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Abstract

Summary—In the Diabetes Prevention Program Outcome Study (DPPOS), a cohort at high risk 

of diabetes, randomization to intensive lifestyle intervention or metformin, both associated with 

weight loss, did not have long-term negative effects on BMD compared with the placebo group. 

Potential positive effects of metformin on bone warrant further investigation.

Introduction—Randomization to lifestyle intervention (ILS) or metformin in the Diabetes 

Prevention Program (DPP) resulted in weight loss and reduced progression to diabetes. Weight 
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loss is associated with reduced bone mineral density (BMD), but the long-term effects of these 

interventions on BMD are unknown. In the DPP Outcome Study (DPPOS), we determined if 

randomization to ILS or metformin, compared with placebo, was associated with differences in 

BMD approximately 16 years later.

Methods—Of 3234 DPP participants, 2779 continued in DPPOS and were offered ILS in group 

format. Those randomized to metformin were offered unmasked metformin. At DPPOS year 

12, 1367 participants had dual-energy X-ray absorptiometry scans. BMD in metformin and ILS 

groups was compared to placebo using sex-specific linear regression models, adjusted for age, 

race/ethnicity, and weight and weight-bearing activity at DPP baseline.

Results—At DPPOS year 12, mean age was 66.5 (±9.5) years. Femoral neck BMD was similar 

in the ILS and placebo groups in men (difference = −0.021 g/cm2, 95%CI (−0.063, 0.021)) 

and in women (+0.014 g/cm2, 95%CI (−0.014, 0.042)). Femoral neck BMD was higher in the 

metformin compared to placebo group although not statistically different in men (+0.017 g/cm2, 

95% CI (−0.023, 0.058)) and in women (+0.019 g/cm2, 95% CI (−0.009, 0.047)). Prevalence of 

osteoporosis was low and similar across treatment groups in men (0.9%; p=0.745) and women 

(2.4%; p=0.466).

Conclusion—In a cohort at high risk of diabetes, lifestyle intervention or metformin did not 

appear to have long-term negative effects on BMD. Potential positive effects of metformin on bone 

warrant further research.

Keywords

Bone mineral density; Metformin; Prediabetes; Weight loss

Introduction

Randomization to lifestyle intervention (ILS) or metformin in the Diabetes Prevention 

Program (DPP) reduced progression to diabetes. Both interventions also caused weight loss, 

more markedly in the group assigned to ILS [1]. By design, ILS was intended to achieve a 

loss of 7% of body weight as well as an increase in physical activity. Modest weight loss 

was also observed in those assigned to metformin, consistent with its known effects as a 

treatment for diabetes [2]. Weight loss is associated with bone loss in broader populations of 

older adults [3, 4]. In the Look AHEAD trial, conducted among those with type 2 diabetes, 

a lifestyle intervention with the goals of weight loss and increased physical activity resulted 

in greater bone loss compared with controls, assessed at 1 and 4 years post-randomization 

[5, 6]. Pre-clinical studies suggest that metformin may have positive effects on bone which 

might counter the effects of weight loss [7]. Reduced bone mineral density (BMD) is a risk 

factor for fracture, an important concern, particularly in older adults. However, the long-term 

net effects of either ILS or metformin on BMD, in those at high risk of diabetes, are not 

known.

Because of the success of both the lifestyle and metformin interventions in preventing 

diabetes and their potential widespread implementation, it is important to understand each 

of their skeletal effects over the long-term. Because weight loss has such a strong effect on 

bone density, we hypothesized that the ILS group and, to a lesser degree, the metformin 
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group would experience reductions in BMD compared with the placebo group. We used data 

from the DPP Outcome Study (DPPOS) to determine if ILS or metformin, compared with 

placebo, was associated with differences in bone density over about 16 years.

Methods

As previously described, during DPP, 3234 participants at high risk for diabetes were 

randomized to ILS, metformin, or placebo [1]; 2775 (85.8%) continued in DPPOS and were 

offered the ILS intervention in group format [8]. The lifestyle intervention was designed to 

achieve and maintain 7% weight loss. For physical activity, the lifestyle intervention aimed 

to achieve and maintain a weekly minimum of 150 min of moderate to vigorous exercise, 

similar in intensity to brisk walking [1]. During DPP, progress with the lifestyle intervention 

was monitored on an individual basis with case managers; during DPPOS, group classes 

were offered to participants every 3 months with educational materials to reinforce the 

weight loss and physical activity goals [8]. During DPPOS, the metformin group received 

unmasked metformin, as tolerated, unless discontinued for safety reasons or if a participant 

developed diabetes requiring management by their own provider.

