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A subset of prolyl oligopeptidases, including dipeptidyl-peptidase
IV (DPP IV or CD26, EC 3.4.14.5), specifically cleave off N-terminal
dipeptides from substrates having proline or alanine in amino acid
position 2. This enzyme activity has been implicated in the regulation of the biological activity of multiple hormones and chemokines, including the insulinotropic peptides glucagon-like peptide
1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP).
Targeted inactivation of the CD26 gene yielded healthy mice that
have normal blood glucose levels in the fasted state, but reduced
glycemic excursion after a glucose challenge. Levels of glucosestimulated circulating insulin and the intact insulinotropic form of
GLP-1 are increased in CD26ⴚ/ⴚ mice. A pharmacological inhibitor
of DPP IV enzymatic activity improved glucose tolerance in wildtype, but not in CD26ⴚ/ⴚ, mice. This inhibitor also improved glucose
tolerance in GLP-1 receptorⴚ/ⴚ mice, indicating that CD26 contributes to blood glucose regulation by controlling the activity of GLP-1
as well as additional substrates. These data reveal a critical role for
CD26 in physiological glucose homeostasis, and establish it as a
potential target for therapy in type II diabetes.

C

D26 is a multifunctional glycoprotein expressed both as a
soluble form in plasma and on the surface of several cell
types, including epithelial and endothelial cells and lymphocytes
(1). It has been involved in T cell costimulation, tumor suppression, and adenosine deaminase binding (2–4). In addition, CD26
is a serine protease (5) belonging to a subgroup of prolyl
oligopeptidases, whose members specifically cleave off Nterminal dipeptides from proteins having proline or alanine in
amino acid position 2 (6, 7). The biological activity of several
hormones and chemokines can be abolished by CD26 in vitro (8).
Thus, CD26 has been implicated in the regulation of immune,
inflammatory, nervous, and endocrine functions (1). However,
the physiological role of CD26 in these processes has not been
established.
Among the substrates of dipeptidyl-peptidase IV (DPP IV;
EC 3.4.14.5) enzyme activity are two hormones important for
glucose regulation, glucagon-like peptide 1 (GLP-1) and glucose-dependent insulinotropic polypeptide (GIP) (9, 10).
Whereas the intact forms of GLP-1-(7–36)-amide and GIP-(1–
42) can enhance glucose-stimulated insulin secretion, this activity is abolished upon DPP IV-mediated removal of their Nterminal dipeptides in vitro (11). N-terminally truncated GLP-1
and GIP can be detected in the circulation, suggesting such
cleavage may be a physiologically relevant mechanism of regulating their activity (10, 12). It remains unclear, however, precisely which enzymes are responsible for this processing of
GLP-1 and GIP in vivo. Administration of chemical inhibitors of
DPP IV activity leads to increased levels of GLP-1 in the
circulation and causes enhanced insulin secretion and improved
glucose tolerance in normal and diabetic animals (13–16).
However, the precise molecular target of these pharmacological
inhibitors has not been identified, in part because of the multiplicity of enzymes exhibiting DPP IV-like activity (17–21). The
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aim of this study was to clarify the physiological role of CD26 and
determine its contribution to blood glucose control.
Materials and Methods
Generation of CD26ⴚ兾ⴚ Mice. The CD26 targeting construct was
generated by replacing a 2.3-kb PstI–SphI fragment in the
13.5-kb SalI–EcoRI CD26 genomic fragment (22) derived from
the B10.A-derived  clone 10 with a neo gene under control of
the phosphoglycerate kinase 1 (PGK1) promoter. The construct,
flanked by the herpes simplex virus TK gene, was linearized and
electroporated into the C57BL兾6-derived embryonic stem cell
line B6III (23). Clones resistant to both G418 and ganciclovir
were analyzed for single correct integration events by Southern
blotting using a 0.7-kb BglII–NcoI fragment as a probe (Fig. 1A).
Recombinant embryonic stem cells were injected into BALB兾c
blastocysts, resulting in 20 chimeric male mice. Six germ-linetransmitting animals, representing three independent targeting
events, were bred with C57BL兾6 females. Heterozygotes from
each line were inbred, yielding homozygous CD26⫺/⫺ mice on a
C57BL兾6 background.
Biochemistry. Flow cytometric analysis of cell surface CD26

