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OBJECTIVE —Metformin produced weight loss and delayed or prevented diabetes in the
Diabetes Prevention Program (DPP). We examined its long-term safety and tolerability along
with weight loss, and change in waist circumference during the DPP and its long-term follow-up.

RESEARCH DESIGN AND METHODS —The randomized double-blind clinical trial of
metformin or placebo followed by a 7-8-year open-label extension and analysis of adverse
events, tolerability, and the effect of adherence on change in weight and waist circumference.

RESULTS —No significant safety issues were identified. Gastrointestinal symptoms were more
common in metformin than placebo participants and declined over time. During the DPP,
average hemoglobin and hematocrit levels were slightly lower in the metformin group than in
the placebo group. Decreases in hemoglobin and hematocrit in the metformin group occurred
during the first year following randomization, with no further changes observed over time.
During the DPP, metformin participants had reduced body weight and waist circumference
compared with placebo (weight by 2.06 = 5.65% vs. 0.02 = 5.52%, P < 0.001, and waist
circumference by 2.13 £ 7.06 cm vs. 0.79 £ 6.54 cm, P < 0.001 in metformin vs. placebo,
respectively). The magnitude of weight loss during the 2-year double-blind period was directly
related to adherence (P < 0.001). Throughout the unblinded follow-up, weight loss remained
significantly greater in the metformin group than in the placebo group (2.0 vs. 0.2%, P < 0.001),
and this was related to the degree of continuing metformin adherence (P < 0.001).

CONCLUSIONS —Metformin used for diabetes prevention is safe and well tolerated. Weight
loss is related to adherence to metformin and is durable for at least 10 years of treatment.
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etformin is an established treat-
ment for diabetes with a good
safety profile (1). Its most com-
mon side effects are gastrointestinal (1).
These symptoms are generally transient,
resolve spontaneously, and can often be
avoided by gradual escalation of dosage.
Metformin treatment has not been associ-
ated with hypoglycemia unless used in

conjunction with other glucose-lowering
medicines (sulfonylureas or insulin). In
U.S. clinical trials, about 4% of partici-
pants were unable to continue metformin
due to adverse effects. Serious adverse
events are infrequent and generally limited
to lactic acidosis, which occurs only in
persons with renal or hepatic insufficiency
or other contraindications. Metformin is
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associated with weight loss when used to
treat diabetes and thus differs from a num-
ber of other antidiabetic medications that
are associated with weight stability or gain
(2,3). To date, metformin is indicated only
for diabetes management and not for weight
loss in individuals with or without diabetes.

In the Diabetes Prevention Program
(DPP), metformin reduced the develop-
ment of diabetes by 31% over an average of
2.8 years of follow-up (4,5). The long-term
follow-up of the DPP, the DPP Outcomes
Study (DPPOS), included an open-label
extension of metformin treatment in those
randomly assigned to metformin in the
DPP. After a median of 10 years of follow-
up since DPP randomization, both the life-
style and metformin intervention groups
had significantly less diabetes than the
placebo group (6). During the DPP, par-
ticipants randomized to metformin expe-
rienced an average 2.1-kg weight loss (4).
Weight loss was a strong predictor of dia-
betes prevention in both the metformin and
placebo groups with weight loss accounting
for 64% of the metformin versus placebo
effect on diabetes prevention (7). Weight
loss in the metformin group was main-
tained throughout the combined DPP and
DPPOS period with metformin participants
having an average 2.5-kg weight loss over
time (6). This report updates these findings
by documenting the long-term safety and
tolerability of metformin, and in a post hoc
analysis, it tests the hypothesis that greater
adherence to metformin is associated with
greater weight loss and reduction in waist
circumference in participants randomly as-
signed to metformin compared with those
randomly assigned to placebo.

