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Dipeptidyl peptidase-4 (DPP4) is a widely expressed enzyme transducing actions through an anchored trans-
membrane molecule and a soluble circulating protein. Both membrane-associated and soluble DPP4 exert
catalytic activity, cleaving proteins containing a position 2 alanine or proline. DPP4-mediated enzymatic cleav-
age alternatively inactivates peptides or generates new bioactive moieties that may exert competing or novel
activities. The widespread use of selective DPP4 inhibitors for the treatment of type 2 diabetes has heightened
interest in the molecular mechanisms through which DPP4 inhibitors exert their pleiotropic actions. Here we
review the biology of DPP4 with a focus on: 1) identification of pharmacological vs physiological DPP4 substrates;
and 2) elucidation of mechanisms of actions of DPP4 in studies employing genetic elimination or chemical
reduction of DPP4 activity. We review data identifying the roles of key DPP4 substrates in transducing the
glucoregulatory, anti-inflammatory, and cardiometabolic actions of DPP4 inhibitors in both preclinical and
clinical studies. Finally, we highlight experimental pitfalls and technical challenges encountered in studies
designed to understand the mechanisms of action and downstream targets activated by inhibition of DPP4.
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Abbreviations: ADA, adenosine deaminase; BMI, body mass index; BNP, brain natriuretic
peptide; CCL3L1, chemokine (C-C motif) ligand 3-like 1; CD, cluster of differentiation;
DIRKO, double incretin receptor knockout; DPP4, dipeptidyl peptidase-4; FAP, fibroblast
activation protein; FMD, flow-mediated dilatation; G-CSF, granulocyte colony-stimulating
factor; GIP, glucose-dependent insulinotropic polypeptide; GLP-1, glucagon-like pep-
tide-1; GLP-1R, GLP-1 receptor; GM-CSF, granulocyte-macrophage colony-stimulating
factor; GRP, gastrin-releasing peptide; HbA1c, glycated hemoglobin; HMGB1, high-mo-
bility group box 1; MDC, macrophage-derived chemokine; MIP-1 «, macrophage inflam-
matory protein-1 a; NK1R, neurokinin-1 receptor; NPY, neuropeptide Y; PACAP, pituitary
adenylate cyclase-activating polypeptide; PC, prohormone convertase; PYY, peptide ty-
rosine tyrosine; Rantes, regulated on activation, normal T cell expressed and secreted; SB,
small bowel; SDF-1, stromal cell-derived factor-1; sDPP4, soluble DPP4; SP, substance P;
VIP, vasoactive intestinal peptide; VPAC, vasoactive intestinal peptide pituitary adenylate
cyclase activation peptide.
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I. Introduction

ipeptidyl peptidase-4 (DPP4) is a multifunctional
D protein that exerts biological activity through pleio-
tropic actions including: protease activity (1), association
with adenosine deaminase (ADA) (2), interaction with the
extracellular matrix (3), cell surface coreceptor activity me-
diating viral entry (4), and regulation of intracellular signal
transduction coupled to control of cell migration and pro-
liferation (5). The complexity of DPP4 action is amplified by
the panoply of bioactive DPP4 substrates, which in turn act
as elegant biochemical messengers in multiple tissues, includ-
ing the immune and neuroendocrine systems. Biological in-
terest in the DPP4 enzyme has heightened after the approval
of highly selective DPP4 inhibitors for the treatment of type
2 diabetes. Several excellent reviews have highlighted results
of clinical trials using DPP4 inhibitors to treat type 2 diabetes
(6); others have compared the structures, pharmacokinetic
differences, and comparative efficacy of unique DPP4 inhib-
itors (7) or summarized cardiovascular (8—10), renal (11), or
safety data (12) surrounding the use of DPP4 inhibitors. In
this review, we approach the literature from a different per-
spective, highlighting the biology of the DPP4 enzyme and
critically assessing experiments reporting the identification
and role(s) of DPP4 substrates. We emphasize studies iden-
tifying DPP4 substrates and in turn assess our knowledge of
how DPP4 inhibitors, acting through these substrates, trans-
duce their pleiotropic actions in both preclinical and clinical
studies. Given the clinical relevance of DPP4 biology for the
treatment of diabetes, we focus most of our attention on
mechanisms of action most relevant to the pathophysiology
and treatment of diabetes and its complications. Readers in-
terested in reviews summarizing clinical trial data are en-
couraged to consult several excellent recent summaries (6, 7).

Il. Molecular Biology of DPP4

A. Discovery, genomic organization, and superfamily of
related enzymes

DPP4 was discovered in 1966 as a new aminopeptidase
with unique substrate characteristics (13). It was later de-
termined to be identical to the T-cell activation antigen
cluster of differentiation (CD)-26, rat liver membrane gly-
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coprotein gp110, and the mouse thymocyte-activating
molecule (14-16). The 70-kb human gene identified in
1992 (17-19) is located on the long arm of chromosome
2 (2g24.3) and comprises 26 exons that encode a 766-
amino acid protein; the classic serine protease catalytic site
is encoded by two exons, exons 21 and 22, respectively. In
the mouse, Dpp4 is found on chromosome 2 (2C2-2D),
and interestingly, exon 21 and exon 22 are present as a
single 156-bp exon (19, 20). DPP4 is widely expressed in
numerous tissues including endothelial cells in multiple
vascular beds (21), rendering the enzyme highly accessible
to peptide substrates circulating through the gut, liver,
lung, and kidney (22). The human gene encodes two pre-
dominant mRNA transcripts, a larger 4.2-kb mRNA
whose distribution is widespread, and a 2.8-kb transcript
restricted to the placenta, kidney, lung, and liver. Further-
more, multiple minor splice variants of the DPP4 gene
have been described; however, the functional significance,
if any, of the various mRNA transcripts, which may con-
tain different 3'-untranslated sequences or poly A tails, for
translation of the classical bioactive DPP4 protein remains
unclear (19, 20).

