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Context: Type 1 diabetes in adolescence is characterized by insulin deficiency and insulin resistance
(IR), both thought to increase cardiovascular disease risk. We previously demonstrated that ado-
lescents with type 1 diabetes have adipose, hepatic, andmuscle IR, and that metformin lowers daily
insulin dose, suggesting improved IR. However, whether metformin improves IR in muscle, hepatic,
or adipose tissues in type 1 diabetes was unknown.

Objective: Measure peripheral, hepatic, and adipose insulin sensitivity before and after metformin
or placebo therapy in youth with obesity with type 1 diabetes.

Design: Double-blind, placebo-controlled clinical trial.

Setting: Multi-center at eight sites of the T1D Exchange Clinic Network.

Participants: A subset of 12- to 19-year-olds with type 1 diabetes (inclusion criteria: body mass
index $85th percentile, HbA1c 7.5% to 9.9%, insulin dosing $0.8 U/kg/d) from a larger trial
(NCT02045290) were enrolled.

Intervention: Participants were randomized to 3 months of metformin (N5 19) or placebo (N5 18)
and underwent a three-phase hyperinsulinemic euglycemic clampwith glucose and glycerol isotope
tracers to assess tissue-specific IR before and after treatment.

Main Outcome Measures: Peripheral insulin sensitivity, endogenous glucose release, rate of
lipolysis.
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Abbreviations: BMI, body mass index; CVD, cardiovascular disease; EGP, endogenous
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insulin resistance; MCR, metabolic clearance rate; Ra, rate of appearance; Rd, rate of
disappearance; TDI, total daily insulin dose.
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Results: Between-group differences in change in insulin sensitivity favored metformin regarding

whole-body IR [change in glucose infusion rate 1.3 (0.1, 2.4) mg/kg/min, P5 0.03] and peripheral IR

[change in metabolic clearance rate 0.923 (20.002, 1.867) dL/kg/min, P 5 0.05]. Metformin did not

impact insulin suppression of endogenous glucose release (P5 0.12). Adipose IR was not assessable

with traditional methods in this highly IR population.

Conclusions: Metformin appears to improve whole-body and peripheral IR in youth who are

overweight/obese with type 1 diabetes. (J Clin Endocrinol Metab 104: 3265–3278, 2019)

The incidence of youth-onset type 1 diabetes is in-
creasing worldwide (1, 2), translating to a lifetime of

diabetes exposure and increased risk of early-onset car-
diovascular disease (CVD) (3, 4). Although controlling
hyperglycemia, hypertension, and hyperlipidemia is ben-
eficial, this only partially reduces CVD risk (5). CVD is
associated with insulin resistance (IR) in youth and adults
with type 2 diabetes (6, 7). Moreover, increasing evidence
implicates IR in the pathophysiology of CVD in youth
and adults with type 1 diabetes (8–15). Using gold-
standard techniques, we and others demonstrated that
IR is prominent in normal-weight adolescents (16, 17) and
adults (10) with type 1 diabetes, in the adipose, liver, and
skeletal muscle tissue (10, 18–20). Moreover, obesity
worsens IR and CVD risk, and obesity is now increasing in
youth with type 1 diabetes (16, 21–26). Furthermore, the
Diabetes Control andComplications Trial emphasized that
intensive glycemic control reduces, but does not eliminate,
diabetes complications, and it was associated with weight
gain in a subset of participants, along with worsening lipid
profiles, blood pressure, central adiposity, and inflam-
mation, all of which may negate the positive effects of
improved HbA1c (27). Thus, interventions targeting IR
may be necessary to reduce CVD risk in type 1 diabetes.

Metformin is a safe medication that improves IR and
BMI in youth with prediabetes and type 2 diabetes and
decreases CVD risk and mortality in adults with type
2 diabetes (28–30). We previously demonstrated that
metformin lowers insulin dose in adolescents who are
overweight/obese with type 1 diabetes and in adolescents
with poorly controlled type 1 diabetes, implying im-
proved IR, as well as improving BMI and body com-
position (31, 32). However, metformin’s direct effect on
insulin sensitivity in muscle, liver, and adipose tissue in
type 1 diabetes was unknown. Therefore, we performed
an ancillary study to a 3-month, double-blind, placebo-
controlled, randomized trial to determine the effect of the
addition of metformin to insulin treatment on the pri-
mary outcome of insulin-stimulated peripheral glucose
uptake and the secondary outcomes of endogenous
glucose production (EGP) and adipose lipolysis, mea-
sured by a gold-standard hyperinsulinemic-euglycemic
clamp with stable isotope tracers in youth who are
overweight/obese with type 1 diabetes.

