied by decreased
osteoblast activity and bone formation (7, 8) but in some
by increased bone resorption (9, 10). Clinical studies sug-
gest increased loss of bone mineral density in women
treated with thiazolidinediones and bone biomarker data
from three clinical trials support a hypothesis of reduced
bone formation (11-13) without changes in resorption
(13). However, these studies are limited by the small num-
ber of subjects and the short-treatment duration. A better
understanding of the underlying pathophysiological mech-
anisms responsible for the observed thiazolidinedione-
associated fractures is important because it may direct ap-
proaches to preventative treatment. We report the results
of our analyses of serum bone metabolism biomarkers in
a subset of participants in ADOPT.

Patients and Methods

Patients

The ADOPT study and details of its participants have been
described previously (1, 14). In brief, eligible patients had type 2
diabetes diagnosed within 3 yr and were naive to oral hypogly-
cemic drugs. They were 30—75 yr of age and had a fasting plasma
glucose concentration between 126 and 180 mg/dl before ran-
domization. Exclusion criteria were clinically significant liver
disease, renal impairment, a history of lactic acidosis, unstable or
severe angina, known heart failure requiring pharmacological
intervention, uncontrolled hypertension, or chronic diseases re-
quiring periodic or intermittent treatment with oral or iv corti-
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costeroids, or continuous use of inhaled corticosteroids. Less
than 2% of participants were on therapy for osteopenia or
0steoporosis.

Protocol

The study was carried out in 488 centers in 17 countries in
North America and Europe. A total of 4351 patients were ran-
domly allocated to, and received double-blind treatment with
rosiglitazone, metformin, or glyburideina 1:1:1 ratio. The initial
daily dose of rosiglitazone was 4 mg, metformin 500 mg, and
glyburide 2.5 mg, and this was titrated to the maximum effective
daily dose (rosiglitazone 4 mg twice daily, metformin 1 g twice
daily, and glyburide 7.5 mg twice daily). Forced titration of the
dose of medication occurred at each visit when the fasting plasma
glucose level was 140 mg/dl or more. The primary outcome was
time to monotherapy failure on maximum tolerated dose of the
study drug, which was defined as a fasting plasma glucose greater
than 180 mg/dl on two successive occasions or by independent
adjudication (1).

The protocol was reviewed and approved by institutional
review boards for each center, and all subjects gave written,
informed consent. ADOPT was registered (clinicaltrials.gov, no.
NCT00279045).

Reporting of fractures

Site investigators reported adverse events during the treatment
portion of the study, and these were categorized using MedDRA
(MedDRA dictionary, version 9.0; MSSO, Chantilly, VA). Frac-
tures included any preferred term with the text fracture within
the higher-level group term of bone and joint injuries. In the case
of fractures, the site of the fractures was as reported to or de-
termined by the investigators with no adjudication or subsequent
directed assessment performed as part of the study protocol. No
information on dietary calcium and vitamin D intake was
obtained.

Laboratory analyses

In September 2000 the protocol and written informed consent
were amended to include the drawing, storage, and poststudy
analysis of serum samples taken in the fasting state in the morn-
ing both at baseline and after 12 months of treatment.

The bone minerals, calcium and phosphate, were measured
by spectrophotometry using a modular autoanalyzer (Olympus
America, Center Valley, PA), and the calcium-modulating hor-
mones 25-hydroxyvitamin D by liquid chromatography with
tandem mass spectrometry (Quest Nichols Institute Reference
Laboratory, San Juan Capistrano, CA) and intact PTH by im-
munochemiluminescence (Siemens Medical Solutions, Culver
City, CA). The bone resorption marker C-terminal telopeptide of
type I collagen (CTX) was measured by ELISA (Nordic Bio-
sciences, Copenhagen, Denmark), and the bone formation mark-
ers procollagen type I N-terminal propeptide (P1NP) and bone
alkaline phosphatase by RIA (Orion Diagnostica, Espoo, Fin-
land) and chemiluminescence (Beckman Access, Fullerton, CA),
respectively. Estradiol was measured by RIA (Siemens Medical
Solutions).