DPP4 is a member of the serine peptidase/prolyl oligo-
peptidase gene family, often subclassified partly by struc-
ture and function, which includes: the membrane-bound
peptidases, fibroblast activation protein (FAP)/seprase;
the resident cytoplasmic enzymes, DPP8 and DPP9; and
the nonenzymatic members, DPP6 and DPP10, which are
present in neuronal membranes, and prolyl endopepti-
dase. The position and identity of the residues essential for
catalytic activity within the C-terminal region of these re-
lated enzymes are highly conserved in prokaryotes and
eukaryotes despite other significant differences in se-
quence (23). Further enzymatic complexity is engendered
by the functionally related DASH (dipeptidyl peptidase 4
activity and/or structure homologs) enzymes that replicate
the enzymatic activity of DPP4 despite differences in struc-
ture and localization, thus explaining DPP4-like activity
that persists after genetic deletion or pharmacological in-
hibition of DPP4 (24).

B. Molecular function

DPP4 transmits signals across cell membranes and in-
teracts with other membrane proteins (Figure 1). Remark-
ably, most of the protein is extracellular, including the
C-terminal catalytic domain, a cysteine-rich area, and a
large glycosylated region linked by a flexible stalk to the
transmembrane segment. Only six N-terminal amino ac-
ids are predicted to extend into the cytoplasm. The active
site, Ser 630, is flanked by the classic serine peptidase motif
Gly-Trp-Ser630-Tyr-Gly-Gly-Tyr-Val (23, 25, 26).
Chemical cross-linking experiments performed in Caco-2



994 Mulvihill and Drucker Metabolic Implications of DPP4 Inhibition
Figure 1.
Membrane-anchored Soluble
DPP4 DPP4
COO- COO-

Catalytic Region

Substrate

Cysteine-rich region
Fibronectin binding

ADA binding ‘

Glycoslylated region

Flexible Segment =y | __

NH2

Transmembrane

Cytoplasmic Domai

Figure 1. Membrane-bound DPP4 contains residues 1-766, whereas sDPP4 contains residues 39—
766. sDPP4 is lacking the cytoplasmic domain [residues 1-6], transmembrane domain [residues
7-28], and the flexible stalk [residues 29-39]. Both membrane-bound and circulating sDPP4
share many domains including the glycosylated region [residues 101-535, specific residues 85,
92, 150], ADA binding domain [340-343], fibronectin binding domain [468—-479], cysteine-rich
domain [351-506, disulfide bonds are formed from 385-394, 444-472, and 649-762], and the
catalytic domain [507-766 including residues composing the catalytic active site 630, 708, and

740].

cells and native gel analysis of DPP4 isolated from seminal
fluid demonstrated that dimers are the predominant spe-
cies (27). Further studies analyzing recombinant DPP4
produced from baculoviral-infected Sf9 insect cells dem-
onstrated that DPP4 exhibits a much smaller amount of
enzymatic activity in the monomeric form, with activity
significantly increasing upon homodimerization (28).
Mutation studies demonstrated that the C-terminal loop
of DPP4 is essential for both dimer formation and optimal
catalytic efficacy (27).

Analysis of the protein crystal structure demonstrated
that DPP4 can also form tetramers between two soluble
proteins or two membrane-bound proteins, which may
affect the efficiency of entry and cleavage of substrates by
the catalytic active site or allow cell-cell communication
(23). Studies in COS-1 cells coexpressing DPP4 and FAP«
have demonstrated formation of heteromeric complexes
(29), with both enzymes retaining their protease activity
(30).

Membrane-bound DPP4 initiates intracellular signal-
ing through interactions with ADA (19), caveolin-1 (31),
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caspase recruitment domain con-
taining protein 11 (32), and the T-
cell antigen CD45 (33). Other pro-
spective binding partners include the
CXCR4 receptor, the Na+/H+ ex-
changer, and the thromboxane A,
receptor, although the specific inter-
action sites have not been identified.
DPP4 also binds to the extracellular
matrix components collagen and fi-
bronectin; binding to these proteins
and to ADA is mediated by amino
acid residues independent of the sub-
strate binding site (34) (Figure 1).

Catalytically active DPP4 is liber-
ated from the plasma membrane,
producing a soluble circulating form,
sDPP4 (727 aa), which lacks the intra-
cellular tail and transmembrane re-
gions (35) and accounts for a substan-
tial proportion of DPP4 activity in
human serum (36, 37) (Figure 1). The
soluble form was first identified in se-
rum and saliva (36) and has been de-
tected in cerebrospinal and seminal
fluid and bile. sDPP4 can also activate
intracellular signaling pathways and
increases the proliferation of human
lymphocytes, independent of either its
catalytic activity (38) or the binding of
ADA (38). sDPP4 impairs insulin-me-
diated activation of Akt in human adipocyte, skeletal muscle,
and smooth muscle cells in vitro (39). Remarkably, some of
the actions attributed to sSDPP4, such as regulation of T-cell
migration or up-regulation of costimulatory molecules such
as CD86, require functional catalytic sSDPP4 catalytic activity
(40, 41). The mechanisms through which sDPP4 activates
signal transduction, possibly through interaction with the
mannose 6-phosphate/IGF-2 receptor (41) or via other mo-
lecular interactions (42), are poorly understood.

Substrate

C. Regulation of DPP4 expression

DPP4 activity is subject to regulation at many levels,
including control of gene and protein expression, interac-
tion with binding partners, and modulation of enzyme
activity. The DPP4 gene does not contain conventional
TATAA or CCAAT promoter sequences but is character-
ized by a cytosine/guanine-rich promoter region (43, 44).
The human DPP4 gene promoter contains consensus sites
for transcription factors with key roles in metabolism in-
cluding specificity protein 1, activator protein 1, egfr-spe-
cific transcription factor, hepatocyte nuclear factor-1, and
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nuclear factor-«B (45). The importance of cytokines for
DPP4 activity was demonstrated in chronic B lymphocytic
leukemia cells, where interferons «, 8, and vy stimulated
STAT1a to bind the GAS (interferon y-activated se-
quence) consensus sequences in the promoter of the DPP4
gene, leading to up-regulation of both intracellular and
cell-surface DPP4 expression as well as DPP4 activity (46).