Methods

Our study was a multicenter, double-blind, randomized trial
conducted at eight clinical sites of the T1D Exchange Clinic
Network as a preplanned substudy of a larger metformin trial
with the primary outcome of change in HbA1c. Detailed
methods from the parent study have already been published
(31). The protocol was approved by local Institutional Review
Boards. Written informed consent was obtained from partici-
pants aged 18 years and older or from a parent or guardian for
younger participants who also assented. Study oversight was
provided by an independent data and safety monitoring com-
mittee. The number of participants per site were as follows:
University of Colorado Anschutz Medical Campus, 11; Yale
University, 6; Nemours Children’s Specialty Care, 3; Indiana
University, 5; University ofMinnesota, 3; University of Iowa, 6;
Children’s Hospital of Pittsburgh, 3.

Study participants
Major inclusion criteria included presumed autoimmune type

1 diabetes (diagnosis prior to age 10 years and/or positive
diabetes-related autoantibodies) for at least 1 year treated on
either an insulin pump or three or more daily injections of
insulin, age of 12 to ,20 years, HbA1c 7.5% to 9.9% (58 to
85 mmol/mol), BMI $85th percentile for age and sex, total daily
insulin dose (TDI) of$0.8U/kg/d, and frequency of self-monitoring
of blood glucose three ormore times per day. FastingC-peptidewas
undetectable in 26 participants, ,0.3 nmol/L in an additional 10
participants, and was equal to 1 nmol/L in one participant.

Treatment
Each participant was randomly assigned using a computer-

generated sequence to either metformin or placebo with equal
probability using a permuted block design. A central pharmacy
compounded the placebo tomatch the 500-mgmetformin tablets.
Study medication was titrated during 4 weeks up to 1000 mg
twice daily for the remainder of the 3-month treatment period.
Study drug dosage could be titrated at a slower rate and/or
adjusted due to adverse effects per investigator discretion. Cli-
nician judgment was used to adjust insulin doses. Pill counts of
bottles returned by study participants were used to assess com-
pliance. All adverse events were reported regardless of whether
the event was considered treatment-related and coded using the
Medical Dictionary for Regulatory Activities. Reportable severe
hypoglycemia was defined as low blood glucose requiring as-
sistance of another person to administer carbohydrate, glucagon,
or other resuscitative actions to treat altered consciousness.

Follow-up visits
During the first 4 weeks after randomization, participants

received weekly phone calls to adjust study drug and insulin
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dosages, and to assess for adverse events. An interim office visit
was conducted after 6 weeks of study drug therapy.

Study procedures and assessments
At baseline and 12weeks, height, weight, blood pressure, waist

circumference, and TDI/kg of participants were assessed; Tanner
staging was performed at randomization (pubic hair for both
sexes, breasts for girls, genitalia for boys); dual-energy x-ray
absorptiometry scanswere performed to assess body composition.

Participants were admitted to the inpatient clinical trans-
lational research center for 12 hours of overnight monitored
fasting and overnight glucose control. Subcutaneous insulin
was replaced with a variable-rate algorithm-driven overnight IV
insulin infusion to normalize blood sugar concentrations (goal
of 100 mg/dL). The last dose of medication (metformin or
placebo) was given in the hospital, the night prior to the clamp.
The following morning, fasting blood samples to measure
background enrichment and concentrations of glucose and
glycerol were obtained. A bolus of 4.5 mg/kg [6,6-2H2]glucose
(Isotec, Miamisburg, OH) was then given, followed by a
continuous infusion of 0.03 mg/kg/min [6,6-2H2]glucose paired
with a primed (1.6 mmol/kg) then constant (0.11 mmol/kg/min)
infusion of [2H5]glycerol. Following a 2-hour basal phase
during which the overnight insulin infusion was continued to
maintain normoglycemia, a 3-phase (2-hour basal phase, 1.5-
hour 16 mU/m2/min insulin phase, and a 2-hour 80 mU/m2/min
insulin phase) hyperinsulinemic euglycemic clamp was per-
formed (7, 16) to assess adipose, hepatic, and peripheral IR.
Insulin doses were based on ours and others’ (7, 16, 20) pre-
vious experience with insulin requirements in pubertal youth.
Twenty percent dextrose (spiked with [6,6-2H2]glucose) was
titrated to maintain arterialized plasma glucose at ;95 mg/dL,
monitored every 5 minutes at the bedside using the Yellow
Springs Instrument (YSI, Yellow Springs, OH). Glucose in-
fusion rate [GIR; mg/kg/min and mg/kg of fat-free mass (FFM)/
min] was measured based on steady-state glucose values from
the last 30 minutes of the 80 mU/m2/min (highest dose) phase.
During the last 30 minutes of each of the three clamp phases
(basal, 16 mU/m2/min and 80 mU/m2/min), four samples, each
10 minutes apart, were drawn for glucose, glycerol, free fatty
acid (FFA) and insulin concentrations, and glucose and glycerol
tracer enrichments (33).