expression was done by staining thymocytes with the anti-CD26
mAb H194-112 (5) followed by FITC-conjugated anti-rat IgG.
The levels of soluble CD26 protein in plasma were measured by
ELISA using the anti-CD26 mAb H207-1082 and biotinylated
anti-CD26 mAb H207-773 (24) as catching and detecting Ab,
respectively, followed by addition of horseradish peroxidasestreptavidin and 2,2⬘-azinobis(3-ethylbenzthiazolinesulfonic
acid) (ABTS) substrate. Absorbance at 410 nm was measured at
different time points. Plasma DPP IV activity was measured by
incubating 20 l of plasma with 100 l of PBS containing 1 mM
Gly-Pro-pNA (Bachem) for 60 min at 37°C, and the absorbance
was determined at 410 nm (5, 24). For peptide stability measurements, 10 l of 1 g兾l solution of GLP-1-(7–36)-amide or
GIP-(1–42) (both from Sigma) was incubated in 15 l of
EDTA-plasma from wild-type or CD26⫺/⫺ mice at 37°C for 4 h.
At the indicated time a 5-l aliquot was withdrawn, trifluoroacetic acid was added to a final concentration of 20%, and the
solution was briefly centrifuged to remove precipitated material.
The supernatant was desalted on a Zip-Tip (Millipore) and 1 l
was used for analysis by matrix-assisted laser desorption ionization mass spectrometry. Sinapinic acid was used as matrix.
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Fig. 1. Generation of CD26-deficient mice. (A) Targeting strategy. Exons in the CD26 gene are numbered. The wild-type CD26 allele, targeting construct, and
expected mutant allele are shown with exon 1 and 2 of CD26 as filled boxes and the neo and TK genes as open boxes. Restriction sites: B, BglII; N, NcoI; P, PstI;
S, SphI; RI, EcoRI, RV, EcoRV. (B) Southern blot containing BglII-digested DNA from CD26 wild-type (⫹兾⫹), heterozygous (⫹兾⫺), and homozygous mutant (⫺兾⫺)
mice hybridized with a 0.7-kb BglII–PstI probe specific for regions upstream of the targeting construct. (C) Flow cytometric analysis of CD26 expression at the
surface of thymocytes from CD26 wild-type (⫹兾⫹) and homozygous mutant (⫺兾⫺) mice stained with anti-CD26 mAb followed by FITC-labeled anti-Ig (solid line)
or with FITC-anti-Ig alone (dotted line). (D) Soluble CD26 protein in serum from CD26 wild-type (⫹兾⫹), heterozygous (⫹兾⫺), and homozygous mutant (⫺兾⫺) mice
measured by ELISA. ND, not detectable. (E) DPP IV enzyme activity in plasma from CD26 wild-type (⫹兾⫹) and homozygous mutant (⫺兾⫺) mice (n ⫽ 7). The DPP
IV substrate Gly-Pro-pNA (pNA, p-nitroanilide) was incubated in plasma alone (black bars) or plasma containing 10 M valine-pyrrolidide (open bars).

Metabolic Measurements. Glucose tolerance tests were done on

age- and sex-matched C57BL兾6 wild-type, CD26⫺/⫺, or GLP1R⫺/⫺ mice fasted for 18 h. Glucose (2 g兾kg) was given orally by
gavage or intraperitoneally at time 0. Tail blood (5 l) was
collected at ⫺30, 0, 30, 60, 120, and 180 min, and blood glucose
concentration was determined on an EBIO Plus (Eppendorf). In
some experiments, mice were given 5 ml兾kg of a 4.12 mg兾ml
solution of valine-pyrrolidide (25) (obtained from L. B. Christiansen, Novo Nordisk) or the same volume of vehicle (water) as
control, at time ⫺30 min. As the volume of plasma required for
insulin and GLP-1 measurements precluded sampling at multiple time points, a single blood sample was collected 15 min after
an oral glucose challenge. A 200-l sample of orbital blood was
immediately mixed with 10.5 l of 0.18 M EDTA兾15,000 kallikrein inhibitor units/ml aprotinin兾0.3 mM valine-pyrrolidide at
4°C and centrifuged 10 min at 10,000 ⫻ g at 4°C, and the plasma
was collected on ice. Intact GLP-1 was measured by sandwich
ELISA (detection range 0.2–50 pM) using a catching mAb
Marguet et al.