At DPPOS year 12, 2213 (79.7%) of 2775 participants originally continuing in DPPOS 

completed a clinic visit. At 16 of the 25 clinical sites, 1513 participants were offered the 

option of participating in a study of bone density using dual-energy X-ray absorptiometry 

(DXA). Of those, 1384 (91.5%) participants enrolled in the DXA study, and 1367 

successfully completed a DXA scan between July 2013 and March 2014 (Fig. 1). 

Institutional review boards at all sites approved the DPP and DPPOS protocols and informed 

consent procedures. Participants provided written consent for participation in the studies.

DXA hip and spine scans

DXA scans of the hip and spine were acquired on Hologic or GE Lunar scanners at 16 

clinics using 15 scanners. Scans were reviewed for quality and analyzed centrally at the 

University of California San Francisco (UCSF) using Hologic v13.4 or GE Lunar v14.0 

software. Local DXA operators were certified by UCSF. A local spine phantom was scanned 

regularly throughout the study on each scanner; all scanners were within acceptable limits. 

GE Lunar BMD values were standardized to Hologic values using published equations 

for hip and spine [9, 10]. BMD T-scores were calculated using values for young female 

Caucasians as the reference [11]. Osteoporosis was defined based on femoral neck BMD as 

T-score ≤−2.5 and low bone density (osteopenia) as −2.5<T-score<−1.

Other measurements

Participants were queried at DPP baseline regarding demographic information. At the DPP 

baseline and subsequent biannual visits in DPP and DPPOS, participants were weighed 

while wearing light clothing without shoes. Levels of leisure physical activity during the 

previous year were assessed annually in DPP and DPPOS, using the Modifiable Activity 

Questionnaire (MAQ) which has been previously validated [1, 12]. Results are expressed 

as MET hours/week. For these analyses, activities were identified as weight-bearing and 

non-weight-bearing prior to analyses, and activity levels summed separately.
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Development of diabetes was the primary outcome in DPP and DPPOS. Diagnosis was 

based on elevated fasting glucose (7.0 mmol/L or higher), assessed every 6 months, or 

elevated 2-h oral glucose tolerance test (11.1 mmol/L or higher), assessed annually; an initial 

positive test required confirmation with a repeat test for diagnosis [1]. Participants were 

queried annually regarding current use of prescription medications, including medications 

for treatment of diabetes.

Statistical methods

Results were analyzed using an intention-to-treat approach, testing for the effects of 

randomization to DPP treatments on BMD about 16 years post-randomization. Because 

weight loss differences across treatment groups were sustained among men but not women 

in DPPOS and because osteoporosis is more prevalent in women, the results are presented 

separately by sex. Prevalence of osteopenia and osteoporosis were compared across the 

3 treatment groups using Pearson’s chi-squared test. The equality of the average BMD 

across the treatment groups was tested with ANOVA. Linear regression models adjusted for 

age, race/ethnicity, DPP baseline weight, and DPP baseline weight-bearing physical activity 

were used to assess effects of treatment on BMD. Possible effect modification by sex was 

examined as well as by age using three pre-specified age groups (40–54, 55–69, 70 and 

older). All analyses were performed in SAS 9.3.

Results

Characteristics of the participants by the original randomization assignment are provided 

in Table 1. Mean age at Y12 was 66.5 (±9.5) years. Mean time since DPP baseline was 

15.6 (±0.7) years. Weight and weight-bearing physical activity were similar across treatment 

groups at DPP baseline in both men and women. A majority (59%) of participants developed 

diabetes during the follow-up period. DPPOS participants who completed the DXA study 

included a higher proportion of white participants (men and women), higher weight at 

DPP baseline (men), and less weight-bearing physical activity at DPP baseline (women) 

compared to those who completed a DPPOS Y12 visit but not a DXA visit (Supplementary 

Table 1).

Participants in the ILS group experienced substantial weight loss in the first year of the DPP, 

while those in the metformin group had more modest losses (Fig. 2). At DPPOS Y12 (16 

years after baseline) in men, the ILS group still had greater net weight loss from baseline 

compared to placebo (p=0.0003) but net weight loss was similar in the metformin and 

placebo groups (p=0.158). At DPPOS Y12 in women, net weight loss from DPP baseline did 

not differ across treatment groups in women (p=0.891).

Participants in the ILS also experienced an increase during the DPP trial in physical activity 

levels [13] and more specifically in weight-bearing physical activity (Fig. 3). At DPPOS 

Y12, weight-bearing physical activity had decreased from DPP baseline in the metformin 

and placebo, but not the ILS, groups in men and women. However, differences across 

treatment groups were only statistically significant in women (p=0.036).
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In unadjusted comparisons in men, BMD at DPPOS Y12 was lowest in the ILS group but 

differences between treatment groups were not statistically significant (Table 2). In women, 

BMD was similar across treatment groups. Prevalence of osteoporosis was low in both men 

(0.9%) and women (2.4%), and the prevalence was not statistically different across groups 

(Table 2).