Indirect calorimetry was performed at the end of each clamp
phase using a metabolic cart system with a hood attachment
for $20 minutes per phase. Carbohydrate oxidation was cal-
culated as 4.55 3 volume CO2 2 3.21 volume O2, and fat
oxidation was calculated as 1.67 3 volume CO2 2 1.67 3
volume O2, with O2 and CO2 in liters per minute (34).

Sample analysis
All tracer samples were analyzed at the University of Col-

orado. Analysis of glycerol and glucose were performed using
gas chromatography–mass spectrometry as described (18, 33,
35). Serum laboratory analyses were performed at a central
laboratory (Northwest Lipid Research Laboratories, University
of Washington, Seattle, WA) for HbA1c (automated glyco-
hemoglobin analyzer HLC-723G8, Tosoh Bioscience, San
Francisco, CA), FFA (Wako Diagnostics, Richmond, VA) on a
RocheModular P autoanalyzer (RocheDiagnostics, Indianapolis,
IN), and insulin concentrations (two-site immune-enzymometric
assay performed on the Tosoh 2000 autoanalyzer (Tosoh
Bioscience).

All isotopic enrichments were corrected for background en-
richments. The glucose and glycerol rate of appearance (Ra), rate
of disappearance (Rd), and metabolic clearance rate (MCR)
during the last 30 minutes of each clamp phase were calcu-
lated using Steele non–steady-state equations, accounting for
“spiked” glucose in the 20% dextrose infusion (18). To describe
changes in Ra across the insulin concentrations of each phase,
the intercept and slope of the log-transformed regression line for
each individual’s data were also used to calculate the predicted
glycerol and glucose Ra at the average insulin concentration
for all participants during the 16 mU/m2/min phase (36).

Outcomes
The primary analysis was treatment group comparison of

mean change in GIR (mg/kg/min) at 13 weeks, adjusted for
baseline GIR using analysis of covariance and an intent-to-treat
approach. Multiple imputation using Rubin’s method, in which
each missing value is imputed multiple times and the resulting
data sets are combined per standard procedures, was used to
impute missing IR outcomes. The primary analysis was re-
peated without imputation and compared with the results using
imputation in a sensitivity analysis.

Statistical analysis
Descriptive statistics are presented as mean 6 SD, median

(Q1, Q3), or frequencies and percentages, as appropriate. For
single time point variables, group comparisons were made
using a x2 or Fisher’s exact test and the t test or Kruskal–Wallis
test.

Repeated-measures mixed models compared outcomes
measured atmultiple time points during the clamp. The repeated-
measures models for glucose and insulin contained terms for
group (type 1 diabetes or control), clamp phase, and the in-
teraction of group and phase. For repeated-measures outcomes
(glucose Ra, glycerol Ra, glycerol, FFAs) potentially impacted by
serum insulin concentrations, insulin was added to themodel and
the Aikaike information criterion, an estimate of model fit to a
particular set of data, was used to test whether a random effect of
insulin should be included (37). The three-way interactions of
group, phase, and insulin were tested for significance, but all two-
way interactions were retained in the models. For glucose Ra,
glycerol Ra, and insulin concentrations, there were two repeat
factors: phase of the clamp (basal, 16 mU/m2/min, and 80 mU/
m2/min phase) and visit (baseline and 13weeks). Nested repeated
mixedmodels were used to assess for significant differences in the
change in glucose Ra and glycerol Ra from baseline to 13 weeks
between treatment groups. To accommodate nested repeated
measures data, a model with a composite Kronecker product
covariance structure, which essentially combines two types of
covariance matrices, accounted for the separate covariance
structures for each repeat factor (phase of clamp, visit).

P values ,0.05 were considered significant for main effects;
P values,0.25 were considered significant for interactions. All
statistical analyses were performed with SAS software, version
9.4 (SAS Institute, Cary, NC).

Results

Thirty-seven youth with type 1 diabetes were ran-
domized to either 3 months of metformin (N 5 19) or
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placebo (N 5 18) in addition to their insulin therapy
(Table 1). Table 2 displays adverse events by treatment
group. Side effects were minimal and were limited to
gastrointestinal symptoms, which did not differ between
groups, and to one episode of diabetic ketoacidosis in
the metformin group. No participants experienced se-
vere hypoglycemia.