With the exception of calcium and phosphate that were mea-
sured real time during the course of the study, the other measure-
ments were made as a single batch on baseline and 12-month sam-
ples that had been separated on site, shipped frozen, and then stored
at —70 C before being assayed. All assays were performed at a
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central laboratory (Quest, Van Nuys, CA), except CTX and 25-
hydroxyvitamin D (Nichols Institute, San Juan Capistrano, CA).

Statistical methods

Data are presented as mean * sD unless otherwise indicated.
It was prespecified that analyses of CTX, P1NP, bone alkaline
phosphatase, intact PTH, 25-hydroxyvitamin D, and estradiol,
but not calcium and phosphate, would use the natural log to
better approximate a normal distribution for errors and homosce-
dasticity of variances, as was verified by residual diagnostics.
Changes or differences between groups for log-transformed vari-
ables were backtransformed to provide percent changes or per-
cent differences in geometric means.

Analyses of the eight bone biomarkers were conducted sep-
arately among men and among women. Within each group the
simple unadjusted change or percent change for a biomarker was
computed, and the P value for the significance of the change was
adjusted for three tests using Hochberg’s method (15) separately
among men and women. Differences between treatment groups
in the change from baseline of a biomarker were assessed using
an analysis of covariance model with terms for treatment group,
gender, country, and the baseline biomarker measurement (16)
separately among men and among women. Comparisons be-
tween rosiglitazone and glyburide and between rosiglitazone and
metformin were tested. Within each gender, significance was
assessed at the P = 0.05 level, two sided, adjusted for two treat-
ment group comparisons using Hochberg’s method (15) but
were not adjusted for tests among the eight biomarkers in com-
bination. Analyses were conducted using SAS (SAS Institute,
Cary, NC).

Results

Demographic and clinical variables at baseline

Paired baseline and 12-month stored serum samples
were available from 1605 patients (689 women, 916 men),
representing 47% of ADOPT participants at 1 yr. This
subset of 1605 patients was well matched to the total
ADOPT study population (Table 1), there being no sig-
nificant difference among groups. The average age of the
bone biomarker cohort was 57 yr and among the women,
522 (76%) were postmenopausal by self-report. Those
participating in the bone marker study differed from the
remainder of the cohort within some groups for a few
characteristics (Table 1) but not to a degree to influence
the generalizability of the study results.

Time since diagnosis of diabetes, anthropomorphic
measurements, such as body mass index, glycemic control
at baseline, and the proportions of patients at baseline
using selected categories of medications related to bone
health did not differ among the treatment groups (Table
1). As anticipated, generally more women than men were
using such medications (estrogen containing hormones,
calcium supplements, bisphosphonates; data not shown).
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Bone minerals, calcium-modulating hormones, and
estrogen

The effect of 1 yr of treatment with rosiglitazone, met-
formin, and glyburide on these measures is listed in Table
2.In all groups, calcium levels changed by less than 0.04
mmol/liter and phosphate levels by less than 0.06 mmol/
liter. Despite these differences being small, the changes in
both minerals were significantly different in women re-
ceiving rosiglitazone compared with metformin.

Intact PTH fell in both the rosiglitazone (—17.2%
women, —19.2% men) and metformin (—15.0% women,
—14.1% men) groups, but was unaltered in patients re-
ceiving glyburide (+2.5% women, +2.9% men). 25-Hy-
droxyvitamin D increased in the metformin group
(+10.9% women, +4.6% men), fell in the rosiglitazone
group (—6.0% women, —2.0% men), and changed little in
the glyburide group (+0.2% women, —2.5% men).

Levels of estradiol fell in the rosiglitazone group in both
women and men. However, only in men was the difference
in changes between rosiglitazone and metformin and ros-
iglitazone and glyburide statistically significant.