Cell-surface and intracellular DPP4 expression is also
highly regulated, often low under basal conditions, then
induced markedly, for example, upon T-cell activation
with mitogenic or antigenic stimuli (47). In phytohaem-
agglutinin-activated cultured human peripheral blood
mononuclear cells, immunofluorescence analysis deter-
mined that DPP4 is significantly up-regulated in response
to IL-12, a key factor in the differentiation of naive T cells
into Th1 cells (48). These data, together with evidence
from other studies (1), suggest an important role for DPP4
in the activation of immune cells.

The control of DPP4 shedding, which increases levels of
the circulating or sDPP4 form (Figure 1), is poorly under-
stood. In human adipocytes isolated from visceral depots,
both inflammatory stimuli (TNF-«) and insulin increased
the release of sDPP4 despite a lack of change in DPP4
mRNA expression (39). Analysis of DPP4 mRNA expres-
sion in visceral adipose from obese human subjects dem-
onstrated relative increases in DPP4 mRNA transcripts
and enhanced release of sDPP4 from cultured adipocytes
ex vivo (49). Nevertheless, whereas many studies have
measured sDPP4 and associated its levels with different
disease states, very little insight has been provided into the
mechanisms regulating the shedding and biological activ-
ity of sDPP4 under these conditions. Studies in Dark Ag-
outi rats demonstrated that kidney extracts exhibited the
highest DPP4 activity (kinetic assay Gly-Pro-pNA sub-
strate, presented per gram of wet weight) of any organ
tested. High activity was also found in spleen, lung, thy-
mus, and liver, whereas medium levels of activity were
found in the intestine, aorta, and bone marrow. Interest-
ingly, plasma DPP4 activity was not reduced after kidney
transplantation from a Dpp4-deficient congenic Dark Ag-
outi donor rat into a wild-type recipient rat, suggesting
that the kidney is not an important source of sDPP4. Fur-
ther studies in which Dpp4-deficient congenic Dark Ag-
outi donor rats were lethally irradiated and received trans-
fer of wild-type bone marrow demonstrated that 10 weeks
after surgery, bone marrow was the source of 47% of
sDPP4 activity in plasma; however, the marrow-derived
cell type responsible was not determined (50). These stud-
ies highlight our limited understanding of the cell types
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and tissues that contribute to generation of sSDPP4 plasma
activity in vivo.

D. Post-translational modifications of DPP4

DPP4 contains eight to 11 potential N-glycosylation
sites, which can contribute to its folding and stability (51).
Although glycosylation may contribute approximately
18-25% of the total molecular weight (17, 52), muta-
tional analysis has determined that the glycosylation sites
are not required for dimerization, catalytic activity, or
ADA binding (53). However, N-terminal sialylation fa-
cilitates trafficking of DPP4 to the apical membrane (54).
Interestingly, molecular analysis of DPP4 isoforms iso-
lated from the rat kidney brush border membrane reveals
extensive heterogeneity in the oligosaccharides of DPP4
(55). A single study of sialylated DPP4 isoforms from pe-
ripheral blood mononuclear cells of HIV-infected subjects
correlated the extent of sialylation with increasing patient
age (56). This interaction has been proposed to alter the
ionic charge of DPP4 antigens because highly sialylated
DPP4 is more readily inhibited by cationic peptides. De-
sialylation of DPP4 with Vibrio cholera neuraminidase
increased DPP4 activity; hence, the extent of sialylation
may represent another mechanism for control of DPP4
activity (37, 57).

I1l. DPP4 Substrates

DPP4 was first investigated for its role in hydrolysis of
dietary prolyl peptides (58); subsequent studies using
DPP4 isolated using immunoaffinity chromatography and
ADA binding identified DPP4 as the primary enzyme re-
sponsible for the generation of Gly-Prop-nitroanilide sub-
strates in human serum. It is now known that DPP4 can
cleave dozens of peptides, including chemokines, neuro-
peptides, and regulatory peptides, most containing a pro-
line or alanine residue at position 2 of the amino-terminal
region. Despite the preference for a position 2 proline,
alternate residues (hydroxyproline, dehydroproline > al-
anine >, glycine, threonine, valine, or leucine) at the pen-
ultimate position are also cleaved by DPP4, suggesting a
required stereochemistry. The DPP4 cleavage at postpro-
line peptide bonds inactivates peptides and/or generates
new bioactive peptides (see Figure 3), thereby regulating
diverse biological processes.

Multiple experimental approaches have been employed
for identification and characterization of DPP4 substrates
(Figure 2). Most commonly, putative DPP4 substrates are
incubated with plasma containing DPP4, cells expressing
endogenous or transfected DPP4, or purified sDPP4, after
which peptide cleavage can be determined using one or
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inactivating mutations of the Dpp4
gene; or 2) animals or humans treated
with a DPP4 inhibitor (Figure 2). The
more challenging identification of
endogenous physiological substrates
cleaved by DPP4 (Table 1), those
peptides whose relative levels of in-
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Figure 2. Experimental paradigms for identification of DPP4 substrates. A, In vitro pharmacology.
Cells expressing DPP4, serum, or recombinant/isolated DPP4 are utilized as an enzyme source and
incubated with putative DPP4 substrates in vitro, after which the extent of truncation of the
peptide at the penultimate residue can be analyzed. B, In vivo pharmacology. Pharmacological
concentrations of peptides of interest are infused into wild-type mice or rats or Dpp4~'~ mice,
Fischer 344 rats, or animals or humans treated with a selective DPP4 inhibitor, and quantification
of relative levels of intact vs cleaved peptide are monitored. C, In vivo physiology. Identification
of endogenous physiological peptide substrates. In this paradigm, intact peptides and DPP4-
cleaved peptides are detected at different levels in wild-type vs Dpp4 knockout animals or in

animals or humans treated with a selective DPP4 inhibitor.

more analytical techniques. The kinetic parameters for
many substrates have been determined using in vitro en-
zyme assays (1). These approaches allow for use of suffi-
cient quantities of peptide substrate to enable detection of
intact vs cleaved substrate in vitro. Extension of DPP4
substrate identification to animals or humans in vivo is
much more challenging because most DPP4 substrates are
neuropeptides, chemokines, or regulatory peptides that
circulate at very low concentrations.