The two groupswere similar for age, sex, race/ethnicity,
Tanner stage, weight, lean mass, BMI percentile, BMI z
score, TDI/kg, and GIR (Table 1). At 6 weeks, all par-
ticipants reported taking at least 1500 mg a day in the
metformin group. By 13 weeks, one of the metformin
participants discontinued medication, and a second re-
ported taking only 1000 mg a day. All participants in the
metformin group and 16 of 18 in the placebo group
completed the final visit (Fig. 1).

Baseline clamp assessments
By design, the glucose concentrations throughout the

three clamp phases were similar between groups (Fig. 2A).
The insulin concentrations (Fig. 2B) increased in both
groups with the administration of increasing doses of
insulin and were similar between groups. Owing to the
significant insulin requirements to maintain glycemia
overnight, resulting insulin concentrations at the initial
AM basal phase were similar to those achieved at the
16 mU/m2/min phase.

Glucose Ra (Fig. 3A) in the basal and 16 mU/m2/min
phases was similar, reflecting excess insulin in the basal
period and abnormal incomplete suppression in the
16mU/m2/min phase. Glucose Rawas further suppressed

during the 80mU/m2/min phase in both groups, although
not to 0. Glucose Rd (Fig. 3B) increased as expected
equally during the 80 mU/m2/min phase in both groups.
Nonoxidative glucose disposal increased during the
80 mU/m2/min phase (Fig. 3C) similarly in both treat-
ment groups.

Glycerol (Fig. 4A) and FFA (Fig. 4B) concentrations
were similar but inappropriately incompletely suppressed
between the basal and 16 mU/m2/min phases and sup-
pressed further during the 80mU/m2/min phase. Glycerol
Ra (Fig. 4C) was suppressed at baseline by the insulin
required for overnight glucose control and remained
similarly suppressed at all phases of the clamps.

Posttreatment clamp assessments
Glucose (Fig. 2A) and insulin (Fig. 2B) concentra-

tions after treatment were similar to the values before
treatment. Posttreatment glucose Ra (Fig. 3A) was
again similar but inappropriately incompletely sup-
pressed during the basal and 16 mU/m2/min phase and
was further suppressed during the 80 mU/m2/min phase
in both groups. Posttreatment glycerol (Fig. 5A) and
FFA (Fig. 5B) concentrations were again similar but
inappropriately incompletely suppressed between the
basal and 16 mU/m2/min phases and suppressed further
during the 80 mU/m2/min phase.

Change between groups with intervention
Change in body weight and BMI z score were

significantly different between groups postintervention
(Table 3). The groups were not different postintervention

Table 1. Baseline Characteristics by Treatment Group

Placebo (N 5 18) Metformin (N 5 19)

Age, y 15.5 (2.2) 15.8 (2.1)
Sex: female, n (%) 8 (44) 12 (63)
Race/ethnicity, n (%)
White 13 (72) 16 (84)
Non-Hispanic black 1 (6.3) 1 (5.3)
Hispanic white 3 (18.8) 2 (10.5)
Other 1 (6)

Tanner stage (4 or 5), n (%) 15 (81) 17 (91)
Duration of diabetes, y 7.2 6 3.1 6.9 6 3.7
Weight, kg 85.2 6 17.7 86.7 6 17.0
FFM, kg 49.8 6 9.0 49.8 6 9.9
Waist circumference, cm 98.3 6 13.3 97.0 6 13.0
BMI, percentile 96.7 6 2.3 96.3 6 2.5
BMI z score 1.9 6 0.3 1.9 6 0.4
HbA1c, % 8.4 6 1.0 9.2 6 1.1a

HbA1c, mmol/mol 68.3 6 8.6 77 6 9.7a

TDI/kg 1.03 (0.87, 1.16) 1.03 (0.91, 1.31)
Steady-state GIR, corrected for serum glucose, mg/kg/min 5.0 6 2.5 4.8 6 2.8