Changes in biomarkers of bone resorption and
formation

The changes in bone biomarker levels from baseline to
month 12 are given in Table 2. In women CTX, a marker
of bone resorption, increased by 6.1% in the rosiglitazone
group with little change in the metformin and glyburide
groups (reductions of 1.3 and 3.3%, respectively). The
difference in the response between rosiglitazone and the
other two treatment groups was statistically significant. In
men, by contrast, CTX was unchanged in the rosiglitazone
group (—1.0%) and fell in the metformin (—12.7%; P <
0.001 for comparison with rosiglitazone) and glyburide
groups (—4.3%, P = NS vs. rosiglitazone).

For the markers of bone formation, PINP and bone
alkaline phosphatase, reductions were seen for both
women and men in almost all treatment groups, with the
greatest changes in the metformin group (males: bone al-
kaline phosphatase, —16.4%, PINP, —19.3%; females:
bone alkaline phosphatase, —15.7%, PINP, —14.4%);
intermediate changes for rosiglitazone (males: bone alka-
line phosphatase, —13.6%, PINP, —14.4%; females:
bone alkaline phosphatase, —12.6 %, PINP, —4.4%); and
the smallest changes for glyburide (males: bone alkaline
phosphatase, —6.8%, PINP, +0.2% 14.4%; females:
bone alkaline phosphatase, —11.6%,P1NP, —5.0%). The
reductions in the metformin group in PI1NP were signifi-
cantly greater than those for rosiglitazone for both women
and men. When comparing rosiglitazone with glyburide,
only the reduction in PINP in men was significantly dif-
ferent (—14.4% vs. +0.2%, respectively).
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TABLE 2. Continued

Men

Women

Metformin Glyburide Rosiglitazone Metformin Glyburide

Rosiglitazone

(n = 225) (n = 214) (n = 299) (n = 326) (n = 291)

(n = 250)

Bone alkaline phosphatase (ug/liter)

Baseline GM (CV, %)

12.3(52.9)
—6.8(—9.4, —4.0/°

12.3(48.6) 12.5(47.5) 11.6 (59.8)
—-11.6 (—=14.7, —=8.3)° —13.6(—15.8, =11.3)° —-16.4(—18.9, —13.8)°

12.9 (48.1)

12.7 (52.6)
—12.6(—15.3, =9.9/°

—15.7(—17.8, —13.6)°

Percent change from baseline at 12 months (—sg, +se)

Rosiglitazone vs. control

=59
-12.2,0.7

7.5
0.6, 15.0

0.3
-7.0,82

2.8
-4.6,10.7

Percent difference

95% Cl
P value

NS

NS

NS

NS

CV, Coefficient of variation; GM, geometric mean.

2 For calcium and phosphate, baseline mean = sp, unadjusted change within each group to 12 months, and baseline covariate adjusted difference between groups. For other variables analyzed using

the log transformation, baseline geometric mean with coefficient of variation (percent) in parentheses, unadjusted percent change in the geometric mean within each group to 12 months, and

adjusted percent difference in geometric means between groups. Separate models for men and women of each bone biomarker were adjusted for its baseline measurement and country. Separately

among men and women, the P values for two treatment group comparisons were adjusted using Hochberg’s method but were not adjusted for the analysis of eight different bone biomarkers. 2, < P
value for the change or percent change from baseline (not covariate adjusted) within each of the three treatment groups was adjusted for three tests using Hochberg's method, separately among

men and women, and significance is designated as ® P =< 0.01; € 0.01 less than P < 0.05.
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Comparisons within subsets of women

After eliminating the 483 women using glucocorticoids
or antiresorptive agents at baseline or within the first 12
months, the results were largely unchanged except that the
differences between rosiglitazone and either metformin or
glyburide for CTX were diminished (2.1 and 6.2%, re-
spectively) and no longer statistically significant.

