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Comparison of the Effects of Pioglitazone and Metformin
on Hepatic and Extra-Hepatic Insulin Action in People
With Type 2 Diabetes
Rita Basu,1 Pankaj Shah,2 Ananda Basu,1 Barbara Norby,1 Betty Dicke,1 Visvanathan Chandramouli,3
Ohad Cohen,4 Bernard R. Landau,3 and Robert A. Rizza1

OBJECTIVE—To determine mechanisms by which pioglitazone
and metformin effect hepatic and extra-hepatic insulin action.

RESULTS—Glucose was clamped before and after therapy at
⬃5 mmol/l, insulin raised to ⬃180 pmol/l, C-peptide suppressed
with somatostatin, glucagon replaced at ⬃75 pg/ml, and glycerol
maintained at ⬃200 mmol/l to ensure comparable and equal
portal concentrations on all occasions. Insulin-induced stimulation of glucose disappearance did not differ before and after
treatment with either pioglitazone (23 ⫾ 3 vs. 24 ⫾ 2 mol 䡠 kg⫺1
䡠 min⫺1) or metformin (22 ⫾ 2 vs. 24 ⫾ 3 mol 䡠 kg⫺1 䡠 min⫺1). In
contrast, pioglitazone enhanced (P ⬍ 0.01) insulin-induced suppression of both glucose production (6.0 ⫾ 1.0 vs. 0.2 ⫾ 1.6 mol
䡠 kg⫺1 䡠 min⫺1) and gluconeogenesis (n ⫽ 11; 4.5 ⫾ 0.9 vs. 0.8 ⫾
1.2 mol 䡠 kg⫺1 䡠 min⫺1). Metformin did not alter either suppression of glucose production (5.8 ⫾ 1.0 vs. 5.0 ⫾ 0.8 mol 䡠 kg⫺1 䡠
min⫺1) or gluconeogenesis (n ⫽ 9; 3.7 ⫾ 0.8 vs. 2.6 ⫾ 0.7 mol
䡠 kg⫺1 䡠 min⫺1). Insulin-induced suppression of free fatty acids
was greater (P ⬍ 0.05) after treatment with pioglitazone (0.14 ⫾
0.03 vs. 0.06 ⫾ 0.01 mmol/l) but unchanged with metformin
(0.12 ⫾ 0.03 vs. 0.15 ⫾ 0.07 mmol/l).
CONCLUSIONS—Thus, relative to metformin, pioglitazone improves hepatic insulin action in people with type 2 diabetes,
partly by enhancing insulin-induced suppression of gluconeogenesis. On the other hand, both drugs have comparable effects on
insulin-induced stimulation of glucose uptake. Diabetes 57:
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hiazolidinediones and metformin are extensively
used to treat people with type 2 diabetes. Both
are considered to be insulin “sensitizers” (1–5).
However, the mechanism of action of these
drugs remains an area of active investigation. Although it
is commonly stated that thiazolidinediones lower glucose
concentration primarily by increasing glucose uptake and
metformin by decreasing glucose production (1–5), the
data supporting these statements are scarce and often
contradictory. In vitro and animal studies have identified
multiple potential targets for these drugs (6 –12). Both
increase insulin signaling and muscle as well as adipocyte
glucose uptake (6 – 8,11). Both have been shown to modulate the activity of hepatic enzymes, particularly those
involved in the gluconeogenic pathway (9,10,12–16). In
contrast, the results have not always been consistent in
humans (rev. in 17). The effects of metformin have been
particularly variable with some (18 –21) but not all (22–25)
showing an improvement in insulin action. However, because any therapy that lowers glucose concentration (e.g.,
treatment with insulin or sulfonylurea) improves insulin
action (26 –28), it has been difficult to distinguish between
a specific effect of the thiazolidinedione or metformin and
that due to the associated reduction in glucotoxicity in
placebo-controlled trials.
The relative ability of these agents to modulate hepatic
and extra-hepatic insulin action is uncertain because most
studies have compared the effects of a thiazolidinedione or
metformin with that observed during treatment with placebo (14,19,21,26 –31) or before treatment (13,15,16,18)
rather than to one another. To our knowledge, the exception is the recent study by Tiikkainen et al. (32). In this
carefully designed clinical trial, previously untreated subjects with type 2 diabetes were randomly assigned to
receive either rosiglitazone or metformin for 16 weeks.
Hepatic insulin action, when estimated by multiplying
fasting insulin concentration times fasting endogenous
glucose production, comparably improved in both groups
after treatment. On the other hand, when hepatic insulin
action was assessed during a hyperinsulinemic-euglycemic
clamp, suppression of glucose production was greater
after treatment with metformin than treatment with rosiglitazone. However, the insulin concentrations were
higher during the clamp with metformin than with rosiglitazone, thereby confounding interpretation of the data.
In an effort to gain greater insight regarding the mechanism of action of these commonly used therapeutic
agents, hepatic and extra-hepatic insulin action was measured in people with type 2 diabetes using a hyperinsulinemic-euglycemic clamp before and after 4 months of
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RESEARCH DESIGN AND METHODS—Thirty-one subjects
with type 2 diabetes were randomly assigned to pioglitazone (45
mg) or metformin (2,000 mg) for 4 months.