Data are shown as mean 6 SD or median (25th percentile, 75th percentile).
aP , 0.05 to 0.01.
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regarding change in FFM, BMI percentile, waist
circumference, HbA1c, or TDI/kg. Change in tissue-
specific insulin sensitivity with each treatment is
shown in Fig. 4. Between-group difference in change
in the primary outcome of whole-body insulin sensitivity
during the 80 mU/m2/min phase, expressed as GIR ad-
justed for baseline GIR, sex, and random center effects,
was significant and favored the metformin group [1.3
(0.1, 2.4) mg/kg/min, P 5 0.03) at 3 months (Fig. 4A).
Results remained significant when GIR was expressed
per kilogram of FFM [2.3 (0.03, 4.2), P5 0.02] (Fig. 4B).
Change in related glucose Rd during the 80 mU/m2/min
phase did not significantly favor metformin post-
medication intervention, but the change in glucose MCR
from the 80 mU/m2/min phase was 0.923 (20.002,
1.867) dL/kg/min (P 5 0.05, Fig. 4D) and favored
metformin. The posttreatment change in glucose Ra
during the 16 mU/m2/min phase representing hepatic
insulin sensitivity (Fig. 4E) was not significantly different
between groups (P 5 0.12). The change in glycerol Ra
(Fig. 2F), representing adipose insulin sensitivity, was not
different (P 5 0.69).

Table 4 shows the results of the repeated-measures
mixed models for glucose and glycerol Ra. The least-
squares estimate is the estimated difference between
groups in the change in the outcome from baseline to
week 13, at the overall group mean insulin concentration
during each phase. There were no significant differences
between the groups in either the change in glycerol Ra or
glucose Ra during any of the stages postintervention.

Discussion

Wepreviously established that IR is present in themuscle,
liver, and adipose tissue in adolescents with type 1

diabetes (19). We also previously reported in a large
cohort of youth who were overweight/obese with type 1
diabetes that despite no change in HbA1c, 6 months of
adjunctive metformin decreased BMI, adiposity, and
TDI/kg, suggesting improved insulin sensitivity. We now
demonstrate in a subgroup of the same study, utilizing
gold-standard measures of tissue-specific insulin sensi-
tivity, the novel finding that 3 months of metformin
significantly improved whole-body and related periph-
eral insulin sensitivity in youth who were overweight/
obese with type 1 diabetes. We also now show, to
our knowledge for the first time, that metformin does
not significantly improve the abnormal failure of sup-
pression of EGP in this population. Although not di-
rectly compared in the same study, we also report a
greater degree of muscle IR in youth who were
overweight/obese with type 1 diabetes than that pre-
viously reported in normal-weight youth with type
1 diabetes, yet a similar degree of hepatic IR (16, 19).
Furthermore, owing to high insulin requirements to
control overnight glycemia, adipose IR was unable to be
fully assessed by traditional methods in the adolescent
population with obesity with type 1 diabetes, as fasting
glycerol Ra was suppressed.

Most metformin studies in individuals with type 1
diabetes, including two pediatric studies (31, 32) and a
Cochrane Systematic Review (38), found that metformin
decreases TDI and BMI with no improvement in HbA1c,
suggesting improved insulin sensitivity. A smaller study
in Swedish adolescents found a significant improvement
in whole-body IRwithin 11 participants in the metformin
group (39). However, this study used a lower insulin
clamp dose than typical for adolescents and a brief in-
sulin infusion, lacked overnight glucose control, was not
powered to compare effects between metformin and

Table 2. Adverse Events Separated by Treatment Group

Placebo (N 5 18) Metformin (N 5 19)

Total no. of adverse events reported 12 8
Total no. of serious adverse events reported 2 1
Total no. of hospitalizations 4 3
Proportion reporting at least one adverse event, no. [% (95% CI)] 7 [39 (14–64)] 8 [42 (18–67)]
Proportion reporting at least one serious adverse event, no. [% (95% CI)] 1 [6 (,1–17)] 1 [5 (,1–16)]
Proportion with adverse event related to treatment, no. [% (95% CI)] 3 [17 (,1–36)] 3 [16 (,1–34)]
Severe hypoglycemia
Subjects with at least one event, no. [% (95% CI)] 0 0

Diabetic ketoacidosis
Subjects with at least one event, no. [% (95% CI)] 0 1 [5 (,1–16)]

Gastrointestinal events
Subjects with at least one event, no. [% (95% CI)] 5 [28 (5–51)] 5 [26 (5–48)]

Liver enzymes, % (95% CI)
ALT, % .1.5-fold upper limit of normal 0 0

Serum creatinine, % (95% CI)
Proportion above upper limit of normal 0 0

Lactic acidosis, % (95% CI)
Proportion with detected lactic acidosis 0 0
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placebo and did not focus on participants who were
overweight/obese (39). Our data now demonstrate that
metformin improves whole-body IR in adolescents who
are overweight/obese with type 1 diabetes and adds the
novel finding of specifically improving peripheral IR in
this population.