The treatment group differences among the 167 pre- vs.
the 522 postmenopausal women (i.e. the treatment by
menopause status interactions) were significantly differ-
ent for calcium but not any other markers. The level of
calcium with rosiglitazone was 0.062 mmol/liter less than
with metformin among premenopausal women [95%
confidence interval (CI) 0.03, 0.094, nominal P < 0.001],
whereas it was not significantly less among postmeno-
pausal women (0.008 mmol/liter less, CI —0.009, 0.025,
P = 0.352), the interaction P = 0.003 adjusted for two
interaction tests. Likewise, the level with rosiglitazone was
0.055 mmol/liter less than with glyburide among pre-
menopausal women (CI0.025,0.085, P <0.001 vs.0.022
mmol/liter greater among postmenopausal women (CI
0.004, 0.04 greater, P = 0.018), the interaction adjusted
(P <0.001). These differences among pre- and postmeno-
pausal women persisted, although to a lesser degree,
among the subset of women not taking glucocorticoids or
antiresorptive agents.

Bone biomarkers and occurrence of fracture

A similar proportion of patients within the bone biomar-
ker subset reported a fracture during the course of the study
(82 of 1605, 5.1%) as for the whole study cohort (200 of
4351, 4.6%). The proportions by randomly assigned treat-
ment groups were also similar between the bone biomarker
subset (rosiglitazone, 34 of 549, 6.2%; metformin, 29 of
551, 5.3%; glyburide, 19 of 505, 3.8 %) and the whole study
population (rosiglitazone, 92 of 1456, 6.3 %; metformin, 59
of 1454, 4.1%; glyburide, 49 of 1441, 3.4%).

The small magnitude of change in the measured bone bio-
markers combined with the small number of patients report-
ing a fracture who also had biomarker data available to eval-
uate precluded formal analysis of a possible association
between the two. However, as illustrated in Fig. 1 for CTX,
P1NP, and bone alkaline phosphatase, there was no discern-
ible difference in the pattern of bone biomarker levels at base-
line or month 12 for those patients reporting a fracture dur-
ing the study compared with that for the whole cohort.

Discussion

The measurement of bone biomarkers at baseline and at
1 yr in ADOPT does not provide a clear pathophysio-
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FIG. 1. Box and whisker plots and individual values for baseline and 12 months for CTX (A),
PINP (B), and bone alkaline phosphatase (C) for all patients and those with on-study fractures by
treatment group. The box plot displays the 25th percentile, median, and 75th percentile as well as
lower whisker [minimum observation above lower fence: 25th percentile — 1.5 X interquartile
range (IQR)] and upper whisker (maximum observation below upper fence: 75th percentile +

1.5 X IQR). Extreme outliers (more than 3 times IQR from 25th/75th percentile) and mild outliers
(more than 1.5 times but less than 3 times IQR from 25th/75th percentile) are also shown. Actual
values of the parameters for patients experiencing fracture are displayed to the right of each box
plot. To improve readability of the graph, some outliers in the metformin treatment were not
plotted. In B, outlier values (248 ug/liter on metformin at baseline and 341 ug/liter on metformin
at month 12) are not displayed on the graph. In C, outlier values (77.7 ug/liter on metformin at
baseline and 93.9 ug/liter on metformin at month 12) are not displayed on the graph.

logical explanation for the observed increased risk of pe-
ripheral bone fractures in the women participants treated
with rosiglitazone compared with those receiving met-
formin or glyburide. Changes in the osteoblast-associated
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markers of bone formation, PINP and
bone alkaline phosphatase, with ros-
iglitazone were intermediate between
those with metformin and those with
glyburide. In contrast, CTX, a biomar-
ker of bone resorption, increased with
rosiglitazone compared with both met-
formin and glyburide and is suggestive
that increased bone resorption may
have contributed to the increased frac-
ture risk in the women treated with ros-
iglitazone. However, this is not defin-
itive because the magnitude of the
differences between the treatment
groups, although statistically signifi-
cant, is not large and may not be clini-
cally relevant.