R. BASU AND ASSOCIATES

TABLE 1
Subject characteristics
Pretreatment
Subjects
Age (years)
Weight (kg)
BMI (kg/m2)
Lean body mass (kg)
Body fat (%)
Visceral fat (cm2)
Fasting glucose (mg/dl)
A1C

Pioglitazone
Post-treatment

7F/9M
56 ⫾ 3
93.5 ⫾ 3.9
32.3 ⫾ 1.5
52.9 ⫾ 2.4
37.9 ⫾ 2.1
212 ⫾ 21
157 ⫾ 10
6.5 ⫾ 0.2

—
57 ⫾ 3
97.6 ⫾ 4.5*
33.8 ⫾ 1.7
53.4 ⫾ 2.2
40.0 ⫾ 2.1*
225 ⫾ 19
140 ⫾ 13
6.2 ⫾ 0.2

Metformin
Pretreatment

Post-treatment

8F/7M
60 ⫾ 2
93.5 ⫾ 4.4
31.7 ⫾ 1.3
52.4 ⫾ 3.4
37.9 ⫾ 2.3
213 ⫾ 24
148 ⫾ 12
6.3 ⫾ 0.2

—
60 ⫾ 2
94.1 ⫾ 4.3
32.0 ⫾ 1.3
53.0 ⫾ 3.3
38.7 ⫾ 2.4
220 ⫾ 25
146 ⫾ 10
7.0 ⫾ 0.3*

*P ⬍ 0.05 pretreatment vs. post-treatment.

RESEARCH DESIGN AND METHODS
After approval from the Mayo Institutional Review Board, 31 subjects with
type 2 diabetes gave informed written consent to participate in the study. All
subjects were in good health and at a stable weight. None regularly engaged
in vigorous physical exercise. After completion of the pretreatment study,
subjects were randomly assigned (double-blind, double-placebo controlled) to
receive either pioglitazone (45 mg daily) or metformin (1,000 mg twice daily)
for 4 months. Of the 16 subjects in the pioglitazone group, 12 had been
previously treated with metformin alone, 1 with sulfonylurea alone, 2 with a
combination of metformin and sulfonylurea, and 1 with diet alone. Of the 15
subjects in the metformin group, 12 had been previously treated with
metformin alone, 1 with sulfonylurea alone, and 2 with combination of
metformin and sulfonylurea. Oral hypoglycemic medications were discontinued at least 10 days before the pretreatment study visit. After randomization,
pioglitazone was started at 30 mg daily for the 1st week and then increased to
45-mg dose at the end of the 1st week. Metformin was started at 500 mg once
daily and then increased in increments of 500 mg/week to a maximum dose of
2,000 mg within 4 weeks. Subjects continued to receive the pioglitazone or
metformin during the post-treatment study, i.e., study drugs were not discontinued during the evening before and morning of study, and each subject took
their regular and study medications as prescribed. Subjects on stable doses of
thyroxine, estrogen replacement therapy, 3-hydroxy-3-methylglutaryl coenzyme A reductase inhibitors, and metabolically neutral antihypertensive
medication (low-dose thiazide, calcium channel blockers, or losartan) continued these medicines during the study.
All subjects were instructed to follow a weight maintenance diet containing
55% carbohydrate, 30% fat, and 15% protein for at least 3 days before the day
of study. Subjects were admitted to the Mayo Clinic Clinical Research Unit at
1700 h on the evening before the study. A standard 10 cal/kg meal (55%
carbohydrate, 30% fat, and 15% protein) was eaten between 1730 and 1800 h.
After sampling blood for baseline enrichment, 1.67 2H2O/kg weight of body
water was given in three divided doses at 1800, 2000, and 2200 h. Small sips of
water (containing 2H2O) were permitted on request. After the meal, an
18-gauge catheter was inserted into a forearm vein and an infusion of insulin
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was started (100 units regular human insulin in 1 l 0.9% saline containing 5 ml
25% human albumin). The insulin infusion rate was adjusted to maintain
glucose concentrations at ⬃5 mmol/l during the night (33).
An infusion of glycerol was started at 0600 h in amounts equal to that given
as part of a separate protocol in which subjects also were infused with
Intralipid. A primed (fasting glucose in millimoles per liter divided by 5.5
mmol/l ⫻ 12 Ci) continuous (0.12 Ci/min) infusion of [3-3H]glucose (Perkin
Elmer, Boston, MA) at 0700 h and infusions of insulin (0.6 mU 䡠 kg⫺1 䡠 min⫺1),
somatostatin (60 ng 䡠 kg⫺1 䡠 min⫺1), growth hormone (3 ng 䡠 kg⫺1 䡠 min⫺1), and
glucagon (0.65 ng 䡠 kg⫺1 䡠 min⫺1) were started at 1000 h (time 0 min). An
infusion of [9,11,12,12-2H4]cortisol also was started at 0600 h as part of a
separate protocol. Beginning at 0930 h, glucose was infused in amounts
sufficient to maintain plasma glucose concentrations at ⬃5 mmol/l. All infused
glucose contained [3-3H]glucose to minimize the change in plasma glucose
specific activity. In addition, the rate of the “basal” [3-3H]glucose infusion was
varied to mimic the anticipated changes in endogenous glucose production.
Analytical techniques. Blood samples were collected in prechilled syringes
and dispensed into prechilled tubes. Samples for free fatty acids were
collected in tubes containing 50 l of Paraoxon (diethyl-p-nitrophenylphophate) (Sigma Chemicals, St Louis, MO) diluted to 0.04% in diethyl ether to
prevent ex vivo lipolysis. Samples were placed in ice, centrifuged at 4°C, and
separated. All other samples were stored at ⫺20°C until analysis. Plasma
glucose was measured by a glucose oxidase method using a glucose analyzer
(YSI, Yellow Springs, OH). Plasma insulin was measured using a chemiluminescence method with the Access Ultrasensitive Immunoenzymatic assay
system (Beckman, Chaska, MN). C-peptide and glucagon concentrations were
assayed by radioimmunoassay (Linco Research, St. Louis, MO). [3-3H]glucose
specific activity was measured by liquid scintillation counting as previously
described. Plasma glycerol and free fatty acid concentrations were measured
by a modified microfluorometric enzymatic method (34) using the Cobas,
MIRA analyzer (Roche). Enrichment of deuterium on the second and fifth
carbons of plasma glucose was measured as previously described (35). Body
composition (including fat-free mass, total fat mass, and visceral fat mass)
was measured using dual energy X-ray absorptiometry (DPX scanner, Lunar,
Madison, WI) combined with a computerized tomograph scan at the level of
L2/L3 as previously described (36). Velocity sedimentation/gel filtration chromatography was used for separation of adiponectin complexes using a human
adiponectin radioimmunoassay kit (Linco) in eight subjects in the pioglitazone
group and eight subjects in the metformin group.
Calculations. Rates are expressed in the figures and text as micromoles per
kilogram lean body mass per minute. Basal and clamp responses were
assessed by taking the mean of the values present from ⫺30 to 0 min and from
270 to 300 min, respectively. Glucose appearance and disappearance were
calculated using the steady-state equations of Steele et al. (37). Endogenous
glucose production during the clamp was calculated by subtracting the
exogenous glucose infusion rate from the total glucose appearance rate. The
rate of gluconeogenesis was calculated by multiplying the plasma ratio of C5
and C2 glucose enrichments times endogenous glucose production (38).
Glycogenolysis was calculated by subtracting the rate of gluconeogenesis
from endogenous glucose production. Rates of gluconeogenesis and glycogenolysis could be measured in 20 of the 31 subjects (n ⫽ 11 in the
pioglitazone group and 9 in the metformin group). Rates could not be
measured in the other subjects because of high baseline C5 enrichment.
Statistical analysis. Data in the text and figures are expressed as means ⫾
SE. Student’s paired t test was used to determine whether values were
different before and after treatment. A P value of ⬍0.05 was considered as
statistically significant.
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treatment with either pioglitazone or metformin. We specifically sought to test the hypothesis that in the presence
of physiological insulin concentrations, suppression of
endogenous glucose production is greater after treatment
with a thiazolidinediones than after treatment with metformin. To accurately assess hepatic insulin action, insulin
was raised to concentrations that in the absence of treatment with a sensitizer are known to result in submaximal
suppression of endogenous glucose production (32). Cpeptide was suppressed with somatostatin, glucagon replaced at ⬃75 pg/ml, and glycerol maintained at ⬃200
mmol/l to insure comparable and equal portal concentrations on all occasions. Gluconeogenesis and glycogenolysis were measured using the deuterated water method. We
report that, whereas pioglitazone and metformin have
comparable effects on insulin-induced stimulation of glucose uptake, pioglitazone improved hepatic insulin action
at least in part by enhancing insulin-induced suppression
of gluconeogenesis.