RESEARCH DESIGN AND

METHODS —Between 1996 and 1999,
3,234 participants from 27 clinics in the
U.S. were enrolled in the DPP; the 2,155
randomly assigned to the metformin
(1,073) or placebo (1,082) arms are in-
cluded in this analysis (8). Participants
were =25 years of age, had a BMI =24
kg/m? (=22 kg/m” in Asian Americans),
elevated fasting glucose (95-125 mg/dL),
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Long-term use of metformin in DPPOS

and impaired glucose tolerance (140-199
mg/dL) 2 h after a 75-g oral glucose load.
Participants were excluded for a prior di-
agnosis of diabetes or conditions or med-
ications that would impair their ability to
participate or affect weight loss. All partici-
pants gave written informed consent as ap-
proved by each institutional review board.

Metformin or matching placebo was
initiated at 850-mg once per day and
increased by 1 month to 850-mg twice
daily unless gastrointestinal symptoms
warranted a longer titration period. Stan-
dard lifestyle recommendations and
written information on healthy eating,
healthy weight, and physical activity were
provided annually (4). Case managers
promoted adherence to the DPP study
medications using a brief structured in-
terview and a standard problem-solving
approach.

The first phase of the DPP was com-
pleted in 2001 after an average of 3.2
years of follow-up on the advice of the
Data and Safety Monitoring Board due to
the effectiveness of the lifestyle and met-
formin interventions in preventing di-
abetes (4). After the DPP results were
announced, participants underwent a 1- to
2-week study/drug washout period fol-
lowed by a repeat glucose tolerance test
(9). Subsequently, they were unblinded
and offered a 6-month, 16-session, group-
implemented program with content identi-
cal to the original DPP lifestyle intervention
(10). All DPP participants, regardless of
whether diabetes had developed, were en-
couraged to join the DPPOS, and 88% did
(6). Participants followed their original
treatment assignments, and all were offered
quarterly group lifestyle classes. Placebo
treatment was terminated. Participants
initially assigned to metformin continued
taking study-provided open-label metfor-
min unless there were contraindications,
or fasting plasma glucose was =140 mg/dL
in the DPP, or HbAlc was =7% during the
DPPOS, which required management out-
side of the protocol.

A summary of data collection during
the DPP and the DPPOS can be found in
Supplementary Appendix Table 1. Ad-
verse events were ascertained as follows:
1) During the DPP but not the DPPOS, all
study participants were queried every
quarter by asking “During the interval
since the last visit, has the participant
had any new symptoms, injuries, illness
or side effects, or worsening of pre-existing
conditions?” Responses were coded using
the U.S. Food and Drug Administration’s
(FDA) COSTART (Coding Symbols for

a Thesaurus of Adverse Reaction Terms)
coding system. Possible hypoglycemic
events were identified by searching
for “HYPOGLY,” “CONSCIOUS,” and
“COMA,” and for possible anemia as
“ANEMIA” or “B12.” Serious adverse
events (SAEs) were handled as defined
by the FDA. 2) Gastrointestinal symptoms
were identified annually throughout the
DPP and the DPPOS by asking partici-
pants about any stomach pain, bloating,
nausea, diarrhea, or loss of appetite. 3)
Gastrointestinal symptoms attributed to
study medication were ascertained during
the DPP and for those participants actively
taking metformin during the DPPOS.

Weight was measured twice yearly
and waist circumference annually (4,8).
Hemoglobin and hematocrit were mea-
sured annually in each clinic’s laboratory
on all participants randomized to medica-
tion during the DPP and for participants
actively taking metformin during the
DPPOS. Low hematocrit was defined as
<40% in men and <36% in women
and low hemoglobin as <13 mg/dL in
men and <12 mg/dL in women.

Statistical analysis

Analyses are presented in two parts: 1) the
first 2 years of the double-blind random-
ized placebo-controlled trial and 2) the
complete follow-up period since random-
ization, including the open-label phase,
lasting an additional 7-8 years (until 27
August 2008, the closing date for this
analysis). Two years was selected because
all participants completed two full years
in the double-blind period in the DPP and
for comparability with many other drug
trials for weight loss. We also show the
results at 9 years, the minimum combined
DPP + DPPOS follow-up time. We exam-
ine the weight and waist circumference
changes stratified by level of adherence
to placebo and metformin during the
2-year blinded phase and to metformin
throughout both phases.