(GLP1F5) specific for the C-terminal part of GLP-1 and a
detecting mAb (mAb26.1) specific for GLP-1 having an intact N
terminus. This assay will be described in detail elsewhere. Insulin
levels were determined by using a kit (Linco) or by sandwich
ELISA, using polyclonal antibodies GP114 and GP116, with rat
insulin as standard (range 3 to 3000 pmol兾liter) (26). All data are
expressed as mean ⫾ SEM. Statistical analysis was by two-tailed,
unpaired Students t test, and differences are considered significant when P ⬍ 0.05.
Results
The single gene encoding both the transmembrane and the
soluble form of CD26 (22) was inactivated by homologous
recombination in embryonic stem cells. A targeting construct
was designed to excise part of the promoter and exons 1 and 2,
encoding the cytoplasmic and transmembrane domains of CD26
(Fig. 1 A). Southern blot analysis of genomic DNA from wildtype, CD26⫹/⫺, and CD26⫺/⫺ mice indicated that the mutant
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Fig. 2. Lack of N-terminal degradation of GLP-1 in plasma from CD26⫺/⫺
mice. Mass spectrometry analysis of GLP-1 degradation products after 4-h
incubation of intact GLP-1-(7–36)-amide at 37°C in plasma from CD26 wildtype (A) or homozygous mutant (B) mice. The identity of peaks representing
intact GLP-1-(7–36)-amide, N-terminally truncated GLP-1-(9 –36)-amide, and
C-terminally truncated GLP-1-(7–34) are indicated.

allele was correctly targeted (Fig. 1B). The analysis of heterozygous intercrosses showed that the mutant allele is transmitted
with the expected Mendelian frequency. CD26⫺/⫺ mice are
fertile and appear healthy, although the body weight of male
CD26⫺/⫺ mice is slightly, but significantly, lower than wild-type
controls (data not shown). To verify that the mutation of the
CD26 gene led to a null phenotype, we measured CD26 expression on the surface of thymocytes. CD26⫺/⫺ thymocytes completely lacked CD26 expression (Fig. 1C). Intermediate expression levels were observed with cells from heterozygous mice
(data not shown). Because the catalytic domain resides in the
C-terminal portion of CD26 it was important to exclude the
possibility that a truncated soluble form of CD26 was still
expressed from the mutant CD26 allele. The levels of CD26
protein in plasma were determined by ELISA measurements,
showing that CD26 was absent from plasma derived from
CD26⫺/⫺ mice, and that CD26⫹/⫺ mice expressed half as much
CD26 as did wild-type mice (Fig. 1D). Despite the complete
absence of CD26 protein, plasma from CD26⫺/⫺ mice contained
residual enzyme activity that degraded the prototypic DPP IV
substrate, Gly-Pro-pNA, consistent with the existence of
distinct enzymes displaying DPP IV-like proteolytic activity
(Fig. 1E) (17–21).
To evaluate the role of CD26 in the N-terminal processing of
GLP-1, intact GLP-1-(7–36)-amide was incubated in plasma
from CD26⫺/⫺ mice or from wild-type controls and analyzed by
mass spectrometry. After a 4-h incubation at 37°C in plasma
from wild-type mice, a substantial proportion of GLP-1(7–36)amide was N-terminally truncated to inactive GLP-1-(9–36)amide (Fig. 2A). In contrast, incubation of intact GLP-1(7–36)amide in plasma derived from CD26⫺/⫺ mice resulted exclusively
in C-terminal degradation, and possibly endo-degradation, with
no detectable N-terminal truncation (Fig. 2B). Similar results
were obtained after a 24-h incubation at 37°C (data not shown).
Addition of an excess of valine-pyrrolidide, a pharmacological
inhibitor of DPP-IV enzyme activity (25), to wild-type mouse
plasma also prevented the accumulation of N-terminally truncated GLP-1-(9–36)-amide (data not shown). Taken together,
6876 兩 www.pnas.org