PIOGLITAZONE COMPARED WITH METFORMIN

RESULTS

Patient characteristics. Patient characteristics are provide in Table 1. Age, sex, BMI, lean body mass, percent
body fat, and visceral fat did not differ between groups
before treatment. Body weight and percent body fat were
slightly higher (P ⬍ 0.05) with pioglitazone but remained
unchanged with metformin. A1C did not differ before
therapy and did not change during treatment with pioglitazone. However, A1C increased (P ⬍ 0.05) slightly during
treatment with metformin.
Glucose, insulin, C-peptide, and glucagon concentrations. Glucose concentrations before and during the final
30 min of the clamp did not differ before or during
treatment in either the pioglitazone or metformin groups
(Fig. 1).
The insulin infusion rates required to maintain euglycemia during the final hour before the clamp were slightly
but not significantly lower after treatment with either
metformin (1.7 ⫾ 0.3 vs. 1.2 ⫾ 0.3 units/h) or pioglitazone
(1.9 ⫾ 0.3 vs. 1.2 ⫾ 0.3 units/h). Although fasting insulin
concentrations after the overnight exogenous insulin infusion also tended to decrease after treatment with either
pioglitazone (143 ⫾ 27 vs. 94 ⫾ 21 pmol/l) or metformin
(136 ⫾ 22 vs. 97 ⫾ 18 pmol/l), neither change was
statistically significant. Plasma insulin concentrations during the final 30 min of the clamp did not differ before and
during treatment with either pioglitazone (185 ⫾ 12 vs.
181 ⫾ 9 pmol/l) or metformin (185 ⫾ 10 vs. 178 ⫾ 8
pmol/l).
C-peptide concentrations after the overnight exogenous
insulin infusion did not differ during treatment with either
26

FIG. 2. The intravenous glucose infusion rate required to maintain
target glucose concentrations (top) and plasma [3-3H]glucose specific
activity (bottom) observed in the diabetic subjects both before (E) and
after (F) treatment with pioglitazone and metformin during final 40
min of a baseline period (basal) and a euglycemic-hyperinsulinemic
(clamp) period. Somatostatin, insulin, and replacement infusions of
glucagon and growth hormone were started at time 0.