In linear regression models adjusted for age, race/ethnicity, baseline weight, and baseline 

weight-bearing physical activity, ILS was not associated with statistically significant 

differences in BMD compared with placebo at all three skeletal sites for men or women 

(Table 3). In women and men, metformin, compared with placebo, was associated with 

higher BMD, but the results were not statistically significant. Tests for interaction with 

sex did not find evidence of interaction for total hip (p=0.320), femoral neck (p=0.570), 

or lumbar spine (p=0.408). In models combining men and women, femoral neck BMD 

was higher in metformin compared with placebo group, and the difference was statistically 

significant (+0.027 g/cm2, 95% CI: (0.007, 0.047); p= 0.009).

In men, there was evidence of effect modification by age for the association between 

metformin treatment, compared to placebo, and total hip BMD (p for interaction = 0.040) 

and between metformin and femoral neck BMD (p for interaction = 0.046) (Supplemental 

Table 2). Metformin appeared to have a larger positive effect on BMD in the 40–54 year 

age group. In men, age also modified the association between ILS and total hip BMD (p 
for interaction = 0.0496) as well as femoral neck BMD (p for interaction = 0.0304). ILS 

was associated with higher total hip and femoral neck BMD in the youngest age group 

(40–54 years) and lower BMD in the oldest age group (70+ years) compared with placebo. 

In women, none of the interactions with age was statistically significant (p>0.05).

Discussion

This is the first report of the effects of interventions designed to prevent diabetes in a 

high risk cohort on the longer term outcome of bone density. Lifestyle intervention and 

metformin were both effective in reducing progression to diabetes and both resulted in 

weight loss during the DPP. Weight loss, whether intentional or unintentional, is associated 

with increased bone loss [14]. However, about 16 years after DPP randomization, there 

was no evidence of reduced BMD in men or women in the lifestyle intervention or 

metformin groups compared with the placebo group. Interestingly, there was evidence of 

higher BMD in the metformin group compared with placebo, in spite of greater weight loss 

with metformin.

The lifestyle intervention was designed to achieve a weight loss of at least 7% of body 

weight and a physical activity level of at least 150 min of moderate intensity activity a week. 

By DPP end (average duration 3.2 years), men and women both experienced greater weight 

loss and physical activity levels in the ILS group compared to placebo [1]. After the initial 

weight loss due to ILS, participants regained weight on average. At the time of the DXA 

visit, about 16 years after DPP baseline, the degree of weight loss was similar across the 

3 treatment groups in women but remained statistically different in men. The reason for 

the persistence of a weight loss difference in men but not women is not clear. In part, the 
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difference is due to greater weight loss in the placebo group in women compared with men, 

possibly due to better attendance at the lifestyle intervention classes offered after the DPP 

trial concluded [15]. In any case, the persistence of greater weight loss in the ILS group in 

men did not result in greater bone loss compared with placebo. For both men and women, 

despite differences in the pattern of weight loss across treatment groups, with large initial 

weight loss in the ILS group, we did not find evidence of greater bone loss in the ILS group.

One possible explanation is that the increased weight-bearing physical activity in the ILS 

group helped to ameliorate bone loss due to weight loss. Exercise training [16] and physical 

activity [17] have modest positive effects on BMD in older adults. There is also evidence 

that exercise training can preserve bone in the setting of calorie restriction [18]. In a 

randomized trial among obese older adults, a diet and exercise intervention achieved weight 

loss of about 8.5% over 6 months. Assignment to resistance training, but not aerobic 

exercise, prevented bone loss at the hip [19].

Another possible explanation is that weight regain in the ILS group after the initial weight 

loss may have blunted any long-term impact on BMD. In contrast to our findings, studies 

that have assessed BMD within a few years of a weight loss intervention have found greater 

bone loss at the hip. A meta-analysis of weight loss interventions in overweight and obese 

patients reported an increased loss of 0.012 g/cm2 (95% CI, – 0.024 to 0.000 g/cm2) at 

the total hip compared with placebo after 24 months [14]. Bone loss at the spine did not 

differ compared with placebo. In the Look AHEAD trial, a lifestyle intervention similar 

to the ILS in DPP aimed for weight loss of 10% or more and weekly physical activity 

of 175 min in older adults with type 2 diabetes [20]. Compared with the diabetes support 

and education (DSE) group, the lifestyle intervention resulted in greater hip, but not spine, 

bone loss at 1 and 4 years after baseline [5, 6]. At 4 years, men in Look AHEAD had 

