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Context: Dipeptidyl-peptidase-IV (DPP-4) inhibition increases endogenous GLP-1 activity, resulting
in improved glycemic control in patients with type 2 diabetes mellitus. The metabolic response may
be explained in part by extrapancreatic mechanisms.

Objective: We tested the hypothesis that DPP-4 inhibition with vildagliptin elicits changes in ad-
ipose tissue and skeletal muscle metabolism.

Design and Setting: We conducted a randomized, double-blind, crossover study at an academic
clinical research center.

Patients: Twenty patients with type 2 diabetes, body mass index between 28 and 40 kg/m2,
participated.

Intervention: Intervention included 7 d treatment with the selective DPP-4 inhibitor vildagliptin or
placebo and a standardized test meal on d 7.

Main Outcome Measures: Venous DPP-4 activity, catecholamines, free fatty acids, glycerol, glucose,
(pro)insulin, dialysate glucose, lactate, pyruvate, glycerol were measured.

Results: Fasting and postprandial venous insulin, glucose, glycerol, triglycerides, and free fatty acid
concentrations were not different with vildagliptin and with placebo. Vildagliptin augmented the
postprandial increase in plasma norepinephrine. Furthermore, vildagliptin increased dialysate
glycerol and lactate concentrations in adipose tissue while suppressing dialysate lactate and pyru-
vate concentration in skeletal muscle. The respiratory quotient increased with meal ingestion but
was consistently lower with vildagliptin.

Conclusions: Our study is the first to suggest that DPP-4 inhibition augments postprandial lipid
mobilization and oxidation. The response may be explained by sympathetic activation rather than
a direct effect on metabolic status. (J Clin Endocrinol Metab 94: 846–852, 2009)

Glucagon-like peptide-1 (GLP-1) and gastric inhibitory pep-
tide (GIP) are released into the bloodstream from the in-

testinal tract wall in response to food intake. Both peptides are

rapidly degraded to an inactive form by the enzyme dipeptidyl-
peptidase-IV (DPP-4). Vildagliptin is a potent, selective, and
orally active DPP-4 inhibitor that increases endogenous GLP-1
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availability, resulting in improved glycemic control without in-
creasing weight in patients with type 2 diabetes mellitus (1–5).
The metabolic response to DPP-4 inhibition has been attributed
to GLP-1-mediated increased glucose-mediated insulin and re-
duced glucagon secretion. However, the GLP-1 and GIP recep-
tors are expressed not only in the pancreatic islets but also in the
gastrointestinal tract, kidney, heart, lungs, central nervous sys-
tem, and adipose tissue. For instance, vildagliptin decreases post-
prandial chylomicron apolipoprotein B-48 levels after 4 wk
treatment, presumably due to either GLP-1 or GIP effects in the
gut (6). Vildagliptin treatment for 6 wk is associated with re-
duced fasting fatty acid flux from adipose tissue (7). Because
fasting insulin levels were not changed, this effect may also be an
extrapancreatic effect of GLP-1 and/or GIP. In the same study,
there was also an increase in insulin-mediated glucose disposal
(presumably in muscle) that could not be ascribed to a direct
pancreatic effect. Both the adipose and muscle responses could
have been due an improvement in the overall metabolic state
associated with the 6-wk treatment period (7). To determine
whether or not there is a direct effect of vildagliptin on adipose
tissue and skeletal muscle metabolism, patients in the present
study were treated with vildagliptin for 7 d, and then tissue me-
tabolism was monitored using the microdialysis technique.