pioglitazone (0.25 ⫾ 0.03 vs. 0.29 ⫾ 0.03 nmol/l) or
metformin (0.18 ⫾ 0.03 vs. 0.21 ⫾ 0.03 nmol/l). Somatostatin resulted in comparable and near-complete suppression
of C-peptide secretion on all occasions.
Plasma glucagon concentrations after the overnight
exogenous insulin infusion did not differ before and during
treatment with pioglitazone (80 ⫾ 4 vs. 86 ⫾ 6 pg/ml) but
were higher (P ⬍ 0.01) during treatment with metformin
(63 ⫾ 4 vs. 95 ⫾ 9 pg/ml). On the other hand, plasma
glucagon concentrations during the final 30 min of the
clamp did not differ before and during treatment with
either pioglitazone (79 ⫾ 5 vs. 74 ⫾ 3 pg/ml) or metformin
(68 ⫾ 3 vs. 76 ⫾ 4 pg/ml).
Glucose infusion rate required to maintain euglycemia, glucose specific activity. Compared with pretreatment, the glucose infusion rate required to maintain
euglycemia increased (P ⬍ 0.01) during treatment with
pioglitazone (16.7 ⫾ 3.2 vs. 24.1 ⫾ 3.0 mol 䡠 kg⫺1 䡠 min⫺1)
but did not differ during treatment with metformin (16.4 ⫾
3.2 vs. 18.9 ⫾ 3.0 mol 䡠 kg⫺1 䡠 min⫺1) (Fig. 2). Glucose
specific activity remained constant before and during the
clamp both before and after treatment with either pioglitazone or metformin, thereby permitting accurate measurements of glucose turnover.
Endogenous glucose production and glucose disappearance. Endogenous glucose production before the
clamp did not differ before and during treatment with
either pioglitazone (15.8 ⫾ 0.6 vs. 16.1 ⫾ 0.6 mol 䡠 kg⫺1 䡠
min⫺1) or metformin (17.2 ⫾ 0.7 vs. 17.6 ⫾ 1.1 mol 䡠 kg⫺1
䡠 min⫺1) (Fig. 3). Suppression of endogenous glucose
production during the final 30 min of the clamp was
DIABETES, VOL. 57, JANUARY 2008
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FIG. 1. Plasma glucose, insulin, C-peptide, and glucagon concentrations
observed before and during infusion of somatostatin in diabetic subjects both before and after treatment with pioglitazone and metformin.
Somatostatin and replacement infusions of glucagon and growth hormone were started at time 0.
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greater (P ⬍ 0.001) during treatment with pioglitazone
(6.0 ⫾ 1.0 vs. 0.2 ⫾ 1.6 mol 䡠 kg⫺1 䡠 min⫺1) but did not
differ during treatment with metformin (5.8 ⫾ 1.0 vs. 5.0 ⫾
0.8 mol 䡠 kg⫺1 䡠 min⫺1).
Glucose disappearance before the clamp did not differ
before and during treatment with either pioglitazone
(15.8 ⫾ 0.6 vs. 16.1 ⫾ 0.6 mol 䡠 kg⫺1 䡠 min⫺1) or
metformin (17.2 ⫾ 0.7 vs. 17.6 ⫾ 1.1 mol 䡠 kg⫺1 䡠 min⫺1).
Glucose disappearance during the final 30 min of the
clamp also did not differ before and during treatment with
either pioglitazone (22.8 ⫾ 2.8 vs. 24.4 ⫾ 1.8 mol 䡠 kg⫺1 䡠
min⫺1) or metformin (22.2 ⫾ 2.5 vs. 23.8 ⫾ 2.8 mol 䡠 kg⫺1
䡠 min⫺1).
Gluconeogenesis and glycogenolysis. Gluconeogenesis
before the clamp did not differ before and during treatment with either pioglitazone (10.6 ⫾ 0.5 vs. 11.1 ⫾ 0.7
mol 䡠 kg⫺1 䡠 min⫺1) or metformin (9.8 ⫾ 0.7 vs. 10.3 ⫾ 0.9
mol 䡠 kg⫺1 䡠 min⫺1) (Fig. 4). On the other hand, gluconeogenesis during the final 30 min of the clamp was lower (P ⬍
0.01) during than before treatment with pioglitazone (4.5 ⫾
0.9 vs. 0.8 ⫾ 1.2 mol 䡠 kg⫺1 䡠 min⫺1) but did not differ during
treatment with metformin (3.7 ⫾ 0.8 vs. 2.6 ⫾ 0.7 mol 䡠 kg⫺1
䡠 min⫺1). Glycogenolysis did not differ before the clamp
before and during treatment with pioglitazone (6.3 ⫾ 0.5 vs.
6.3 ⫾ 0.4 mol 䡠 kg⫺1 䡠 min⫺1) or metformin (7.6 ⫾ 0.7 vs.
7.0 ⫾ 0.7 mol 䡠 kg⫺1 䡠 min⫺1). On the other hand, suppression of glycogenolysis was greater during the final 30 min of
the clamp (P ⬍ 0.01) after treatment with pioglitazone (2.0 ⫾
0.4 vs. ⫺0.3 ⫾ 0.9 mol 䡠 kg⫺1 䡠 min⫺1) but did not differ after
treatment with metformin (2.2 ⫾ 0.5 vs. 1.5 ⫾ 0.4 mol 䡠 kg⫺1
䡠 min⫺1).
DIABETES, VOL. 57, JANUARY 2008

FIG. 5. Free fatty acid concentrations observed in the diabetic subjects
both before (䡺) and after (f) treatment with pioglitazone and metformin during final 30 min of a baseline period (basal) and a euglycemic-hyperinsulinemic (clamp) period. *P < 0.01 vs. pretreatment.
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FIG. 3. Rates of endogenous glucose production (top) and glucose
disappearance (bottom) observed in the diabetic subjects both before
(䡺) and after (f) treatment with pioglitazone (left) and metformin
(right) during final 30 min of a baseline period (basal) and a euglycemic-hyperinsulinemic (clamp) period. *P < 0.001 vs. pretreatment.

FIG. 4. Rates of gluconeogenesis (top) and glycogenolysis (bottom)
observed in the diabetic subjects both before (䡺) and after (f)
treatment with pioglitazone and metformin during final 30 min of a
baseline period (basal) and a euglycemic-hyperinsulinemic (clamp)
period. *P < 0.001 vs. pretreatment.