Adherence to metformin was assessed
at all regularly scheduled clinic visits and
recorded as =80% (adherent) or <80%
(nonadherent) of assigned pills taken,
based on pill counts. Four categories of
long-term adherence were defined (Table
1). Participants were censored from the
metformin adherence grouping when
study-supplied metformin was discontin-
ued due to uncontrolled hyperglycemia,
and diabetes drug treatment was managed
outside the protocol. All participants, other
than those censored, were included in the
adherence measures regardless of reasons

for low adherence (e.g., safety or standard
contraindications) to explore fully the ex-
posure to metformin and weight loss.

For the assessment of long-term met-
formin safety and tolerability, all visits
after the diagnosis of diabetes were ex-
cluded in order to avoid confounding by
diabetes treatment (e.g., by use of non-
study drugs).

Fixed-effects models with the as-
sumption of normally distributed errors
were used to compute repeated-measures
adjusted means in body weight and waist
circumference among the adherence cat-
egories and treatment groups. Models were
adjusted for baseline weight and waist
circumference (11). Generalized estimating
equations were used to assess symptoms
and adverse events over time by treatment

group (11).
RESULTS

DPP—results from the double-blind
phase
Characteristics of the DPP participants
have been reported (4). The proportion of
participants taking =80% of the pre-
scribed dose over time during the DPP
were lower in the metformin (71%) than
in the placebo group (77%) (P < 0.001).
Medication adherence varied by race/
ethnicity with African American partici-
pants having the lowest adherence during
both the DPP (metformin and placebo)
and the full follow-up period (metformin
only) (Table 1). Men were more adherent
to metformin during the DPP but not over
the total follow-up period. No differences
were observed among placebo partici-
pants. At the end of year 1, weight loss
in the metformin group was 2.7 * 4.7%
(mean *= SD) compared with a loss of
0.43 = 4.7% in the placebo group (P <
0.001). After 2 years, weight loss was
2.1 = 5.7% in the metformin group com-
pared with 0.02 = 5.5% (P < 0.001) in
the placebo group. Waist circumference
was reduced at year 1 in the metformin
groupby 2.2 £ 6.2cmvs. 0.71 £ 5.6 cm
in the placebo group (P < 0.001) and at 2
years by 2.1 = 7.1 cm in the metformin
group vs. 0.79 £ 6.5 cm in the placebo
group (P < 0.001 for both time periods).
At year 1, 29% in the metformin group
had lost =5% of their initial body weight,
compared with 13% of the placebo group,
and at 2 years, 26% of the metformin and
14% of the placebo group had lost =5%
of baseline body weight (P < 0.001 for
both time periods). The percentage losing
=10% of their body weight at 1 year was
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Table 1—Distribution of adherence to metformin and placebo overall and by race/ethnicity and sex during the DPP (2 years) and
for the DPP + DPPOS combined (9 years), and percent of the DPP/DPPOS participants achieving greater than 5% weight loss