Patients and Methods

Patients
Male or female patients aged 30–65 yr with type 2 diabetes and body

mass index between 28 and 40 kg/m2 were eligible to participate in the
study. Patients had to have a glycosylated hemoglobin of 9% or lower at
screening and documented fasting glucose of more than 125 mg/dl or
more than 200 mg/dl at 2 h into the oral glucose tolerance test. Patients
had to be able to complete a 3-wk washout of current antidiabetic med-
ications. Patients taking medications that could alter gastric motility
were not eligible. �-Adrenoreceptor blockers and lipid-lowering drugs
had to be discontinued at least five half-lives before start of the study;
other antihypertensive medications were permitted at a stable dose. Pa-
tients with a history of type 1 diabetes mellitus, secondary forms of
diabetes, insulin therapy in the preceding 3 months, previous treatment
with thiazolidinediones, significant concomitant disease or complica-
tions of diabetes, fasting triglycerides higher than 5.1 mmol/liter within
the past 4 wk, or a history of gastrointestinal surgery, such as partial
bowel resections, were excluded. The local ethics committee approved
the study and all procedures were performed according to the revised
Declaration of Helsinki and Good Clinical Practice requirements.

Study design
The study was a randomized, double-blind, crossover study compar-

ing vildagliptin with placebo. Patients who were eligible for the study as
determined at the screening visit were enrolled into a 21-d screening
period. Patients who completed this period were then randomized to
placebo or vildagliptin treatment for 7 d. They took 100 mg vildagliptin
in the morning or matching placebo. On d six of the treatment period,
patients were admitted to the inpatient facility where they ingested a light
snack at 2200 h followed by an overnight fast. In the morning of d 7,
patients were taken to the Clinical Research Center for the metabolic
evaluation after ingestion of the last study drug dose. The first treatment
period was followed by a 2-wk washout period. Then patients repeated
the treatment phase such that patients who were first treated with pla-
cebo received vildagliptin and patients who were first treated with vilda-
gliptin were given placebo.

Metabolic evaluation
Oxygen consumption and carbon dioxide production were measured

by indirect calorimetry using a ventilated hood (DeltatracII; Datex Ohm-
eda, Duisburg, Germany) to assess resting energy expenditure and re-
spiratory quotient. We calculated postprandial lipid and carbohydrate
oxidation rates (8). A catheter was placed in a large antecubital vein for
blood sampling. One microdialysis probe was inserted into abdominal sc
adipose tissue, another one into skeletal muscle (quadriceps femoris,
vastus lateralis) as described elsewhere (9, 10). We used CMA/60 mi-
crodialysis probes and CMA/102 microdialysis pumps (CMA Microdi-
alysis AB, Solna, Sweden). After probe insertion, tissue perfusion with
lactate-free Ringer solution (Serumwerke, Bernburg, Germany) was be-
gun at a 2 �l/min flow rate. The perfusate was supplemented with 50
mmol/liter ethanol. After instrumentation, patients were allowed to re-
cover for at least 60 min. Then they ingested the last dose of the study
drug or placebo. Thirty minutes after drug intake, patients ate a stan-
dardized mixed meal with an energy content of 5 kcal/kg body weight
(45% carbohydrates, 35% fat, 20% protein). Blood samples for the
determination of glucose, free fatty acids, and insulin were obtained at
baseline and 0.25, 0.5, 0.75, 1, 1.5, 2, 3, and 4 h after meal ingestion.
Microdialysis samples were collected in 15-min intervals. We obtained
additional blood samples after this period for determination of DPP-4
activity. We monitored blood pressure and heart rate using an oscillo-
metric brachial blood pressure cuff (Dinamap; Criticon, Tampa, FL).

Analytical methods
DPP-4 was assayed by Novartis as described previously (11) using the