Fig. 3. Enhanced oral glucose tolerance and increased levels of insulin and
GLP-1 in CD26⫺/⫺ mice. (A) Blood glucose concentrations measured at various
times before and after oral administration of glucose (given at time 0) to
female wild-type or CD26⫺/⫺ mice, as indicated. n ⫽ 7. Similar data were
obtained in a repeat experiment and in two experiments on groups of male
mice. (B–D) Levels of glucose (B), insulin (C), and intact GLP-1-(7–36) (D) in
plasma from male wild-type (closed bars) and CD26⫺/⫺ (open bars) mice taken
15 min after oral glucose challenge. n ⫽ 8. *, P ⬍ 0.05; **, P ⬍ 0.01; ***, P ⬍
0.001. Similar data were obtained in two additional experiments.

these data indicate that CD26 is the major enzyme responsible
for N-terminal processing of GLP-1 in serum.
If CD26 mediates the majority of N-terminal processing of
GLP-1 in vivo, increased levels of intact GLP-1 should accumulate in CD26⫺/⫺ mice, leading to increased insulin secretion and
enhanced glucose clearance. To test this possibility, oral glucose
tolerance tests were done in wild-type and in CD26⫺/⫺ mice.
Blood glucose concentrations were significantly lower at 30 and
60 min after glucose challenge in CD26⫺/⫺ mice compared with
wild-type controls, indicating that lack of CD26 expression
accelerates blood glucose clearance (Fig. 3A). The integrated
glucose concentrations, calculated as area under the curves, were
significantly lower (P ⬍ 0.05) in CD26-deficient compared with
wild-type mice (data not shown). At 15 min after the oral glucose
challenge, plasma glucose levels were already significantly lower
in CD26⫺/⫺ mice than in wild-type controls (Fig. 3B). Furthermore, glucose-stimulated insulin levels were significantly increased in the CD26⫺/⫺ mice (Fig. 3C), in association with
increased levels of intact, biologically active GLP-1 (Fig. 3D). In
contrast, no significant differences were detected in the fasting
levels of glucose, insulin, or GLP-1 in wild-type versus CD26⫺/⫺
mice (data not shown), in agreement with the predominant
incretin actions of GLP-1 (27, 28).
These results demonstrate that genetic inactivation of CD26
leads to reduced N-terminal degradation of GLP-1, increased
levels of insulin, and improved glucose tolerance. To determine
whether the improved glucose tolerance observed after inactivation of CD26 is mediated exclusively via a GLP-1-dependent
signaling pathway, we evaluated the consequences of inhibiting
the enzymatic activity of CD26 in GLP-1 receptor (GLP-1R)⫺/⫺
mice. GLP-1R⫺/⫺ mice completely lack GLP-1 signaling and are
glucose intolerant because of lack of GLP-1 potentiation of
Marguet et al.

Fig. 4. Specific pharmacological inhibition of CD26 enzymatic activity improves glucose tolerance, even in mice lacking GLP-1 signaling. (A) Female
wild-type or CD26⫺/⫺ mice were given vehicle (water) or 20.6 mg兾kg valinepyrrolidide (Val-Pyr) orally 30 min before oral glucose challenge. n ⫽ 8.
Asterisks indicate level of significance of difference between wild-type mice
given vehicle and valine-pyrrolidide. Similar data were obtained in another
experiment with female mice and two experiments with male mice. Wild-type
mice given valine-pyrrolidide exhibited significantly increased levels of insulin
and intact GLP-1 at 15 min after the glucose challenge (data not shown). (B)
Oral glucose tolerance test in male GLP-1R⫺/⫺ mice given vehicle or 20.6 mg兾kg
valine-pyrrolidide 30 min before glucose challenge. n ⫽ 7–9. (C) Plasma insulin
levels in GLP-1R⫺/⫺ mice 15 min after oral glucose challenge. Mice were given
vehicle (H2O) or valine-pyrrolidide (V-P) as indicated. n ⫽ 10 –11. *, P ⬍ 0.05;
**, P ⬍ 0.01; ***, P ⬍ 0.001.