Altered muscle mitochondrial function, pubertal
hormones, and unknown factors unique to type 1 di-
abetes, confounded by obesity and obesity-related hor-
mones, likely play a role in the significant peripheral
IR found in our participants (16, 19). We previously
demonstrated decreased repletion of ATP from ADP

following exercise in normal-weight youth with diabetes,
and this mitochondrial dysfunction related to periph-
eral IR (17). Pubertal changes in growth hormone and
sex steroids also contribute to the unique IR seen in ad-
olescents (40). Whereas more extreme hyperglycemia
typical in historic diabetes therapy related to IR, we
showed that in an HbA1c range more consistent with
modern therapies, similar to the youth now presented,
hyperglycemia did not explain thewhole-body IR (20, 41).
Alternations in blood flow, insulin diffusion across
blood vessels and epithelial layers, elevated FFAs from
adipose IR, and nonphysiologic mode of insulin delivery

Figure 1. Consort diagram. Participant visit and call follow up after randomization is shown above.
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are other likely contributors (42). Obesity is also a well-
established cause of peripheral IR and likely worsens the
IR of type 1 diabetes, potentially secondary to excess
influx of FFAs, adipose-related inflammatory cytokines,
and hormones such as leptin (19, 42). Further research
is needed to completely understand peripheral IR in type
1 diabetes.

The cause of persistent EGP during hyperinsulinemia
in adolescents with type 1 diabetes is likely multifactorial
and potentially related to hepatic IR, lack of portal in-
sulin delivery secondary to peripheral insulin adminis-
tration, insulin omission, and/or altered a-cell function/
glucagon release. Normally significant hepatic extraction
of secreted insulin occurs via the portal circulation and
likely meditates EGP prior to entering the peripheral
circulation, but this process is bypassed with peripheral
delivery of insulin (43, 44). Furthermore, glucagon

secretion is altered in type 1 diabetes, likely secondary to
lack of paracrine effects of secreted insulin and primary
loss of a-cells (43, 44), and may contribute to persistent
hepatic EGP. Alterations in pancreatic and hepatic in-
sulin delivery due to decreased pancreatic and/or portal
blood flow may also impact EGP (45). Thus, multiple
factors might explain why EGP was similarly not sup-
pressed by peripheral hyperinsulinemia between pre-
viously published normal weight youth and our current
cohort of youth who were overweight, and was not af-
fected by metformin therapy.

In youth who were overweight/obese with type 1 di-
abetes, we were unable to show whether metformin
therapy improved adipose IR. Although we were not able
to fully model suppression of lipolysis with glycerol Ra as
discussed below, neither glycerol nor FFA concentrations
decreased following metformin therapy during any phase

Figure 2. Glucose and insulin concentrations during each phase of the clamp. Glucose (A) and insulin (B) concentrations are shown. The
placebo-treated groups are shown on the left, and the metformin treated-group is shown on the right, with pretreatment in gray and
posttreatment in white. Data are shown from each phase of the clamp (basal, 16 mIU/m2/min, and 80 mIU/m2/min). Box plots are 25th to 75th
percentile, with the group mean as the dark line and outliers shown as circles.
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of clamp. Previous work in normal weight youth and
adults with type 1 diabetes indicate significant adipose IR
when studied with a similar protocol, and lack of full
suppression of glycerol and FFAs during the 16 mU/

m2/min phase in the current study indicates that adipose
IR is also present in members of our population who are
overweight/obese (19, 35). Unlike participants without
diabetes, adults with type 1 diabetes lacked a relationship

Figure 3. Glucose-related measures during the clamp, before and after intervention. Rates of glucose Ra (A), glucose (B), and glucose
nonoxidative disposal (NOD) (C) are shown. The placebo-treated groups are shown on the left, and the metformin-treated group is shown on
the right, with pretreatment in gray and posttreatment in white. Data are shown from each phase of the clamp (basal, 16 mIU/m2/min, and 80 mIU/
m2/min). Box plots are 25th to 75th percentile, with the group mean as the dark line and outliers shown as circles.
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between palmitoleic acid and IR, indicating that mech-
anisms of adipose IR in type 1 diabetes may be unique
(35). Adipose IR in type 1 diabetes requires further in-
vestigation, including local tissue effects.