H-Gly-Pro-7-amino-4-methylcoumarin substrate, which when enzy-
matically cleaved by DPP-4 produces fluorescent 7-amino-4-methyl cou-
marin. Production of fluorescent 7-amino-4-methyl coumarin is propor-
tional to DPP-4 activity present in each sample. The concentrations of
released 7-amino-4-methyl coumarin were converted into DPP-4 activity
(milliunits per milliliter per minute). The lower level of quantitation for
DPP-4 activity is 0.24 mU/ml � min. Plasma quality control samples were
prepared at 7-amino-4-methylcoumarin concentrations of 1, 38.6, and
75.5 �mol/liter. The inter-day precision varied from 3.6–7.9%, and the
accuracy varied from 96.4–107.2% of the nominal value. Active GLP-1
in plasma was determined using the GLP-1 (active) ELISA kit (Linco
Research, Inc., St. Charles, MO). The lowest concentration of GLP-1
that could be detected was 2 pmol/liter. The inter-day coefficients of
variation were 9.1% (6–12 pmol/liter) and 11% (27–56 pmol/liter).
Catecholamines were collected in EGTA tubes (Kabevette; Kabe
Labortechnik GmbH, Nümbrecht-Elsenroth, Germany) and processed
immediately in a refrigerated centrifuge. The plasma was stored at �80
C until analysis. Plasma epinephrine and norepinephrine were assayed by
HPLC with electrochemical (amperometric) detection (12). Microdialy-
sis perfusate (inflow) and dialysate (outflow) ethanol concentrations
were measured with a standard enzymatic assay. Dialysate glucose, lac-
tate, pyruvate, and glycerol concentrations were measured with the
CMA/600 analyzer. Changes in glycerol concentration were used to as-
sess changes in lipolysis, and changes in glucose and lactate levels were
used to assess changes in carbohydrate metabolism. In situ recovery for
glycerol, glucose, and lactate in the dialysate was assessed by near-equi-
librium dialysis (13). Recoveries of glucose, lactate, and pyruvate were

TABLE 1. Fasting measurements on the study day

Vildagliptin Placebo

Glucose (mmol/liter) 7.9 � 0.53 8.1 � 0.55
Free fatty acids (mmol/liter) 0.58 � 0.04 0.58 � 0.04
Glycerol (�mol/liter) 99 � 6 97 � 6
Triglycerides (mmol/liter) 2.1 � 0.35 2.0 � 0.27
Insulin (pmol/liter) 83 � 9.7 83 � 13
Proinsulin (pmol/liter) 8.0 � 1.3 8.5 � 1.3

None of the measurements was significantly different between placebo and
vildagliptin (paired t test).
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about 30% in adipose tissue and 50% in muscle. Recovery for glycerol
was 30 and 80% in adipose tissue and muscle, respectively.

Statistical analysis
If not otherwise indicated, data are expressed as mean � SEM. Dif-

ferences between treatments were compared by paired t tests. Two-way
ANOVA was used for multiple comparisons. In addition, we compared
response curves after test drug administration with placebo treatment
pairwise using global fitting. With this nonlinear regression method, one
curve (placebo) for each subject is used as model (or baseline), allowing
evaluations of discrepancy of the other curve (test drug). This method
works in analogy to the paired-samples t test, using a pair of curves
instead of a pair of values (14). P values �0.05 were considered statis-
tically significant. All statistical tests were performed with GraphPad
Prism version 4.0 (GraphPad Software Inc., San Diego, CA).

Results

We included 20 patients in our study (15 men, five women; age
55 � 1 yr; body mass index 33 � 0.4 kg/m2). Basal laboratory
data after patients had ingested placebo or vildagliptin for 6 d are
given in Table 1. Fasting glucose, insulin, and free fatty acid
measurements on the study day before the test meal and the last
study medication dose were similar with placebo and with vilda-
gliptin. DPP-4 activity and GLP-1 concentrations before and
after ingestion of the last placebo or vildagliptin dose are illus-
trated in Fig. 1. DPP-4 activity was already reduced before in-
gestion of the last study drug dose. DPP-4 activity rapidly declined
further after vildagliptin ingestion and remained unchanged on pla-

FIG. 1. Venous DPP-4 activity, GLP-1, glucose, insulin, glycerol, and free fatty acids (FFA) concentrations after patients ingested the last dose of the study drug in the
morning (0 h) followed by a mixed meal. Please note that DPP-4 activity was measured over a 24-h period. PANOVA � P value by two-way-ANOVA; Pfit � P value for
global fitting.