Experimental strategies for inferring the biological im-
portance of DPP4 for peptide cleavage include infusion of
a putative substrate into a mouse or rat with an inactivat-
ing mutation in the Dpp4 gene or coadministration of a
peptide substrate with a DPP4 inhibitor in normal animals
or humans (Figure 2). These approaches, while yielding
interesting data, reveal the importance of DPP4 for po-
tentiating the pharmacological actions of exogenous sub-
strates. Whether DPP4 also controls circulating intact vs
cleaved physiological levels of the same endogenous
substrate in vivo is less clear and requires analysis of
levels of intact vs cleaved peptide in 1) animals with

In Vivo
Endogenously
produced peptide

>

+ Cleaved
Peptide

Intact

; 3’5 +++  peptide

tact vs cleaved isoforms are signifi-
cantly different after DPP4 inhibi-
tion in vivo, generally requires highly

Dpp4* sensitive region-specific immunoassays
and/or analytic techniques combining
- M immunopurification and peptide iden-
wse L = .
tification by mass spectrometry.
DPP4i-

Challenges in understanding the
biology of DPP4 may include the in-
ability to demonstrate changes in
levels of intact vs cleaved peptide in
vivo due to technical limitations of
assay sensitivity. Furthermore, it
may be similarly difficult to ascertain
the physiological or pharmacologi-
cal relevance of changes in peptide
biology after genetic elimination or
pharmacological reduction of DPP4
activity, due to the absence of selec-
tive peptide antagonists or mouse
knockout models for the peptide or
receptor of interest. Alternative ex-
perimental approaches for defining
the importance of a DPP4 substrate
include precise replacement of circulating levels of a
(cleaved) substrate while maintaining DPP4 inhibition or
use of a DPP4-resistant peptide to reproduce physiological
levels of the native peptide. We designate substrates
cleaved exclusively by recombinant or cell-associated or
plasma DPP4 in vitro, or those whose biology is altered
only after pharmacological infusion in vivo as “pharma-
cological” DPP4 substrates (Table 1 and Figure 2). Given
the technical challenges in quantification and character-
ization of very low levels of intact vs cleaved DPP4 sub-
strates, it seems likely that some of the pharmacological
substrates shown in Table 1 may be ultimately reclassified
as physiological substrates, pending further advances in the
sensitivity of
analytical techniques. Wherever possible, we distinguish be-
tween pharmacological vs physiological DPP4 substrates,
providing an overview of commonly studied DPP4 sub-
strates with potential significance in the pathophysiology of
endocrine and metabolic disorders.

Although DPP4 activity may broadly regulate the phys-
iology of numerous signaling systems impacting numer-

treated
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Table 1. Experimental Substrates of DPP4

Physiological N-Terminal N-Terminal

Substrates Sequence Pharmacological Substrates Sequence

GIP YAEGTF. .. Aprotinin RPD

GLP-1 HAEGTF. . . B-Casomorphin YPFVEPI

GLP-2 HADGSF. . . BNP SPKMVAQ. . .

PYY YPIKPE. . . Chorionic gonadotropin APD. ..

SDF-1 KPVSLS. . . Endomorphin-1 YPFF-NH,

SP RPKPQQFFGLM. . . Endomorphin-2 YPWF-NH,
Enterostatin VPDPR. . .
Eotaxin GPASVP. . .
Erythropoietin APPRL. . .
GCSF EATPL. . .
GCP2 GP\S. ..
GHRH44 YADAIF. . .
GHRH29 YADAIF. . .
GMCSF APAR. ..
GRP (1-27) VPLPA. ..
GRP (3-27) LPA. ..
Glucagon HSQGTF. . .
Hemomorphin-7 YPWTQRF. . .
HMGB1 GKGD. . .
IGF-1 GPETLCGA. ..
IP-10 VPLSRT. . .
Kentsin TPRK. ..
LD78B (CCL3L1) APLAAD. . .
MDC GPYGAN. ..
Mig TPVVRK. . .
Morphiceptin YPFP-NH,,
NPY YPSKPD. . .
Oxyntomodulin HSQGTF. . .
PACAP (1-38) HSEGIF. . .
PACAP (1-27) HSEGIF. . .
Promelittin (1-50) APEPEP. . .
Promelittin (5-50) EPEP. . .
Promelittin (3-50) EP. ..
Procalcitonin APFRSA
PHM HADGVF. . .
Procolipase VPDPR. . .
Prolactin FPT. ..
Rantes SPYSSD. . .
Secretin HSDGTF. . .
SR-17 SAEFPDFY. . .
SP(3-11) KPQQFFGLM. . .
Trypsinogen propeptide FPT. ..
Tyr-MIF-1 YPLG-NH,
Vasostatin-1 SAEFPDFY. . .
VIP (1-59) HSDAVFTDNY. . .

ous organs and diseases, we focus our discussion on DPP4
substrates relevant to metabolism and related neuroendo-
crine systems (Table 1). Because DPP4 activity controls
immune cell activity and both subclinical and overt in-
flammation can accelerate the progression of diabetes and
obesity, we also discuss select data linking regulation of
chemokine biology to DPP4 activity.

Below we highlight a subset of DPP4 substrates, eval-
uating evidence for identification of: 1) physiological
peptide substrates (ie, intact peptides and DPP4 cleav-
age products are detected at different levels in wild-type

vs Dpp4 knockout animals or in animals or human sub-
jects treated with a selective DPP4 inhibitor); and 2)
pharmacological substrates (ie, in vitro truncation has
been observed at the penultimate residue, predomi-
nantly in vitro).

A. Brain natriuretic peptide (BNP)

BNP is synthesized as a 134-amino acid precursor
(PreproBNP) that is processed to a 108-residue proBNP
[1-108] and subsequently cleaved by furin or corin to BNP
[1-32], which promotes natriuresis through engagement
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of natriuretic peptide receptor type A. BNP [1-32] is
cleaved by DPP4 to BNP [3-32] in vitro (59), and BNP
[1-32], BNP [3-32], and BNP [5-32] have been detected
in plasma from patients with heart failure (60). Both BNP
[1-32] and BNP [3-32] stimulate production of cGMP;
however, the natriuretic, diuretic, and vasodilatory activ-
ity of BNP [3-32] is reduced, relative to that of BNP [1-32]
invivo (61). Sitagliptin potentiated the recovery of cardiac
function after infusion of BNP [1-32] in pigs with pacing-
induced heart failure (62); however, there is little infor-
mation on changes of BNP [1-32] vs BNP [3-32] in ani-
mals or humans treated with DPP4 inhibitors.