Owing to the extreme peripheral IR in our adolescent
population with obesity and type 1 diabetes, perfor-
mance of clamp studies to assess hepatic and adipose IR
were challenging. For the assessment of adipose IR,

glycerol and FFA concentrations were already partially
suppressed during the basal phase. Compared with
normal-weight youth or adults with type 1 diabetes who
underwent protocols similar to our current study, basal
glycerol and FFA concentrations were lower in our those
who were overweight/obese with type 1 diabetes (18, 19,
35). Similarly, glycerol Ra was already suppressed in the
basal state in those who were overweight/obese, a finding

Figure 4. Change in clamp measures of insulin sensitivity. The change in each measure of insulin sensitivity from baseline to 13 weeks for the
placebo or metformin treatment group are shown above. GIR (A) and GIR per FFM (B) representing whole-body sensitivity were different
between groups after treatment. Peripheral insulin sensitivity from the 80 mU/m2/min phase, represented as change in glucose Rd (C), was not
different between groups, whereas glucose MCR (D), which controls for serum glucose, trended to be different. There was no difference in
change in glucose Ra (E) during the 16 mU/m2/min phase, representing endogenous glucose production, nor glycerol Ra (F) during the 10 mU/
m2/min phase, representing lipolysis. Data are means and standard errors of the means.
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not present in our normal-weight type 1 group (19),
indicating that the high overnight insulin requirements
suppressed lipolysis before starting the clamp. These
findings suggest that the reduction in peripheral insulin

sensitivity that occurs when overweight/obesity is super-
imposed on adolescent type 1 diabetes is extreme, mak-
ing traditional adipose IR methods uninterpretable. In
contrast, the basal glucose Ra in members of our

Figure 5. Lipid-related measures during the clamp and before and after intervention. Serum glycerol concentrations (A), FFA concentrations (B),
and glycerol Ra (C) are shown. The placebo-treated groups are shown on the left, and the metformin-treated group is shown on the right, with
pretreatment in gray and posttreatment in white. Data are shown from each phase of the clamp (basal, 16 mIU/m2/min, and 80 mIU/m2/min).
Box plots are 25th to 75th percentile, with the group mean as the dark line and outliers shown as circles.
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population who were overweight/obese with type 1
diabetes was similar to our previous normal-weight
population, indicating that overweight/obesity did not
worsen the already existing hepatic IR in type 1 di-
abetes (19).

In normal-weight youth with type 1 diabetes, we were
previously able to perform a four-phase insulin clamp
that included a 10 mU/m2/min phase between the
basal and 16 mU/m2/min phase (basal, 10, 16, and
80 mU/m2/min) (19). This sequence allowed initially
measurable glycerol and glucose Ra without rising gly-
cemia, followed by an eventual response to increasing
insulin doses, but markedly reduced insulin responses
compared with nondiabetic controls. Similarly, the
CACTI study in adults with type 1 diabetes success-
fully employed even lower insulin doses (basal, 4, 8, and
40mU/m2/min) than required in normal-weight adolescents
without hyperglycemia (18). However, in our adoles-
cents with obesity with type 1 diabetes, it was challenging
to maintain normoglycemia (;95 mg/dL) even during
the 16 mU/m2/min phase, as some participants had
rising blood glucose despite no infused dextrose at this
dose. Thus, using a lower insulin dose in this patient
population was not feasible. Another approach would
be an FFA tracer such as palmitate. However, there are
inherent limitations with FFA tracers due to FFA
recycling, as well as sterility and tolerability limitations

in youth. Another approach would be allowing higher
target blood sugars during the clamp, but this would
introduce confounders, including renal glucose losses
and noninsulin-mediated glucose disposal, among
others. Further work is therefore needed to develop novel
methods for assessing adipose IR in people with severe IR
in other tissues such as our population.

The mechanisms of action of metformin are not fully
understood, but its impacts on hepatic IR are typically
thought to be primary. Metformin is thought to lower
adenosine monophosphate, decrease gluconeogenesis,
and inhibit the effect of glucagon (46). A systematic
review of 19 clinical studies investigating metformin’s
effect on endogenous glucose production in adults with
type 2 diabetes used similar methodology as the current
study (47). Results indicated that metformin primarily
improved hepatic IR by enhancing insulin suppression
of EGP and fasting plasma glucose clearance in this
population. To a lesser degree, metformin increased
insulin-stimulated glucose utilization; however, the es-
timated treatment-induced change in insulin-stimulated
glucose utilization did not meet statistical significance
in the pooled placebo-controlled studies. Our study
population differs, as we performed investigations in
adolescents with type 1 diabetes. Whole-body insulin
sensitivity is known to be significantly lower in youth vs
adults (48), including youth with type 1 diabetes (16, 19),

Table 3. Change in Clinical Variables With Treatment From Baseline to Study End (3 mo)