during each time period

Adherence through DPP 2-year
double-blind phase

Adherence through
DPP + DPPOS combination

Low <50% >50% Highly Low <50% >50% Highly
adherence adherent adherent adherent P adherence adherent adherent adherent P
Total sample distribution* Metformin ~ 12.3 15.8 45.5 26.5 — 11.7 26.6 37.0 24.7 —
Placebo 11.7 13.9 67.5 6.9 — —
Race/ethnicity
Caucasian Metformin 11.8 14.5 44.0 29.7 0.029 11.0 252 355 282 0.011
Placebo 10.6 9.6 72.0 7.8 <0.001 —
African American Metformin 15.4 16.7 50.7 17.2 15.4 30.8 38.9 14.9
Placebo 15.5 20.0 58.6 5.9
Hispanic Metformin 11.7 16.7 43.2 28.4 11.1 21.6 42.0 253
Placebo 12.5 16.7 64.3 6.5
Asian Metformin 16.7 11.1 472 25.0 16.7 30.6 27.8 25.0
Placebo 12.2 143 65.3 8.2
Native American Metformin 3.8 26.9 46.2 23.1 3.8 36.5 36.5 23.1
Placebo 6.8 254 66.1 1.7
Sex
Male Metformin 11.3 11.6 45.7 31.4 0.009 10.5 24.8 37.2 27.5 n.s
Placebo 9.9 143 68.7 7.2 n.s. —
Female Metformin 12.8 17.9 454 239 12.4 27.5 36.9 232
Placebo 12.6 13.7 66.9 6.8
Percent at >5% weight
loss at 2 or 9 years** Metformin 13.3 19.6 279 332 <0.001 23.1 27.1 32.2 48.1  <0.001
Placebo 14.6 15.2 14.7 6.5 n.s. 27.0

Data are percent. Long-term adherence was computed for 2 years and for the DPP + DPPOS combined and defined as follows: adherent, had taken at least 80% of their
prescribed pills since the previous visit; low adherence, participants who may have taken some medication but never reported taking =80% of their pills; <50%
adherent, participants who were adherent at >0% but <50% of their visits; >50% adherent, participants who were adherent at =50% but <90% of their visits; and
highly adherent, participants who were adherent at =90% of their visits. n.s., not significant. *Percent distribution among all randomized participants through 2 years
of the DPP or throughout the DPP + DPPOS follow-up. **Percent at >5% weight loss at 2 years for the DPP and 9 years for the DPP + DPPOS. The 9-year results
include the 790 metformin participants by adherence category and the combined 783 placebo participants who had a year 9 visit out of the 924 metformin and 932

placebo participants who joined the DPPOS.

8% for the metformin versus 4% for the
placebo group and at 2 years was 10% for
the metformin and 5% for the placebo
group (P < 0.001 for both time periods).

Figure 1 shows changes in body
weight and waist circumference in each
treatment group according to pill-taking
adherence during the 2-year double-blind
phase. Seventy-two percent of the metfor-
min group and 74% of the placebo group
were in the =50% adherent or highly ad-
herent categories (Table 1), although fewer
placebo participants were highly adherent.
Adherence was strongly associated with
weight loss in the metformin-treated group.
The durability of weight loss was also af-
fected by adherence. Average weight of
highly adherent participants was 3.5 =
0.35% below baseline at 2 years, very close
to their 1-year weight loss. Those with low
adherence had returned to baseline weight
by year 2 (Fig. 1A) (P < 0.001). Placebo
participants in all adherence subgroups
remained within 1% of their baseline weight,

on average, over the 2 years (Table 1),
except for the 7% who were highly adher-
ent with placebo, who had a small weight
gain of 1.2% (P < 0.05 for the highly ad-
herent compared with the >50% adherent
group; all other P values >0.05). The asso-
ciations of adherence to medication with
changes in waist circumference were not
statistically significant for either the metfor-
min or placebo groups. (Fig. 1C and D).

Results including DPPOS—open-
label treatment
During the total follow-up period, 62% of
the metformin participants were in the
=50% or highly adherent categories
compared with 72% in the 2-year double-
blind phase (Table 1). Placebo was discon-
tinued when the open-label phase began
and adherence could not be assigned.
Among placebo participants, body
weight was relatively stable but waist cir-
cumference increased after the fourth year,
continuing throughout the entire open-label