B. Erythropoietin

Erythropoietin is a 166-amino acid protein with a po-
sition 2 proline that is cleaved by DPP4 in vitro and in vivo.
Subcutaneous administration of erythropoietin in Dpp4
null mice augmented reticulocyte release into blood,
whereas injection of the DPP4-truncated protein led to
diminished reticulate responses and inhibited responses to
full-length erythropoietin, suggesting that cleaved eryth-
ropoietin may act as a competitive inhibitor (63). Hema-
topoiesis in response to radiation or chemotherapy was
augmented by genetic or pharmacological reduction of
DPP4 activity in mice (63); however, itis less clear whether
DPP4 inhibition augments erythropoietin-dependent he-
matopoiesis in humans. The available data suggest that
erythropoietin may be a physiological DPP4 substrate;
however, more rigorous biochemical quantification of in-
tact vs cleaved erythropoietin in animals or humans with
reduced DPP4 activity is required.

C. Eotaxin

Chemokines such as eotaxin are small peptides with
chemoattractant properties that contain one or more cys-
teine residues at the N terminus. CC chemokines contain
four consecutive conserved cysteine residues, whereas
CXL chemokines display four cysteines, with two tandem
cysteine residues separated by a single amino acid. Eo-
taxin, or CC motif chemokine (CCL)11 isa 74-amino acid
chemokine secreted by Th2 cells to attract eosinophils. It
is cleaved by DPP4 to eotaxin [3-74], reducing the potency
for eosinophil chemotaxis (64). However, eotaxin [3-74]
retains the anti-HIV activity in CC chemokine receptor
3-transfected cells exhibited by eotaxin [1-74]; hence,
DPP4 cleavage selectively dampens eotaxin-mediated
Th2-like immune responses, without modulating eotaxin-
dependent viral entry (64).

D. Gastrin-releasing peptide (GRP)
GRP is a 27-amino acid peptide member of the bomb-
esin family widely expressed in the neuroendocrine sys-
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tem, including the parasympathetic neurons of the pan-
creas, gut, and brain (65). Cleavage of GRP [1-27] by
DPP4 produces GRP [3-27] and GRP [5-27] (66). Ad-
ministration of a DPP4 inhibitor (valine-pyrrolidide) by
gavage before infusion of GRP led to a 25% increase in the
acute insulin response to iv glucose in anesthetized mice
(67). However, GRP also stimulates GLP-1 secretion,
which may contribute to indirect stimulation of insulin
secretion (68) that would be further augmented in the pres-
ence of a DPP4 inhibitor. Although GRP [5-27] has been
isolated from the canine intestine and brain, its biological
importance is unknown (69). Furthermore, whether mod-
ulation of DPP4 activity controls the biology of endoge-
nous GRP in vivo is unclear.

E. Glucagon

Glucagon is a 29-amino acid hormone secreted from
pancreatic a-cells that stimulates hepatic glucose produc-
tion. Diabetes is characterized by a lack of suppression of
glucagon in the postprandial state that contributes to ab-
errant metabolism of glucose and lipids. Mass spectrom-
etry analysis demonstrated that incubation of purified
porcine DPP4 with glucagon in vitro resulted in formation
of glucagon [3-29] and glucagon [5-29]. In human serum,
glucagon can be metabolized to glucagon [3-29] ex vivo,
and a DPP4 inhibitor (Ile-thiazolidide) prevented forma-
tion of this cleavage product in vitro (70). Nevertheless,
the degradation of glucagon in porcine plasma is not af-
fected by DPP4 inhibition with valine-pyrrolidide, and
glucagon degradation was not modulated in anesthetized
pigs treated with DPP4 inhibitors (71). Furthermore, the
physiological or therapeutic significance of this enzymatic
cleavage is unclear because DPP4 inhibitors universally
decrease levels of intact glucagon in rodents and humans
via potentiation of GLP-1 action, and circulating levels of
glucagon [3-29] and glucagon [5-29] have not been re-
ported in animals or humans treated with a DPP4 inhib-
itor. Collectively, the available data are consistent with the
possibility that glucagon is a pharmacological but not a
physiological substrate.

F. Glucagon-like peptide-1 (GLP-1)

GLP-1issecreted from L cells found mainly in the distal
portion of the intestinal tract after post-translational
cleavage of proglucagon by prohormone convertase (PC)
1/3. Active GLP-1 circulates as GLP-1 [7-37] and GLP-
1[7-36]NH,; these peptides are cleaved by DPP4 to gen-
erate GLP-1 [9-37] and GLP-1[9-36]NH,, respectively
(72). Intact GLP-1 enhances glucose-stimulated insulin se-
cretion and suppresses glucagon secretion, appetite, and
gastric emptying (73), actions mediated by a single GLP-1
receptor (GLP-1R). DPP4 cleavage eliminates the classical
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glucoregulatory actions of GLP-1 and generates peptide(s)
with 100-fold less receptor affinity (74), demonstrating
that the N-terminal residues are required for engagement
of the GLP-1R.

Plasma levels of intact active GLP-1 are increased in
Dpp4~'~ mice (52), in Fischer344/DuCrj rats with re-
duced DPP4 activity (75), and in animals and humans
treated with DPP4 inhibitors (73). Hence, GLP-1isa phys-
iological DPP4 substrate. Although GLP-1 [9-36] amide
is a weak antagonist of the GLP-1R (74), the physiological
relevance of GLP-1 [9-36] remains unclear. Pharmaco-
logical administration of GLP-1 [9-36] to achieve levels
higher than those circulating physiologically results in en-
hanced glucose clearance after meal ingestion, indepen-
dent of changes in insulin, glucagon, or gastric emptying
(76). Pharmacological infusion of GLP-1 [9-36] also re-
duced hepatic glucose production in obese (but not nor-
mal-weight) human subjects through incompletely de-
fined mechanisms (77). Nevertheless, DPP4 inhibition
results in marked reduction of circulating GLP-1 [9-36],
and little data exist surrounding the biological implica-
tions of reducing GLP-1 [9-36] to very low or undetect-
able levels in vivo. Hence, although pharmacological ad-
ministration of GLP-1 [9-36] enhances glucose clearance,
reduces hepatic glucose production, and decreases oxida-
tive stress in blood vessels and cardiomyocytes (78), the
biological relevance of lowering levels of GLP-1 [9-36] in
the context of DPP4 inhibition has not been demonstrated.