PIOGLITAZONE COMPARED WITH METFORMIN

Free fatty acid and glycerol concentrations. Plasma
free fatty acid concentrations before the clamp did not
differ before and during treatment with pioglitazone
(0.39 ⫾ 0.05 vs. 0.34 ⫾ 0.05 mmol/l) (Fig. 5). On the other
hand, treatment with pioglitazone resulted in greater (P ⬍
0.05) suppression of plasma free fatty acid concentrations
during the final 30 min of the clamp (0.14 ⫾ 0.03 vs. 0.06 ⫾
0.01 mmol/l). In contrast, plasma free fatty acids during
treatment with metformin were higher (P ⬍ 0.05) before
the clamp (0.26 ⫾ 0.04 vs. 0.47 ⫾ 0.08 mmol/l) but did not
differ during the final 30 min of the clamp (0.12 ⫾ 0.03 vs.
0.15 ⫾ 0.07 mmol/l).
Plasma glycerol concentrations did not differ before or
during the final 30 min of the clamp before or during
treatment with either pioglitazone or metformin.
Total and HMW plasma adiponectin concentrations
Treatment with pioglitazone resulted in an marked increase (P ⬍ 0.01) in both total and high molecular weight
(HMW) plasma adiponectin concentrations (Fig. 6). In
contrast, neither total nor HMW plasma adiponectin concentrations changed after treatment with metformin.
DISCUSSION

Thiazolidinediones and metformin both are considered
insulin “sensitizers” (1–5). The present data indicate that
when compared with one another, pioglitazone and metformin have equivalent effects on insulin-induced stimulation of glucose uptake assessed at insulin concentrations
that are commonly present under the conditions of daily
living. On the other hand, relative to metformin, pioglitazone increases insulin-induced suppression of endogenous
glucose production at least in part by enhancing suppression of gluconeogenesis.
Multiple studies have shown that thiazolidinediones
28

DIABETES, VOL. 57, JANUARY 2008

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/57/1/24/389505/zdb00108000024.pdf by guest on 03 July 2022

FIG. 6. Total and HMW adiponectin concentrations observed in the
diabetic subjects both before (䡺) and after (f) treatment with pioglitazone and metformin during final 30 min of a baseline period (basal)
and a euglycemic-hyperinsulinemic (clamp) period. *P < 0.01 vs.
pretreatment.