848 Boschmann et al. DPP-4 Inhibition and Postprandial Metabolism J Clin Endocrinol Metab, March 2009, 94(3):846–852

D
ow

nloaded from
 https://academ

ic.oup.com
/jcem

/article/94/3/846/2596454 by guest on 16 August 2022



cebo. The response to vildagliptin was sustained during the
day and abated after 24 h. DPP-4 inhibition was associated with
a marked rise in circulating GLP-1 concentrations after ingestion
of the test meal.

On placebo, insulin and glucose concentrations increased
substantially after meal ingestion as shown in Fig. 1. Venous
glycerol and free fatty acid concentrations were suppressed. Re-
markably, all these responses were virtually identical after vilda-
gliptin ingestion. Furthermore, before and after meal ingestion,
venous triglyceride and proinsulin measurements were virtually
identical with placebo and with vildagliptin. Vildagliptin aug-
mented venous plasma norepinephrine, as shown in Fig. 2.
Plasma epinephrine concentrations were almost identical with
vildagliptin and with placebo and exhibited no increase upon
food intake.

Figure 3 illustrates dialysate metabolite concentrations in ad-
ipose tissue and in skeletal muscle of patients treated with pla-
cebo and those treated with vildagliptin. Ethanol ratio in adipose
tissue and in skeletal muscle at baseline and after meal ingestion
was virtually identical with placebo and with vildagliptin. Dia-
lysate glycerol concentrations in adipose tissue were increased
with vildagliptin (PANOVA � 0.0001 between interventions) and
similar with both interventions in skeletal muscle. Dialysate glu-
cose concentrations in adipose tissue and in skeletal muscle be-
fore and after meal ingestion were virtually identical with vilda-
gliptin and with placebo treatment. After meal ingestion, adipose
dialysate lactate concentrations increased markedly on vilda-
gliptin (PANOVA � 0.0001 between interventions). In the first 2 h
after meal ingestion, muscle dialysate lactate increased similarly
on placebo and on vildagliptin. Then, dialysate lactate continued
to increase with placebo but remained stable on vildagliptin
(PANOVA � 0.0001 between interventions). Similarly, muscle
dialysate pyruvate concentrations increased more on placebo
than on vildagliptin (PANOVA � 0.0001 between interventions).

Figure 4 illustrates changes in energy expenditure and respira-
tory quotient before and after meal ingestion. Energy expenditure
tended tobe increasedwithvildagliptinas suggestedbya significant
p-value for the global fitting analysis. However, the ANOVA P
value was not significant. Respiratory quotient increased with meal
ingestion but was consistently lower with vildagliptin. When we
calculated postprandial lipid and carbohydrate oxidation rates,
lipid oxidation rate was increased on vildagliptin.

Before ingestion of the last dose, blood pressure was 126 �

3.2/76 � 2.1 mm Hg with placebo and 124 � 2.5/76 � 1.5 mm

Hg with vildagliptin. Four hours after ingestion of the test meal,
blood pressure was 123 � 2.7/75 � 1.6 mm Hg with placebo and
123 � 3.3/73 � 2.0 mm Hg with vildagliptin. Moreover, heart
rate before and after the meal was similar in both groups.

Discussion

Our study suggests that augmentation of endogenous GLP-1
through DPP-4 inhibition facilitates postprandial lipid mobili-
zation and oxidation. These effects are not likely to be due to an
improved metabolic state because the patients were treated with
vildagliptin for only 7 d. Although direct effects of GLP-1 or GIP
are possible, it is more likely that they were secondary to the
sympathetic activation that was associated with the enhanced
lipid mobilization and oxidation.