G. Glucagon-like peptide-2 (GLP-2)

GLP-2 is a 33-amino acid peptide with intestinotrophic
activity (79) cosecreted with GLP-1 from enteroendocrine
L cells in the distal bowel. Both GLP-2 [1-33] and its DPP4
cleavage product GLP-2 [3-33] have been detected by
HPLC in rat ileal extracts and human plasma (80), and a
DPP4 inhibitor (Val-Pyr) completely abolished formation
of GLP-2 [3-33] in human plasma in vitro (81). GLP-2
[3-33] exerts both weak agonism and antagonism at the
rodent and human GLP-2 receptors in vitro (82, 83) and
in rodents in vivo (82). Nevertheless, whether DPP4 in-
hibitor-mediated reduction of GLP-2 [3-33] in vivo has
any physiological consequence remains unclear. Native
GLP-2 potently stimulates small bowel (SB) growth in
mice; however, only crypt plus villus height, but not SB
mass, was increased in rats treated with native GLP-2 [1-
33]. In contrast, equimolar doses of native GLP-2 potently
increased SB mass in F344 mutant DPP4 rats (84), illus-
trating the importance of endogenous DPP4 for inactivat-
ing GLP-2 in rodents. Furthermore, DPP4-resistant ana-
logs of GLP-2 exert potent intestinotrophic effects in
rodents and humans (84, 85), and plasma levels of intact
bioactive GLP-2 [1-33] are increased after treatment of
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animals (86, 87) with a DPP4 inhibitor. Hence, GLP-2 is
a physiological substrate of DPP4. Although DPP4 inhib-
itors potentiate the intestinotrophic actions of coadmin-
istered native GLP-2, administration of DPP4 inhibitors
alone has little or no consequence for the intestinal actions
of native endogenous GLP-2 in vivo (88).

H. Glucose-dependent insulinotropic polypeptide (GIP)

GIP is a 42-amino acid peptide derived from preproGIP
via post-translational processing by PC1/3, mainly within
K cells in the duodenum and proximal jejunum (73). GIP
is also expressed in a-cells of the islet where PC2 process-
ing liberates GIP [1-31], which, like GIP [1-42], stimu-
lates insulin secretion (89). DPP4 cleaves GIP to release the
dipeptide (Tyr-Ala) (90-92). GIP [3-42] is unable to ac-
tivate the GIP receptor and, at pharmacological levels,
functions as a weak antagonist in vitro. Nevertheless,
whether GIP [3-42] functions as a physiologically rele-
vant antagonist in vivo is uncertain (93, 94). GIP is a phys-
iological substrate for DPP4 because plasma levels of in-
tact GIP [1-42] are increased in animals (95) and humans
(96) after administration of DPP4 inhibitors, and levels of
intact GIP are increased in Dpp4 '~ mice (52).

I. Granulocyte colony-stimulating factor (G-CSF)

G-CSF is a 174-amino acid chemokine that stimulates
the bone marrow to produce hematopoietic stem cells. Tt
was identified as a DPP4 target substrate, and cleavage by
DPP4 reduces its chemotaxic potency in vitro and in mice
(63). Whether intact vs cleaved forms of G-CSF are sig-
nificantly different after administration of a DPP4 inhib-
itor is unclear.

J. Granulocyte-macrophage CSF (GM-CSF)

GM-CSF is a 127-amino acid chemokine secreted by
immune cells to induce hematopoiesis. DPP4 inhibition
enhances the colony-stimulating activity of GM-CSF ex
vivo and in vivo (63). Interestingly, the DPP4 cleavage
product of GM-CSF binds to the GM-CSF receptor with
a greater affinity than native GM-CSF, which despite
lower concentrations allows truncated GM-CSF to com-
petitively inhibit signaling by full-length G-CSF (97).

K. GHRH and IGF-1

GHRH [1-44] and [1-40] are produced in the arcuate
nucleus of the hypothalamus and bind its receptor on the
anterior pituitary to stimulate the release of GH, and in
turn, GH stimulates hepatic IGF-1 release. GHRH was
among the first peptides to be identified as a DPP4 sub-
strate; it is rapidly degraded in rodent and human plasma
to GHRH [3-44]/GHRH [3-40] (98), and this cleavage
was blocked upon incubation of human plasma with the
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DPP4 inhibitor, diprotin A (99). GHRH [1-44] or [1-40]
exhibits a very short half-life (6 min) (98), and DPP4 cleav-
age was initially perceived to be a critical regulator of
GHRH bioactivity and, in turn, the GH-IGF-1 axis.
IGF-1, the downstream effector of GHRH and GH, is
a 105-amino acid protein produced mainly by the liver.
IGF-1 was identified as a pharmacological DPP4 substrate
by matrix-assisted laser desorption/ionization-time of
flight analysis of molecular forms of IGF-1 generated after
incubation with DPP4 purified from baculovirus-infected
insect cells (100). However, studies in pigs treated with
sitagliptin at doses inhibiting 90 % of DPP4 activity failed
to demonstrate an increase in active intact IGF-1 (101).
Clinically, treatment of healthy human male subjects with
sitagliptin (25-600 mg) for 10 days did not produce in-
creased concentrations of serum IGF-1 or IGF-binding
protein 3 as measured by ELISA (102). Furthermore,
Dpp4~'~ mice or rats do not exhibit increased organ
growth or body size. Hence, the available data suggest that
although DPP4 cleaves and inactivates both GHRH and
IGF-1, enzymatic inactivation by DPP4 is not the major
mechanism regulating the bioactivity of the GHRH-IGF-1

axis.