improve hepatic insulin action relative to placebo (6,
16,30,31). The present studies establish that thiazolidinediones also improve hepatic insulin action relative to
metformin. Insulin-induced suppression of glucose production was greater after 4 months of treatment with
pioglitazone but did not differ after 4 months of treatment
with metformin. Glucose production was assessed under
conditions designed to optimize comparison between therapies. Consistent with previous reports (39 – 41), treatment
with metformin increased fasting glucagon concentrations. However, this does not explain the difference in
hepatic insulin sensitivity after treatment with pioglitazone or metformin because endogenous glucagon secretion was inhibited during the clamps with somatostatin.
Insulin was infused at rates anticipated to result in submaximal suppression of glucose production so that differences in hepatic response could be evaluated. This design
resulted in peripheral (and presumably portal) insulin
concentrations during the clamps that were comparable
before and during treatment in both groups. Furthermore,
the gluconeogenic precursor glycerol, infused as part of a
separate protocol evaluating the effects of elevated free
fatty acids on glucose metabolism, was maintained at
comparable concentrations during treatment with pioglitazone or metformin despite differences in plasma free
fatty acid concentrations. Consistent with previous studies, treatment with pioglitazone resulted in both an increase in plasma adiponectin concentration and an
improvement in hepatic insulin action (16,42). In contrast,
treatment with metformin did not alter either plasma
adiponectin concentration (32,43) or hepatic insulin action. These data further support the premise that thiazolidendiones improve insulin action at least in part by
increasing adiponectin concentrations (16).
The observation in the present study that hepatic insulin
action was enhanced after treatment with pioglitazone but
not metformin differs from the report by Tiikkainen et al.
(32) that glucose production was lower and percent suppression greater after treatment with metformin but not
after treatment with rosiglitazone. Although it is possible
that rosiglitazone and pioglitazone have different effects
on hepatic insulin action, we doubt that this is the case.
More likely, the apparent discordance between the conclusions of the two studies is due to the fact that in the
study of Tiikkainen et al. (32), 1) insulin concentrations
were significantly lower on the rosiglitazone than metformin study days, thereby accounting for lesser suppression of glucose production; 2) glucose concentrations
were clamped at hyperglycemic levels (⬃8 mmol/l), making it difficult to distinguish effects of these agents on
glucose effectiveness from those due to changes in insulin
action; and 3) endogenous insulin secretion was not
inhibited, leaving open the possibility that differences in
suppression of glucose production after treatment were
due to differences in portal insulin concentrations rather
than differences in hepatic insulin action. Taken together,
the current data indicate that when measured under the
appropriate conditions (i.e., glucose concentrations
clamped at euglycemic levels with portal insulin and
glucagon concentrations matched), pioglitazone enhances
insulin-induced suppression of glucose production,
whereas metformin does not.
Glucose production equals the sum of glycogenolysis
and gluconeogenesis. Previous studies have shown that
thiazolidinediones and metformin inhibit multiple enzymes in
the gluconeogenic pathway and, when compared with
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in effect was continuation of their current therapy with
metformin versus treatment with pioglitazone. However,
this does not detract from the observation that treatment
with pioglitazone resulted in an improvement in hepatic
insulin action, whereas treatment with metformin did not.
Furthermore, the conclusions were the same when the 24
individuals who had been treated with metformin alone
before study were analyzed as a separate subset. A1C
increased slightly in the metformin group but remained
unchanged in the pioglitazone group. Plasma free fatty
acids also increased. Therefore it is possible that the
deterioration in glycemic control and the associated increase in free fatty acid concentrations blunted the effects
of metformin on insulin action. On the other hand, because
metformin is not known to have a direct effect on insulin
secretion, these changes presumably occurred because
insulin action was lower during treatment with metformin
than with pioglitazone consistent with the results observed during the clamps.
Subjects in the metformin groups were treated with a
maximum of 2,000 mg/day. It is possible that higher doses
of metformin would have improved hepatic insulin action.
However, we doubt whether this would be the case
because the efficacy of metformin appears to plateau at
2,000 mg/day (47). The maximum dose of pioglitazone was
reached within 1 week, whereas the maximum dose of
metformin was not reached until 1 month. We believe that
it is unlikely that the difference in time to maximum dose
affected the conclusions because subjects were on stable
doses of both drugs for 3 months before study. Insulin was
infused during the night to ensure that glucose concentrations were comparable in all groups on all study days,
thereby avoiding the confounding effects of “glucotoxicity” due to differences in glycemic control (48). We only
compared metformin with pioglitazone. We do not know if
the results would have been the same if we used a different
thiazolidinedione (e.g., rosiglitazone) because previous
studies have suggested that the effects of these agents on
blood lipids differ (49). On the other hand, because when
compared with placebo the effects of pioglitazone and
rosiglitazone on insulin action are the same (30,31), we
believe the current data are representative of the response
to the thiazolidinedione class of drugs rather than specific
for pioglitazone.
In summary, in the presence of low physiological insulin
concentrations, insulin-induced stimulation of glucose uptake is comparable during treatment with pioglitazone or
metformin. In contrast, insulin-induced suppression of
glucose production is greater during treatment with pioglitazone than during treatment with metformin, at least in
part, due to enhanced suppression of gluconeogenesis.
Free fatty acids also were lower during the clamp after
treatment with pioglitazone but not after treatment with
metformin, implying that pioglitazone enhances suppression of lipolysis and/or increases FFA clearance. Thus, the
common belief that pioglitazone improves glycemic control in people with type 2 diabetes primarily by increasing
glucose uptake whereas metformin does so by suppressing
glucose production needs to be reexamined.
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placebo, lower gluconeogenesis in humans (9,10,12–
15,42). In the present studies, insulin-induced suppression
of gluconeogenesis and glycogenolysis improved after
treatment with pioglitazone but did not change after
treatment with metformin. The enhanced suppression of
glucose production was accompanied by enhanced insulin-induced suppression of plasma free fatty acid concentration. Because plasma free fatty acids modulate rates of
both gluconeogenesis and glycogenolysis, it is possible
that pioglitazone improved hepatic insulin sensitivity by
enhancing suppression of lipolysis and/or increasing
plasma free fatty acid clearance (44 – 46). However, association or lack thereof does not prove causality. Therefore,
future studies will be required to distinguish between the
direct effects of thiazolidinediones on hepatic insulin
action from those due to their effect in fat metabolism.
Of note, plasma free acid concentrations before the
clamp were higher after than before metformin treatment.
On the other hand, free fatty acid concentrations suppressed to comparable concentrations during the clamp
on both occasions. We have no explanation for the higher
basal free fatty acid concentrations after treatment with
metformin. However, the higher free fatty acid concentrations may explain, at least in part, why basal rates of
glucose production after treatment with metformin did not
differ from those present before treatment despite the fact
that plasma insulin concentrations tended to be lower. In
any case, the current data emphasize the need for further
study of the effects of metformin on free fatty acid
metabolism in people with type 2 diabetes.
Insulin-induced stimulation of glucose uptake did not
differ before and during treatment in either the pioglitazone or metformin groups. This indicates that under the
present experimental conditions (i.e., low physiological
insulin concentrations), both agents had a comparable
effect on extra-hepatic insulin action. Although effects of
metformin on insulin action have been inconsistent (18 –
21), at first glance, the present data may appear at variance
with previous reports that thiazolidinediones increase
insulin-stimulated glucose uptake (16,29,30). However,
whereas an increase in glucose uptake after treatment
with a thiazolidinediones almost always has been observed when assessed in the presence of very high insulin
concentrations, enhanced uptake was not observed in the
same studies when assessed at lower insulin concentrations that still were substantially higher than those used in
the present experiments (16,29,30). The one exception
was the study of Tiikkainen et al. (32) in which an
improvement in insulin-induced stimulation of glucose
uptake after treatment with rosiglitazone was detected at
insulin concentrations similar to those used in the present
experiments (32). However, in those experiments, A1C fell
during treatment with rosiglitazone, so reduced glucotoxicity may have contributed to the improvement in insulin
action. Taken together, these data suggest that in the
presence of low physiological insulin concentrations, the
effects of pioglitazone on hepatic insulin action is likely as
important, if not more important, than the effects of
pioglitazone on extra-hepatic insulin action in the regulation of glucose metabolism.
The present study has certain limitations. Twenty-four
of the 31 subjects were being treated with metformin
before study, reflecting the standard of practice in our
community. Although all glucose-lowering agents were
discontinued at least 10 days before the pretreatment
study, it could be argued that in these subjects, the design
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9. Fulgencio J-P, Kohn C, Girard J, Pégorier J-P: Troglitazone inhibits fatty
acid oxidation and esterification, and gluconeogenesis in isolated hepatocytes from starved rats. Diabetes 45:1556 –1562, 1996
10. Wollen N, Bailey CJ: Inhibition of hepatic gluconeogenesis by metformin:
synergism with insulin. Biochem Pharmacol 37:4353– 4358, 1988
11. Matthaei S, Hamann A, Klein HH, Benecke H, Kreymann G, Flier JS, Greten
H: Association of metformin’s effect to increase insulin-stimulated glucose
transport with potentiation of insulin-induced translocation pool to plasma
membrane in rat adipocytes. Diabetes 40:850 – 857, 1991
12. Zhou G, Myers R, Li Y, Chen Y, Shen X, Fenyk-Melody J, Wu M, Ventre J,
Doebber T, Fujii N, Musi N, Hirshman MF, Goodyear LJ, Moller DE: Role
of AMP-activated protein kinase in mechanism of metformin action. J Clin
Invest 108:1167–1174, 2001
13. Hundal RS, Krssak M, Dufour S, Laurent D, Lebon V, Chandramouli V,
Inzucchi SE, Schumann WC, Petersen KF, Landau BR, Shulman GI:
Mechanism by which metformin reduces glucose production in type 2
diabetes. Diabetes 49:2063–2069, 2000
14. Gastaldelli A, Miyazaki Y, Pettiti M, Santini E, Ciociaro D, DeFronzo RA,
Ferrannini E: The effect of rosiglitazone on the liver: decreased gluconeogenesis in patients with type 2 diabetes. J Clin Endocrinol Metab
91:806 – 812, 2006
15. Stumvoll M, Nurjhan N, Perriello G, Dailey G, Gerich JE: Metabolic effects
of metformin in non-insulin-dependent diabetes mellitus. N Engl J Med
333:550 –554, 1995
16. Tonelli J, Li W, Kishore P, Pajvani UB, Kwon E, Weaver C, Scherer PE,
Hawkins M: Mechanisms of early insulin-sensitizing effects of thiazolidinediones in type 2 diabetes. Diabetes 53:1621–1629, 2004
17. Natali A, Ferrannini E: Effects of metformin and thiazolidinediones on
suppression of hepatic glucose production and stimulation of glucose uptake
in type 2 diabetes: a systematic review. Diabetologia 49:434–441, 2006
18. DeFronzo RA, Barzilai N, Simonson DC: Mechanism of metformin action in
obese and lean noninsulin-dependent diabetic subjects. J Clin Endocrinol
Metab 73:1294 –1301, 1991
19. Hother-Nielsen O, Schmitz O, Andersen PH, Beck-Nielsen H, Pedersen O:
Metformin improves peripheral but not hepatic insulin action in obese
patients with type II diabetes. Acta Endocrinol (Copenh) 120:257–265, 1989
20. Nosadini R, Avogaro A, Trevisan R, Valerio A, Tessari P, Duner E, Tiengo
A, Velussi M, Del Prato S, De Kreutzenberg S, Muggeo M, Crepaldi G: Effect
of metformin on insulin-stimulated glucose turnover and insulin binding to
receptor in type II diabetes. Diabetes Care 10:62– 67, 1987
21. Johnson AB, Webster JM, Sum C-F, Heseltine L, Argyraki M, Cooper BG,
Taylor R: The impact of metformin therapy on hepatic glucose production