insulin secretion (27). Inhibition of CD26 activity by using
valine-pyrrolidide significantly improved glucose tolerance in
wild-type mice (Fig. 4A). In contrast, valine-pyrrolidide had no
effect on blood glucose levels in CD26⫺/⫺ mice, demonstrating
that this compound modulates glucose clearance specifically by
suppressing the enzyme activity of CD26. Surprisingly, valinepyrrolidide significantly reduced glycemic excursion even in
GLP-1R⫺/⫺ mice (Fig. 4B). This GLP-1-independent improvement in glucose tolerance was associated with enhanced insulin
secretion (Fig. 4C).
A possible explanation for the glucose-lowering effect of
valine-pyrrolidide in GLP-1R⫺/⫺ mice was that CD26 inhibition
also resulted in decreased degradation of GIP. Mice lacking GIP
receptors (GIPR⫺/⫺) are mildly glucose intolerant, indicating
that GIP plays a role in normal blood glucose control (29). GIP
can be inactivated by DPP IV activity in vitro (8). To assess the
contribution of CD26 to GIP metabolism, intact GIP was
incubated in plasma from wild-type or CD26⫺/⫺ mice. Mass
Marguet et al.

spectrometry analysis indicated that intact GIP was completely
resistant to N-terminal cleavage when incubated at 37°C for 4 h
in plasma from CD26⫺/⫺ mice, whereas a large proportion of
intact GIP was degraded by wild-type mouse plasma (Fig. 5).
Thus, increased levels of intact GIP may contribute to the
enhanced insulin secretion and glucose clearance in CD26deficient mice and in wild-type or GLP-1R⫺/⫺ mice treated with
valine-pyrrolidide.
GLP-1 and GIP have generally been thought to act mainly as
incretin hormones, potentiating glucose-stimulated insulin release after food intake. However, recent data revealed that
GLP-1 also enhances glucose clearance independently of enteral
glucose loading (11). To test whether the CD26-regulated pathway of glucose control involves additional substrates, besides
GLP-1, that may contribute to glucose clearance in a nonincretin
fashion, GLP-1R⫺/⫺ mice were given water or valine-pyrrolidide
and challenged with glucose intraperitoneally. Valinepyrrolidide significantly increased the clearance rate of intraperitoneally administered glucose in GLP-1R⫺/⫺ mice (Fig. 6A).
Furthermore, circulating insulin levels were significantly increased in the GLP-1R⫺/⫺ mice given valine-pyrrolidide compared with vehicle (Fig. 6B), suggesting that an insulindependent mechanism contributes to the accelerated clearance
of i.p. glucose in animals given valine-pyrrolidide. These findings
suggest that the CD26-mediated regulation of blood glucose is
not dependent on a delay of gastric emptying, consistent with the
lack of effect of another DPP IV inhibitor on paracetamol
uptake (16).
Discussion
The results presented here demonstrate that the protease activity
of CD26 plays an essential role in the physiological control of
blood glucose. The precise mechanism whereby this occurs
remains to be established, but most likely involves regulation of
the activity of the insulinotropic hormones GLP-1 and GIP, and
possibly other substrates that remain unidentified as yet. The
PNAS 兩 June 6, 2000 兩 vol. 97 兩 no. 12 兩 6877
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Fig. 5. CD26 is the major enzyme responsible for the N-terminal processing
of GIP in serum. Mass spectrometry analysis of GIP degradation products after
a 4-h incubation at 37°C in plasma from wild-type (A) or CD26⫺/⫺ (B) mice.
Peaks representing intact GIP-(1– 42), N-terminally truncated GIP-(3– 42), and
C-terminally truncated GIP-(1–37) are indicated.