L. High-mobility group box 1 (HMGB1)

HMGBI is a 215-amino acid nuclear protein that reg-
ulates gene transcription. HMGB1 may be released from
cells during necrosis or in response to tissue damage, or it
can be actively secreted during inflammation. Pharmaco-
logically, HMGB1 stimulates the mobilization of endo-
thelial cell progenitors, enhancing angiogenesis and
wound healing (103). Immunoblotting of HMGB1 pro-
tein from plasma of two diabetic patients treated with
DPP4 inhibitors using N-terminal-specific HMGB1 anti-
sera suggests that levels of intact HMGB1 may be in-
creased in the presence of DPP4 inhibitors (103). How-
ever, it remains unclear whether DPP4 cleavage regulates
the biological activity of HMGB1 in vivo.

M. Macrophage-derived chemokine (MDC)

MDC is a 69-amino acid protein produced by macro-
phages and dendritic cells during a Th2-mediated immune
response. Cleavage of recombinant MDC in vitro by DPP4
resultsina smallamount of MDC [3-69] but largely MDC
[5-69] (104). Interestingly, whereas cleaved forms of
MDC exhibited reduced chemotactic ability, isolated hu-
man peripheral blood monocytes remained responsive to
the cleaved peptide, and truncated MDC retains its ability
to resist HIV infection of peripheral blood mononuclear
cells (105). Whether modulation of DPP4 activity simi-
larly regulates the biology of MDC isoforms in vivo re-
quires further analysis.
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N. Macrophage inflammatory protein-1 « (MIP-1 «),
chemokine (C-C motif) ligand 3-like 1 (CCL3L1), or LD788

MIP-1 o/CCL3L1/LD788 is a 70-amino acid protein
with chemoattractant properties for mononuclear cells
(66). sDPP4 cleaves LD78B [1-70] in vitro to generate
LD78B [3-70] and LD78B [5-70]. Human peripheral
blood mononuclear cells treated with LD783 [3-70] ex-
hibited greater chemotaxis and increased Ca”" signaling
compared with responses to LD788 [1-70] (106). Al-
though DPP4 cleavage to generate LD788 [3-70] en-
hances chemotaxis in vitro, whether the reduction of
DPP4 modulates the proportion of intact vs cleaved
LD78p in vivo is less clear (106).

0. Oxyntomodulin

Oxyntomodulin is a 37-amino acid proglucagon-de-
rived peptide secreted from L cells (107) that contains the
29-amino acid glucagon sequence with an additional eight
amino acid extension at the C terminus. A unique receptor
for oxyntomodulin has not been identified; however,
oxyntomodulin activates both the GLP-1R and the glu-
cagon receptor (108, 109). Soluble recombinant human
DPP4 cleaves oxyntomodulin in vitro (110). The first 29
amino acids of the N-terminal sequence of oxyntomodulin
are identical to glucagon, which, as noted above, is a phar-
macological DPP4 substrate that does not appear to un-
dergo meaningful DPP4 cleavage in vivo. Furthermore,
the lack of an oxyntomodulin-specific antagonist or re-
ceptor challenges elucidation of the importance of oxyn-
tomodulin as a physiological target for DPP4, and most
commercially available assays do not reliably distinguish
between intact and DPP4-cleaved forms of oxyntomodu-
lin (111).

P. Pituitary adenylate cyclase-activating polypeptide
(PACAP)

PACAP is a 38-amino acid neuropeptide that exhibits
numerous actions in the endocrine system (112) and is
released locally in islets upon stimulation of parasympa-
thetic nerves in the pancreas. PACAP [1-38] is cleaved by
DPP4 in vitro, and a C-terminal variant, PACAP [1-27],
is also weakly cleaved by DPP4 (66, 110). PACAP signals
through a family of structurally related PAC-1R, vasoac-
tive intestinal peptide pituitary adenylate cyclase activat-
ing pepdite (VPAC) 1R, and VPAC-2R receptors (113),
and both PAC-1R and VPAC-2R have been localized by in
situ hybridization to islets. PACAP is a direct regulator of
insulin secretion at concentrations as low as 10~ '* mol/L,
placing it among the most potent insulinotropic peptides
described (114). The presence of multiple PACAP iso-
forms, as well as a family of related receptors that also
recognize vasoactive intestinal peptide (VIP), renders gen-
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eration of a PACAP-specific antagonist highly challenging
(113). Although Paclr~'~ mice exhibit a complex meta-
bolic phenotype, they display significant glucose intoler-
ance and defective insulin secretion after both oral and iv
glucose and impaired insulinotropic responses to PACAP,
but not VIP, consistent with the importance of endoge-
nous PACAP for control of insulin secretion (115). Cir-
culating levels of PACAP [1-38] remain elevated after iv
administration in Dpp4~'~ mice, with markedly reduced
generation of PACAP [3-38] (110). Similarly, the DPP4
inhibitor valine-pyrrolidide potentiated the insulinotropic

Figure 3.
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Figure 3. DPP4 cleavage regulates substrate/receptor interactions. A, DPP4 cleaves NPY [1-36]
and PYY [1-36]. The intact forms of these peptides signal through Y1R-Y5R. After DPP4

cleavage, NPY [3-36] and PYY [3-36] are generated and preferentially signal through the Y2R
and Y5R. B, DPP4 cleaves SP [1-11], which signals through the NK1R receptor to generate SP

[5-11], which can signal through (NK1R, -2R, -3R).
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actions of coadministered synthetic ovine PACAP [1-38]
in mice (67). However, whether circulating or local con-
centrations of endogenous PACAP [1-38] are increased in
the presence of a DPP4 inhibitor or altered in Dpp4 '~
mice remains unclear, and it is difficult to ascertain due to
the low concentrations of PACAP isoforms in vivo.