follow-up (Fig. 2). Over the total follow-
up, average weight loss from baseline in
the metformin treatment group, inde-
pendent of adherence, was 2.0% (1.9 kg).
Among those highly adherent to metfor-
min, weight loss from baseline was 3.5%
(3.1 kg). Among those with partial adher-
ence to metformin, weight loss was inter-
mediate between the highly adherent
group and those on placebo. In the low
adherence group, weight initially fell,
followed by weight change similar to
the placebo participants until 5 years, fol-
lowed by weight increase. The percent of
metformin participants who lost at least
5% was positively associated with metfor-
min adherence (Table 1). Waist circumfer-
ence remained significantly lower than
at baseline in the highly adherent group
(P < 0.05) through the 7-year visit, whereas
in the partially adherent groups it was
lower up to the 4-year visit, and in the
low-adherence group only through 2 years.
Although weight and waist changes over
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Figure 1—Effect of adherence to metformin or placebo on percent weight change (A and B) and
change in waist circumference (C and D) during 2 years of treatment during the double-blind phase of

the DPP.

time varied by race/ethnicity and sex, there
was no interaction between level of ad-
herence and either race/ethnicity or sex
indicating that the effect of metformin
adherence on weight loss was consistent
across race/ethnic groups and in men and
women.

Safety and tolerability

During the DPP (through year 4), reports
of gastrointestinal symptoms were more
common among metformin compared with
placebo participants (average 28% vs. 16%,
P =0.01) (Fig. 3A). Metformin participants
self-reported “study medication-related”
gastrointestinal symptoms more frequently
than placebo participants (9.5% vs. 1.1%,
P < 0.001) (Fig. 3A). Both types of gas-
trointestinal symptom reports declined
throughout the DPP. Rates of gastrointes-
tinal symptoms were similar between
groups by years 6 through 9 (P > 0.10).
These results persisted after excluding all
visits for participants who had low adher-
ence to the study medication. Although re-
ported symptoms varied by race/ethnicity
and sex, changes in symptoms over time
were similar by demographic group (data
not shown).

No unexpected adverse events or treat-
ment group differences in adverse events
were identified, either by the study’s Data
and Safety Monitoring Board or in this
analysis. Adverse events during the DPP

were previously reported (4). The rate
of gastrointestinal symptoms was higher
in the metformin group. Nonserious
adverse events for hypoglycemia and
anemia during the DPP were also un-
common and similar in metformin and
placebo participants, with seven metfor-
min participants and eight placebo partic-
ipants ever reporting hypoglycemia, and
fifty metformin participants and thirty-
eight placebo participants ever reporting
anemia. SAEs potentially related to study
medication were rare. There were three
SAE reports for anemia (two metformin
and one placebo participant), and there
were none for lactic acidosis or hypogly-
cemia during nearly 18,000 patient-years
of follow-up.

During the DPP, average hemoglobin
and hematocrit levels were the same at
baseline and over time were slightly lower
in the metformin group than in the pla-
cebo group (hemoglobin: 13.6 vs. 13.8
mg/dL; hematocrit: 40.6 vs. 41.1%; P <
0.001 for both). Hemoglobin and hemat-
ocrit levels varied by race/ethnicity and
sex; however, changes over time were sim-
ilar by demographic group (data not
shown). The percent of participants with
low hemoglobin was not significantly dif-
ferent between metformin and placebo
participants (11.2 vs. 7.6%, P = 0.17)
whereas the percent of participants with
low hematocrit was higher in metformin

Change in Weight
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Figure 2—Change in weight (A) and change
in waist circumference (B) throughout the DPP
and the DPPOS by placebo and adherence to
metformin.

than placebo participants (12.6 vs. 8.4%,
P = 0.035). Among metformin partici-
pants, changes in hemoglobin and he-
matocrit occurred during the first year
following randomization with no further
changes observed over time.

CONCLUSIONS—We report the lon-
gest follow-up to date of metformin on
body weight changes and on safety and
tolerability. Metformin used in over-
weight or obese individuals with elevated
fasting glucose and impaired glucose tol-
erance was associated with modest but
durable weight loss and was safe and well
tolerated over many years.