DPP-4 inhibition with vildagliptin resulted in markedly in-
creased postprandial venous GLP-1 concentrations. In contrast
to GLP-1 mimetics, such as exenatide or liraglutide, DPP-4 in-
hibition results in a more physiological activation of the incretin
system (15). GLP-1 has been previously shown to augment in-
sulin release in a glucose-dependent fashion. Although vildaglip-
tin results in improved insulin secretion relative to glucose stim-
ulus, there is no increase in either fasting or postprandial insulin
exposure during normal meals (1, 2, 16); increased insulin ex-
posure is observed only after a 75-g glucose challenge (11). Thus,
we were able to avoid the confounding effect of insulin in the
current study, making data interpretation much easier.

Because lipolysis is under intense regulation by norepineph-
rine from adrenergic nerve endings in adipose tissue (17), we
obtained serial plasma catecholamine measurements. Similar
epinephrine concentrations with placebo and with DPP-4 inhi-
bition exclude a major change in adrenal catecholamine release.
Yet, we observed a moderate increase in venous plasma norepi-
nephrine concentrations with DPP-4 inhibition compared with
placebo. An increase in plasma norepinephrine could be ex-
plained by increased spillover of norepinephrine from sympa-
thetic synapses or, less likely, reduction in norepinephrine clear-
ance (18, 19). GLP-1 receptor activation in the brain has
previously been shown to raise sympathetic activity in laboratory
animals (20, 21). Furthermore, GLP-1 raises muscle sympathetic
nerve activity in human subjects (22). In addition to GLP-1-
mediated responses, DPP-4 interacts with the sympathetic ner-
vous system through degradation of neuropeptide Y1–36 (23).
Together, our and previous studies suggest an interaction be-
tween DPP-4 and the sympathetic nervous system, both in ani-
mals and in patients.

We assessed tissue metabolism using the microdialysis tech-
nique (24, 25). Dialysate metabolite concentrations are influ-
enced by tissue perfusion, local metabolite production, and local
metabolite utilization. To account for possible differences in tis-
sue perfusion, we applied the ethanol dilution technique. The
methodology can be applied in all non-ethanol-metabolizing or-
gans including adipose tissue and skeletal muscle. Ethanol is
added to the perfusion medium. Due to the concentration gra-
dient, ethanol diffuses from the lumen of the microdialysis cath-
eter into the interstitial space where it is removed via surrounding

FIG. 2. Venous plasma norepinephrine concentrations after patients ingested
the last dose of the study drug in the morning (0 h) followed by a mixed meal
(n � 20). PANOVA � P value by two-way-ANOVA; Pfit � P value for global fitting.
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capillaries. The higher the capillary blood flow the higher the
removal of ethanol out of the tissue. Therefore, the ratio between
ethanol concentration in the dialysate and in the perfusate is a
useful semiquantitative measure of blood flow in the vicinity of
the microdialysis catheter. A decrease in the ethanol ratio indi-
cates an increase in tissue perfusion and an increase in that ratio
the opposite. The ethanol dilution technique has been validated
against direct blood flow measurements and xenon washout
(26–28). Adipose tissue and skeletal muscle blood flow were
similar with placebo and with vildagliptin both before and dur-
ing ingestion of the test meal. The observation suggests that dif-
ferences in dialysate metabolite concentrations are not explained
by hemodynamic changes with DPP-4 inhibition.

The adipose tissue data are consistent with increased �-adren-
ergic stimulation leading to increased lipolysis and decreased triac-

ylglycerol synthesis. Increased lipolysis is indicated by raised dialy-
sate glycerol concentrations (25). Increased dialysate lactate levels
in adipose tissue cannot be due to an increase in glucose transport
because systemic glucose and insulin, dialysate glucose, and tissue
blood flow before and during meal ingestion were similar with
DPP-4 inhibition and with placebo. Instead, increased dialysate lac-
tate indicates that a greater proportion of the glucose undergoes
glycolysis.Asmallerproportion isused for triacylglycerol synthesis.
The net effect of both increasing lipolysis and decreasing triacyl-
glycerol synthesis would be a raise of postprandial free fatty acid
flux to other organs. Our observations do not support previous in
vitro studies showing increased triacylglycerol synthesis with
GLP-1 or GIP (29, 30). However, our measurements are indirect
and do not completely rule out that locally mobilized fatty acids are
reesterified in adipose tissue.