1.6% greater bone loss at the total hip in the lifestyle intervention compared with the DSE 

group [6]. The lifestyle intervention group in Look AHEAD also experienced more fragility 

fractures compared with the control group [21]. Bone loss has not been assessed after longer 

follow-up in the Look AHEAD trial, limiting the ability to compare these results with our 

findings in DPPOS. Our findings provide reassurance that intensive lifestyle intervention for 

diabetes prevention does not increase long-term risk of bone loss. However, as DXA scans 

were not obtained earlier for DPP participants, it is not known whether there were more 

immediate effects of the intervention on BMD changes. Larger studies of incident fracture 

are needed to clarify whether the net effect of weight loss with increased weight-bearing 

activity during DPP had any measurable impact on fracture risk.

The metformin group also experienced greater weight loss during the DPP trial compared 

to placebo although the degree of weight loss was less than the ILS group [1]. However, by 

the time of the DXA visit, there was no longer a statistically significant difference in weight 

change in men or women, comparing the metformin and placebo groups. The metformin 

group did not have increased physical activity compared with the placebo group during DPP 

or DPPOS. In spite of this earlier weight loss in the metformin group, we found that the 

metformin group experienced less bone loss at the femoral neck than the placebo group. 

Rodent and in vitro models suggest positive effects of metformin on bone formation and 

bone density [22, 23]. Some observational studies have reported lower risk of fractures 
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with metformin in patients with diabetes [24]. However, in the ADOPT trial, there was no 

evidence of differences in fracture risk comparing metformin with a sulfonylurea [25]. The 

DPPOS results suggest that metformin may have a positive effect on bone. Further studies, 

directly focused on this question, are warranted to determine if metformin might protect 

against bone loss, and ultimately fracture, in patients with pre-diabetes or diabetes.

In men, we found evidence of effect modification by age in the results for DPP treatment 

assignment and BMD at the total hip and femoral neck. In the oldest age group (70+ years), 

ILS was associated with lower hip BMD while metformin had little positive effect. While 

these interactions may be due to chance, the impact of ILS and metformin on the oldest 

age group warrants further research as this is the population at highest risk of bone loss and 

fracture.

Diabetes was more prevalent in the placebo group, although not statistically different, by 

the time of the DXA visit. Reports from several cohorts of older adults have identified 

higher BMD in those with diabetes compared with prediabetes [26–28]. However, we did 

not find higher BMD in the placebo group, compared with either ILS or metformin. The 

thiazolidinediones (TZDs), used to treat diabetes, have a negative effect on BMD [29], but 

few participants (< 3%) reported current TZD use in any of the groups. Other diabetes 

medications appear to be neutral with respect to bone [30, 31].

The strengths of this study include a randomized design, large population, and centrally 

controlled BMD measurements. A limitation of the study is the lack of a baseline BMD 

measurement at the time of randomization, although the process of randomization likely 

insured similar baseline BMD levels in the original three groups. In addition, participants 

who were lost to follow-up during the 16 years from randomization to the DXA visit may 

have differed in their BMD compared with those who remained in the study, possibly 

introducing bias in the observed associations between treatment assignment and BMD. 

Finally, we cannot determine shorter-term effects of the interventions on BMD.

In conclusion, the intensive lifestyle and metformin interventions that successfully reduced 

diabetes incidence in the DPP trial did not have long-term negative consequences for bone 

mineral density. Metformin may protect against bone loss but our results were inconclusive, 

and further studies are needed. Our results suggest that the use of an intensive lifestyle 

intervention or metformin for diabetes prevention is safe with regard to skeletal health.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. 
Timeline for the Diabetes Prevention Program (DPP) and DPP Observational Study 

(DPPOS), including DXA visits
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Fig. 2. 
Mean weight at each annual visit in DPP and DPPOS for men and women who completed 

DXA visit. Mean weight loss from DPP baseline to DPPOS Y12 (about 16 years later) 

differed across treatment groups in men (−5.9 kg ILS, −3.2 kg metformin, −1.7 kg placebo; 

p=0.002), but not in women (−3.7 kg for all groups, p=0.891)
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Fig. 3. 
Mean weight-bearing physical activity at each annual visit in DPP and DPPOS for men 

and women who completed DXA visit. Mean change in weight-bearing physical activity 

from DPP baseline to DPPOS Y12 (about 16 years) was not statistically different in men 

(+0.6 met-h/week ILS; −2.3 met-h/week metformin; −2.4 met-h/week placebo; p=0.458) but 

was different across treatment groups in women (+0.7 met-h/week ILS; −1.9 met-h/week 

metformin; −2.0 met-h/week placebo; p= 0.036)
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