On an intent-to-treat basis, metformin
produced a significant weight loss that
persisted during the 2-year double-blind
treatment period and for the entire duration
of follow-up. Long-term follow-up was
excellent at 92%, in contrast with other
weight loss drug trials (12). Effects of met-
formin on weight have been reported in sev-
eral trials in diabetes (2,3,13,14,15), one in
obese adolescents (16), and in a recent meta-
analysis (17). One report included changes
in waist-to-hip circumference ratio, and only
three provided data for more than 1 year of
follow-up. In a meta-analysis of metformin
and weight loss, weight change at 1 year was
—1.52 kg (95% CI —2.82 to —0.21) (17).
The mean weight change at 1 year in our
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tributed to study medication (B) through the DPP and the DPPOS.

study was —2.7 kg in the metformin group
and —0.4 kg in the placebo group.

Adherence to metformin improved the
magnitude of weight loss—but not waist
circumference—during the first 2 years.
Adherence to placebo did not affect weight
loss, suggesting that metformin, rather than
nonspecific adherence to positive health
behaviors, was the relevant factor.

Waist circumference increased in all
groups after year 2, except for the highly
adherent participants where the increase
began after 5 years and waist circumfer-
ence remained lower than baseline. Since
body weight did not increase, this sug-
gests that central adiposity increased by
redistribution of body fat.

Metformin participants in the low
adherence group lost weight but placebo
participants with low adherence did not.
Many of those in the low adherence met-
formin group took some metformin but

not enough to be labeled “adherent.” In
addition, those with low adherence in
the placebo group may have personality
traits related to accepting advice, ability
to change habits, etc., whereas low adher-
ence in the metformin group may also be
related to gastro-intestinal side effects.
Therefore, one would not expect those
with low adherence in the two groups to
have the same characteristics.

Metformin lowers glucose and re-
duces risk for diabetes in part through
weight loss (2,7,16,17). Although basal
energy metabolism is highly correlated
with body mass, early studies showed
that despite appreciable reductions in
body weight with metformin treatment,
basal energy expenditure remains un-
changed (18). This is because metformin-
induced weight loss is almost exclusively
confined to reductions in adipose mass
(2,16,18) with little change in lean tissue.

DPP Research Group

This pattern is different from that seen
with caloric restriction, which tends to in-
duce loss of lean tissue as well as adipose
tissue. Metformin has several effects on en-
ergy metabolism that parallel physical exer-
cise. Both exercise and metformin stimulate
phosphorylation of AMP-activated protein
kinase (AMPK) (19). AMPK is an important
regulator of mitochondrial biogenesis (20),
hepatic and muscle fatty acid oxidation,
glucose transport, insulin secretion, and li-
pogenesis (21). Whether metformin di-
rectly affects energy expenditure from
physical activity is unknown. Metformin
might also influence weight loss through
reduced food intake owing to irritation of
the gastrointestinal tract, which may
motivate a reduction in food intake or
change in nutritional preference.

Adherence to metformin was high. In
the double-blind phase of the trial, 72%
were highly adherent, and throughout the
entire trial, 62% of the metformin group
was highly adherent.

No significant safety issues were iden-
tified. Both hemoglobin and hematocrit
declined slightly in the metformin group
over the first year after randomization and
stabilized after that. Metformin participants
reported more gastrointestinal symptoms
than placebo participants, however these
abated over time and both types of gastro-
intestinal symptom reports were similar
between groups by the latter years of the
DPPOS.

One potential bias is that 12% of DPP
participants chose not to continue into
the DPPOS. It is likely that some of those
who discontinued the study or who con-
tinued but chose not to take open-label
metformin did so because of side effects,
which may have influenced the safety and
tolerability profile of metformin during
the open-label DPPOS period.

In summary, metformin produces a
highly significant reduction in body weight
and waist circumference with minimal
safety issues and limited issues of tolerabil-
ity (22). The weight reduction persists for
up to 10 years and is related to adherence to
metformin. Waist circumference initially
declines, then steadily increases after a na-
dirat 12-36 months in all groups except in
the highly adherent group, in which this
increase was delayed for 5 years. Metformin
was well tolerated with few side effects.
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