Placebo (N 5 16) Metformin (N 5 19) Unadjusted P Value Adjusted P Value

Change in weight, kg 1.1 6 1.8 20.7 6 2.6 0.025a 0.030a

Change in FFM, kg 1.3 6 2.2 0.13 6 1.2 0.085 0.386
Change in BMI percentile 0.09 6 0.88 20.20 6 0.88 0.343 0.252
Change in BMI z score 0.02 6 0.08 20.04 6 0.10 0.082 0.041a

Change in waist circumference, cm 20.31 6 7.2 21.03 6 6.6 0.775 0.860
Change in HbA1c, % 0.37 6 0.59 0.15 6 1.24 0.512 0.562
Change in HbA1c, mol/mmol 2.9 6 4.1 1.4 6 11.2
Change in TDI/kg 20.05 6 0.16 20.06 6 0.32 0.934 0.917

Data are shown as mean 6 SD. Data are adjusted for baseline values, sex, and random center effects.
aP , 0.05–0.01.

Table 4. Results of Repeated-Measures Models for Glucose and Glycerol Ra

Estimate P Value

Glucose Ra
Basal phase; mean insulin concentration 30 IU/mL 20.295 6 0.321 0.36
Phase 16 mU/m2/min; mean insulin concentration 30 IU/mL 0.146 6 0.256 0.57
Phase 80 mU/m2/min; mean insulin concentration 149 IU/mL 0.053 6 0.373 0.89

Glycerol Ra
Basal phase; mean insulin concentration 30 IU/mL 0.435 6 1.728 0.80
Phase 16 mU/m2/min; mean insulin concentration 30 IU/mL 21.013 6 1.598 0.53
Phase 80 mU/m2/min; mean insulin concentration 149 IU/mL 20.272 6 1.072 0.81

For each measurement, data shown are metformin vs placebo and the change from baseline to 13 wks.
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and, as a result, insulin requirements are dramatically
higher than in adults (42). The phenotype of IR in type 1
diabetes is also unique from type 2 diabetes, as many
people with type 1 diabetes lack metabolic syndrome
components despite being insulin resistant (7), which
also may explain the different responses seen to met-
formin in our study vs those on type 2 diabetes.
Moreover, the basal insulin delivery required to achieve
fasting euglycemia was greater than expected in our
population, and it may have limited our ability to assess
some aspects of IR.

Our study has several strengths. First, to our
knowledge, it was the first multicenter, double-blind,
randomized control trial of metformin in youth who
were overweight/obese with type 1 diabetes with insulin
sensitivity assessed using isotope tracers and amultiphase
clamp. All of the sites included investigators and phar-
macists who were trained in the performance of pediatric
hyperinsulinemic clamps with tracers using standardized
protocols to limit site-to-site variation, and overnight
glucose control was performed with a centralized algo-
rithm. The multicenter nature also allowed for greater
geographic diversity. The overall reported adherence to
medication and study procedures was excellent for a
clinical trial, with a low dropout or discontinuation rate.
Additionally, all isotope samples were processed in one
central laboratory and all clinical laboratory assays were
performed at a central laboratory.

The major limitation of our study was the relatively
small sample size, which did not allow us to examine the
effect of sex, ethnicity, or different home insulin regi-
mens. A few of the secondary study measures, such as
change in GDR, are close to significance, suggesting a
possible type 2 error due to smaller sample size. Fur-
thermore, the inclusion criteria were fairly strict in terms
of HbA1c and weight, which may limit the generaliz-
ability of the results to a broader type 1 diabetes pop-
ulation. Moreover, the basal insulin requirements to
control glycemia were so high in members of this
population who were overweight/obese that the basal
(overnight) insulin infusions were elevated enough to
suppress glycerol and FFAs as discussed. Whereas im-
provement of insulin sensitivity was found at 13 weeks of
metformin therapy, longer studies in adults indicate that
metformin adherence wanes over time with a 26% dis-
continuation rate, which may limit the utility of this
therapy, and thus longer-term studies are needed (15).

In summary, we demonstrated that the addition of
metformin to insulin therapy in youth who were over-
weight or obese with type 1 diabetes improves whole-
body and specifically peripheral muscle IR during a
13-week period. However, alternative approaches are
likely needed to target the hepatic IR of youth who are

overweight/obese with type 1 diabetes. Moreover, new
method development is needed in this population to
assess adipose IR. Improvements in IR during metfor-
min therapy have been tied to improvements in CVD
risk markers in adults and youth with type 1 diabetes
(15, 49). Further work is now needed to determine
whether this modified risk translates to long-term im-
provements in morbidity and mortality to warrant
widespread use of metformin in youth who are obese
with type 1 diabetes.
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