and skeletal muscle glycogen synthase activity in overweight type II
diabetic patients. Metabolism 42:1217–1222, 1993
22. Fendri S, Debussche X, Puy H, Vincent O, Marcelli JM, Dubreuil A, Lalau
JD: Metformin effects on peripheral sensitivity to insulin in non diabetic
obese subjects. Diabete Metab 19:245–249, 1993
23. Karlsson HK, Haalsten K, Bjornholm M, Tsuchida H, Chibalin AV, Virtanen
KA, Heinonen OJ, Lonnqvist F, Nuutila P, Zierath JR: Effects of metformin
and rosiglitazone treatment on insulin signaling and glucose uptake in
patients with newly diagnosed type 2 diabetes: a randomized controlled
study. Diabetes 54:1459 –1467, 2005
24. Pavo I, Jermendy G, Varkonyi TT, Kerenyi Z, Gyimesi A, Shoustov S,
Shestakova M, Herz M, Johns D, Schluchter BJ, Festa A, Tan MG: Effect of
pioglitazone compared with metformin on glycemic control and indicators
of insulin sensitivity in recently diagnosed patients with type 2 diabetes.
J Clin Endocrinol Metab 88:1637–1645, 2003
25. Hallsten K, Virtanen KA, Lonnqvist F, Sipila H, Oksanen A, Viljanen T,
Ronnemaa T, Viikari J, Knuuti J, Nuutila P: Rosiglitazone but not metformin enhances insulin- and exercise-stimulated skeletal muscle glucose
uptake in patients with newly diagnosed type 2 diabetes. Diabetes 51:
3479 –3485, 2002
26. Firth RG, Bell PM, Rizza RA: Effects of tolazamide and exogenous insulin
on insulin action in patients with non-insulin-dependent diabetes mellitus.
N Engl J Med 314:1280 –1286, 1986
27. Simonson DC, Ferrannini E, Bevilacqua S, Smith D, Barrett E, Carlson R,
DeFronzo RA: Mechanism of improvement in glucose metabolism after
chronic glyburide therapy. Diabetes 33:838 – 845, 1984
28. Yki-Jarvinen H, Helve E, Koivisto VA: Hyperglycemia decreases glucose
uptake in type I diabetes. Diabetes 36:892– 896, 1987
29. Miyazaki Y, Mahankali A, Matsuda M, Mahankalo S, Hardies J, Cusi K,
Mandarino LJ, DeFronzo RA: Effect of pioglitazone on abdominal fat
distribution and insulin sensitivity in type 2 diabetic patients. J Clin
Endocrinol Metab 87:2784 –2791, 2002
30. Miyazaki Y, Mahankali A, Matsuda M, Glass L, Mahankali S, Ferrannini E,
Cusi K, Mandarino LJ, DeFronzo RA: Improved glycemic control and
enhanced insulin sensitivity in type 2 diabetic subjects treated with
pioglitazone. Diabetes Care 24:710 –719, 2001
31. Miyazaki Y, Glass L, Triplitt C, Matsuda M, Cusi K, Mahankali A, Mahankali
S, Mandarino LJ, DeFronzo RA: Effect of rosiglitazone on glucose and
non-esterified fatty acid metabolism in type II diabetic patients. Diabetologia 44:2210 –2219, 2001
32. Tiikkainen M, Hakkinen A-M, Korsheninnikova E, Nyman T, Makimattila S,
Yki-Jarvinen H: Effects of rosiglitazone and metformin on liver fat content,
hepatic insulin resistance, insulin clearance, and gene expression in adipose
tissue in patients with type 2 diabetes. Diabetes 53:2169–2176, 2004
33. Rizza RA, Mandarino LJ, Gerich JE: Dose-response characteristics for
effects of insulin on production and utilization of glucose in man. Am J
Physiol 240:E630 –E639, 1981
34. Miles J, Glasscock R, Aikens J, Gerich J, Haymond M: A microfluorometric
method for the determination of free fatty acids in plasma. J Lipid Res
24:96 –99, 1983
35. Schumann WC, Gastaldelli A, Chandramouli V, Previs SF, Pettiti M,
Ferrannini E, Landau BR: Determination of the enrichment of the hydrogen bound to carbon 5 of glucose on 2H2O administration. Anal Biochem
297:195–197, 2001
36. Jensen MD, Kanaley JA, Reed JE, Sheedy PF: Measurement of abdominal
and visceral fat with computed tomography and dual-energy x-ray absorptiometry. Am J Clin Nutr 61:274 –278, 1995
37. Steele R, Wall J, DeBodo R, Altszuler N: Measurement of size and turnover
rate of body glucose pool by the isotope dilution method. Am J Physiol
187:15–24, 1956
38. Basu R, Chandramouli V, Dicke B, Landau B, Rizza R: Obesity and type 2
diabetes impair insulin-induced suppression of glycogenolysis as well as
gluconeogenesis. Diabetes 54:1942–1948, 2005
39. Fruehwald-Schultes B, Oltmanns KM, Toschek B, Sopke S, Kern W, Born
J, Fehn HL, Peters A: Short-term treatment with metformin decreases
serum leptin concentration without affecting body weight and body fat
content in normal-weight healthy men. Metabolism 51:531–536, 2002
40. Baptista T, Sandia I, Lacruz A, Rangel N, de Mendoza S, Beaulieu S,
Contreras Q, Galeazzi T, Vargas D: Insulin counter-regulatory factors,
fibrinogen and C-reactive protein during olanzapine administration: effects
of the antidiabetic metformin. Int Clin Psychopharmacol 22:69 –76, 2007
41. Cunha MR, da Silva ME, Machado HA, Fukui RT, Correa MR, Santos RF,
Wajchenberg BL, Rondon MU, Negrao CE, Ursich MJ: The effects of
metformin and glibenclamide on glucose metabolism, counter-regulatory
hormones and cardiovascular responses in women with type 2 diabetes
during exercise of moderate intensity. Diabet Med 24:592–599 2007
42. Gastaldelli A, Miyazaki Y, Mahankali A, Berria R, Pettiti M, Buzzigoli E,