Of interest, in vitro and in vivo ro-
dent studies suggest that the thiazo-
lidinediones may reduce bone formation
by preferentially directing the differenti-
ation of mesenchymal progenitor cells to
adipocyte lineage rather than to osteo-
blasts (4, 5, 7, 8). Furthermore, it has
been suggested that these agents may
also act to suppress osteoblast forma-
tion by reducing IGF-1 levels in bone
(6). Although there are conflicting re-
ports as to whether there may also be an
effect mediated by increased bone re-
sorption (7-10), the bone marker ob-
servations in ADOPT would support
increased bone resorption with thiazo-
lidinediones as a possibility.

Previous human studies demonstrated
decreased bone mineral density with ros-
iglitazone in healthy postmenopausal
women (13). In premenopausal women
with polycystic ovary syndrome, inves-
tigators reported reduced bone mineral
density associated with reductions in
total alkaline phosphatase (12) and
P1NP (13) with unchanged CTX levels
(12, 13). However these were small
studies (n per group: 25 and 15), and
the duration of treatment was short (14
and 16 wk). The time frame in which
these observation were made may be
relevant because uncontrolled studies

with troglitazone, a thiazolidinedione now withdrawn
from clinical use, found that reductions in markers of both
bone formation and resorption that were present at 1
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month were no longer present after a year of therapy (17,
18). One further study, also with a small number of pa-
tients and of short duration reported reductions in bone
alkaline phosphatase but no change in urine deoxypyr-
idinoline, a marker of osteoclast activity, in diabetic pa-
tients treated with open-label rosiglitazone compared
with controls managed by diet and exercise alone (11).

In addition to the much larger sample size of the cohort
studied and the 12-month treatment period, our assess-
ment of bone biomarkers in ADOPT has some advantages
over these preceding studies. The population we studied is
one for which the thiazolidinediones are clearly indicated.
The biomarker cohort was drawn from a study in which
the rosiglitazone-associated increase in fractures (as op-
posed to a surrogate such as bone mineral density) was
observed. The presence of two separate, randomized, dou-
ble-blind, control groups (metformin and glyburide), with
similar fracture rates, reduces the chances of over inter-
preting single, nominally statistically significant findings
when examining multiple analytes.

There clearly are limitations to the methodology we
used. The study does not include a placebo arm, and by the
time the protocol amendment governing these stored sam-
ples could be implemented, appreciable numbers of pa-
tients had already started randomized treatment. The sam-
ples were thus not collected truly systematically because
the point from which sampling started was in large part
dependent on the time for institutional approval in the 488
participating centers. Nonetheless, paired baseline and
month 12 samples were collected for a large number of
patients, representing nearly half of ADOPT participants
at 1 yr. We believe this biomarker cohort is very likely to
be representative of the ADOPT study as a whole because
it was well matched with respect to baseline parameters
and subsequent fracture occurrence with the overall
ADOPT population. Our biomarker data are restricted to
the first year of treatment in ADOPT, whereas the sepa-
ration of fracture risk between rosiglitazone and controls
became numerically distinct only after this time (2). How-
ever, whereas we made only a single on-treatment mea-
surement and thus might have missed other changes in
bone biomarkers that may have occurred before 12
months, precursor changes in the measured markers of
bone metabolism would be expected to precede the clinical
fracture events by a significant margin, making it quite
unlikely that this substudy missed biomarker changes of
importance by sampling too early. Finally, we did not
quantify the effects of the different therapies on bone min-
eral density.

We had hoped that this analysis of commonly measured
markers of bone metabolism drawn from participants in
ADOPT would provide a clearer picture of the underlying
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pathophysiology responsible for the increase in bone frac-
tures in women with type 2 diabetes treated with thiazo-
lidinediones. Nonetheless, despite the absence of a placebo
control group, the changes in bone markers with rosigli-
tazone do suggest an effect primarily on increased bone
resorption without a major change in bone formation.
Further controlled, long-term studies with measurement
of bone markers, bone density, and clinical fractures rates
will be required to demonstrate conclusively the underly-
ing mechanisms responsible for thiazolidinediones-re-
lated bone fractures and the potential for prevention with
various bone health interventions.
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