FIG. 3. Changes in dialysate glycerol and lactate in adipose tissue and in skeletal muscle and pyruvate in skeletal muscle after patients ingested the last dose of the
study drug in the morning (0 h) followed by a mixed meal (n � 20). PANOVA � P value by two-way-ANOVA; Pfit � P value for global fitting.
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We observed a marked reduction in postprandial lactate and
pyruvate production in skeletal muscle with DPP-4 inhibition.
The observation cannot be explained by a decrease in glucose
supply or in insulin release. Furthermore, the indirect calorim-
etry data showed a reduced carbohydrate oxidation and an in-
creased lipid oxidation with DPP-4 inhibition. Sympathetically
mediated fatty acid mobilization leads to increased free fatty acid
levels, which in turn results in a shift from carbohydrate to fat
metabolism in skeletal muscle (31). However, the fact that sys-
temic free fatty acid concentrations were similar with placebo
and with DPP-4 inhibition suggests that increased free fatty acid
mobilization was matched by increased oxidation. In addition,
an increase in sympathetic activity may have elicited a direct
effect on muscular lipid oxidation independently of systemic free
fatty acid concentrations (32). Possibly, reduced glucose oxida-
tion and lactate production in skeletal muscle is compensated by
more effective inhibition of hepatic glucose production by DPP-4
inhibition with vildagliptin (33).

Previously, studies suggested that more chronic DPP-4 inhi-
bition decreases fasting fatty acid flux (7). The observation sug-

gested that DPP-4 inhibition with vildagliptin would shift the
balance toward increased lipid storage in fat cells and decreased
lipid storage in muscle and liver. A similar mechanism has been
demonstrated for the thiazolidinediones and appears to contrib-
ute to the antidiabetic effect of this drug class. Yet, our study
suggests that DPP-4 inhibition may improve lipid oxidation
rather than lipid storage in adipose tissue. An increase in lipid
oxidation may be beneficial because reduced mitochondrial up-
take and oxidation of free fatty acids has been linked with insulin
resistance and type 2 diabetes mellitus (34, 35). Intramuscular
accumulation of lipid intermediates, such as diacylglycerol and
ceramides, may interfere with insulin signaling through in-
creased serine phosphorylation of insulin receptor substrate-1
(IRS-1) (36). We speculate that reversal of incomplete fatty acid
oxidation may contribute to increased insulin-mediated glucose
disposal with DPP-4 inhibition (7).

Unlike GLP-1 mimetics, there is no satiety effect of DPP-4
inhibition with vildagliptin (37). The increased postprandial
lipid oxidation reported here could increase postprandial ther-
mogenesis and thus serve to explain the finding that vildagliptin
does not lead to weight gain, which is invariably the case with
insulin, sulfonylurea, and thiazolidinedione therapy (38).

We conclude that DPP-4 inhibition affects postprandial car-
bohydrate and lipid metabolism in a tissue-specific fashion. An
increase inpostprandial adipose tissue lipolysis is associatedwith
augmented postprandial systemic lipid oxidation rate. We spec-
ulate that the metabolic response to DPP-4 inhibition is mediated
through GLP-1 receptor-mediated sympathetic nervous system
activation. This effect is unlikely to occur directly in the brain,
because vildagliptin does not cross the blood-brain barrier. We
are fortuitously able to exclude an insulin-mediated mechanism,
because insulin responses did not differ between vildagliptin- and
placebo-treated patients. Our findings suggest a novel DPP-4 in-
hibitor-mediated mechanism of action. Furthermore, DPP-4 inhi-
bition augmented the renovascular response to angiotensin II in
susceptible animals (23). We were reassured to observe no changes
in blood pressure or heart rate with DPP-4 inhibition. In contrast,
GLP-1 receptor activation within the pharmacological range sub-
stantially raised blood pressure in animals (20).
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