R. BASU AND ASSOCIATES

Ferrannini E, DeFronzo RA: The effect of pioglitazone on the liver: role of
adiponectin. Diabetes Care 29:2275–2281, 2006
43. Phillips SA, Ciaraldi TP, Kong APS, Bandukwala R, Aroda V, Carter L, Baxi
S, Maduliar SR, Henry RR: Modulation of circulating and adipose tissue
adiponectin levels by antidiabetic therapy. Diabetes 52:667– 674, 2003
44. Boden G, Chen X, Capulong E, Mozzoli M: Effects of free fatty acids on
gluconeogenesis and autoregulation of glucose production in type 2
diabetes. Diabetes 50:810 – 816, 2001
45. Chen X, Iqbal N, Boden G: The effects of free fatty acids on gluconeogenesis and glycogenolysis in normal subjects. J Clin Invest 103:365–372, 1999
46. Ye J-M, Dzamko N, Cleasby ME, Hegarty BD, Furler SM, Cooney GJ,

Kraegen EW: Direct demonstration of lipid sequestration as a mechanism
by which rosiglitazone prevents fatty-acid-induced insulin resistance in the
rat: comparison with metformin. Diabetologia 47:1306 –1313, 2004
47. Garber AL, Duncan TG, Goodman AM, Mills DJ, Rohlf JL: Efficacy of
metformin in type II diabetes: results of a double-blind, placebo-controlled,
dose-response trial. Am J Med 102:491– 497, 1997
48. Yki-Jarvinen H: Glucose toxicity. Endocr Rev 13:415– 431, 1992
49. Kahn MA, St. Peter JV, Xue JL: A prospective, randomized comparison of
the metabolic effects of pioglitazone or rosiglitazone in patients with type
2 diabetes who were previously treated with troglitazone. Diabetes Care
25:708 –711, 2002

Downloaded from http://diabetesjournals.org/diabetes/article-pdf/57/1/24/389505/zdb00108000024.pdf by guest on 03 July 2022

DIABETES, VOL. 57, JANUARY 2008

31