Fig. 6. Inhibition of CD26 enzymatic activity accelerates clearance of
glucose administered intraperitoneally in GLP-1R⫺/⫺ mice. (A) Intraperitoneal glucose tolerance test in male GLP-1R⫺/⫺ mice given vehicle (water) or
valine-pyrrolidide at time ⫺30 min and glucose at time 0. (B) Plasma insulin
levels 15 min after glucose challenge in the animals shown in A, given
vehicle (H2O) or valine-pyrrolidide (V-P), as indicated. n ⫽ 8 –14. *, P ⬍ 0.05;
**, P ⬍ 0.01.

function of such hormones includes the stimulation of insulin
secretion upon food intake, facilitating glucose disposal from the
blood. Our data indicate that CD26 plays a major role in
controlling the rapid inactivation of these hormones, thereby
helping to terminate the action of insulinotropic peptides once
stimulation of insulin secretion from the ␤ cell has been initiated.
Using CD26⫺/⫺ mice, we showed that valine-pyrrolidide exerts
all of its glucose-lowering effects by inhibiting CD26. Therefore,
valine-pyrrolidide is a useful tool for dissecting how CD26
regulates glucose levels. As a first step in this direction, we show
that although levels of intact GLP-1 are significantly increased
in normal animals treated with valine-pyrrolidide, GLP-1 is
actually not essential for CD26-mediated glucose regulation,
since similar effects were seen in GLP-1R⫺/⫺ mice treated with
valine-pyrrolidide. We strongly suspect that GIP is involved in
the non-GLP-1-mediated effect of valine-pyrrolidide. First, our
data indicate that CD26 is responsible for the degradation of
GIP in serum. Second, GLP-1R⫺/⫺ mice exhibit increased GIP
secretion and enhanced sensitivity to GIP actions, probably as an
adaptation to the lack of GLP-1 signaling (30). Therefore,
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GLP-1R⫺/⫺ mice may be abnormally hypersensitive to the
increased levels of intact GIP that result from DPP IV inhibition.
Enhanced GIP sensitivity may also explain why valinepyrrolidide led to accelerated clearance of i.p. glucose loads in
the GLP-1R⫺/⫺ mice. Although analysis of results from GIPR⫺/⫺
mice suggests that GIP does not normally play an essential role
in clearance of i.p. glucose (29), it is possible that the increased
GIP secretion and sensitivity of the GLP-1R⫺/⫺ mice (30)
enhances the effects of extending GIP half-life by CD26 inhibition, thereby revealing GIP actions that otherwise might not be
obvious, possibly even including nonincretin-like actions. Alternatively, our data do not exclude the possibility that additional
CD26 substrates may play a role in accelerating glucose clearance, possibly by both insulin-dependent and -independent
mechanisms. These questions await the development and analysis of appropriate animal models.
In contrast to the phenotype of CD26⫺/⫺ mice described here,
rats with a spontaneous mutation in the CD26 gene exhibited
normal glucose homeostasis (31). The reason for this difference
in phenotype is unclear, but may be explained by the presence of
significant residual circulating DPP IV-like enzyme activity in
the rats (32).
Type II diabetes is a disease of epidemic proportions characterized by elevated blood glucose levels, in part because of
relative insufficiency of insulin. Therapeutic agents that would
accelerate glucose clearance by stimulating endogenous insulin
secretion in a glucose-dependent manner, thereby avoiding
hypoglycemic episodes, would represent an important advance in
the treatment of this disease. Pharmacological inhibition of DPP
IV enzyme activity improved glucose clearance in type II
diabetic animals (13–16) and has been suggested as a promising
strategy for the treatment of type II diabetes (33). However, for
use in humans this strategy is complicated by the multiplicity of
DPP IV-like enzymes that appear to have overlapping substrate
and inhibitor specificities (17–21). Furthermore, the cleavage by
these enzymes of a wide range of hormones and chemokines
raise important concerns about the risk of side-effects. Our
studies revealed that total lack of CD26 in mice is surprisingly
tolerable, affecting primarily glucose metabolism. Mice with a
targeted mutation in another DPP IV-like enzyme, fibroblastactivation protein, also were reported to develop without gross
abnormalities (34). The data presented here indicate that specific pharmacological inhibition of CD26 is sufficient to improve
glucose tolerance, establishing CD26 as a relevant, specific
therapeutic target for the treatment of type II diabetes.
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