Q. Neuropeptide Y (NPY)

NPY is a 36-amino acid peptide produced in the hypo-
thalamus and secreted into cerebral spinal fluid. NPY has
also been localized to human adipose tissue, the sympa-
thetic nerve termini associated with
pancreatic blood vessels, and a sub-
set of B-cells in the developing pan-
creas or in cells adapting to meta-
bolic NPY related
peptides (peptide YY and pancreatic
polypeptide) exert their biological
actions through a family of structur-
ally related receptors (Y1R-YSR)
(116). Cleavage of native NPY [1-
36] by DPP4 generates NPY [3-36],
which has a strong affinity for the
YR2/Y5R receptors, and consider-
able data demonstrate that cleavage
of NPY [1-36] in vitro modulates
NPY receptor selectivity (Figure 3).
Nevertheless, enzymatic cleavage of
NPY is complex, with at least five
peptidases identified that cleave
NPY (117).  Although
plasma immunoreactive NPY levels
were elevated in Dpp4 '~ mice with
experimental colitis, these analyses
did not distinguish between intact
and cleaved forms of NPY (118).
Furthermore, there are little data as-
sessing whether envisioned changes
in levels of endogenous NPY [1-36]
vs NPY [3-36] in circulation and/or
tissues after DPP4 inhibition ac-
counts for a component of the rele-
vant biological effects observed after
DPP4 inhibition in vivo.

stress. and

in vitro

R. Peptide tyrosine tyrosine (PYY)
PYY is a 36-amino acid peptide
secreted from intestinal L cells in re-
sponse to nutrient ingestion. Cleav-
age of PYY [1-36] by DPP4 in vitro
yields PYY [3-36] (119), a selective
Y2R agonist (Figure 3). Both intact
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and cleaved PYY peptides have been detected in human
plasma. Peripheral infusion of PYY [3-36], but not PYY
[1-36], in healthy human subjects inhibits energy intake
(120); conversely, infusion of PYY [1-36] inhibits food
intake in wild-type but not in Fischer 344 rats with an
inactivating point mutation in the Dpp4 gene (121). Fur-
thermore, circulating levels of PYY [3-36] were signifi-
cantly reduced, whereas levels of PYY [1-36] were in-
creased in diabetic human subjects treated with sitagliptin
(122). Hence, PYY [1-36] is a physiological substrate for
DPP4 in vivo.

S. Regulated on activation, normal T cell expressed and
secreted (Rantes)

Rantesis a 68-amino acid chemokine secreted by T cells
and fibroblasts that interacts with the CCR1, CCR3, and
CCRS receptors. N-Terminal truncation produces Rantes
[3-68], which retains chemotactic properties for lympho-
cytes but no longer stimulates migration of monocytes or
eosinophils. After Rantes [1-68] is cleaved by DPP4, Ran-
tes [3—68] continues to signal through the CCRS receptor
invitro (123). Rantes [3—68] is more effective than Rantes
[1-68] at inhibiting viral infection of mononuclear cells in
vitro (124). The complexity of the DPP4-dependent po-
tentiation of Rantes activity is underscored by observa-
tions that sDPP4 still potentiated the ability of Rantes
[3-68] to activate T cells in vitro, suggesting enzyme-in-
dependent cooperatively between sDPP4 and chemokine
activity (125). Although DPP4-mediated cleavage of Ran-
tes produces potent biological actions in vitro, much less
is known about the DPP4 dependence of Rantes biology in
vivo.

T. Stromal cell-derived factor-1 (SDF-1)

Two different isoforms of SDF-1 (also known as C-X-C
motif chemokine 12) have been described: SDF-1a, a ma-
ture protein of 68 amino acids; and SDF-1, with four
additional C-terminal residues, hence 72 amino acids,
which are derived from a single SDF-1 gene through al-
ternative RNA splicing (126). SDF-1 is widely expressed in
numerous cell types, and SDF-1 expression and secretion
are often induced concomitant with cellular injury. Both
SDF-1 isoforms are cleaved by soluble or cellular DPP4,
which inactivates their antiviral and chemotactic proper-
ties in cell-based assays in vitro (127). Because SDF-1 ac-
tivity enhances migration of hematopoietic and endothe-
lial progenitor cells to sites of ischemic injury, DPP4
inhibitors have been employed to enhance tissue healing,
most commonly in the setting of myocardial or vascular
ischemia. Importantly, DPP4 inhibition reduces N-termi-
nal degradation of SDF-1 and potentiates SDF-1 action in
vivo by enabling enhanced activation of its receptor,
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CXCR4, with greater stem cell mobilization to sites of
injury (128). As is the case with many low abundance
DPP4 substrates, quantification of levels of intact vs
DPP4-cleaved SDF-1« in vivo is challenging, due to the
lack of sensitive assays for discriminating SDF-1a [1-67]
from SDF-1a [3-67].

Using an assay that employs a first step of antibody-
based immunoenrichment followed by quantification of
peptide isoforms using mass spectrometry, Wang et al
(129) detected increased plasma levels of SDF-1a [1-67]
and decreased levels of SDF-1a [3-67] in C57BL/6 mice
acutely treated with the DPP4 inhibitor MK-0626. Fur-
thermore, relative increases in circulating levels of intact
SDF-1a[1-67] were detected in plasma from rhesus mon-
keys acutely treated with MK-0626, with more prolonged
(15 d of dosing) DPP4 inhibition markedly reducing cir-
culating levels of SDF-1a[3-67] (129). Similarly, an assay
employing antibody capture followed by mass spectrom-
etry detected marked reduction of SDF-la [3-67] in
plasma from Dpp4~'~ mice (130). Taken together, the
available data demonstrate that SDF-1« [1-67] is a phys-
iological DPP4 substrate.

U. Substance P (SP)

SP, or tachykinin, is an 11-amino acid neurotransmitter
that signals predominantly through the neurokinin-1 re-
ceptor (NK1R). Plasma from wild-type (but not Fischer
344) rats cleaves recombinant SP [1-11] to generate SP
[3-11] and SP [5-11], via mechanisms sensitive to the
DPP4 inhibitor diprotin A (131). Dpp4 '~ mice exhibit
approximately 2-fold higher levels of circulating SP, im-
plicating an essential biological role for DPP4 in control of
SP biology (132). Although potentiation of SP activity has
been postulated to underlie the pathophysiology of naso-
pharyngitis or neurogenic inflammation occasionally re-
ported with use of DPP4 inhibitors, SP is also rapidly
cleaved by angiotensin-converting enzyme and neutral en-
dopeptidase, and levels of intact vs cleaved SP are very low
and difficult to quantify in vivo. Furthermore, the extent
of cutaneous inflammation induced by exogenous intra-
dermal administration of SP in human subjects was not
modified by coadministration of sitagliptin (133). Al-
though pharmacological infusion of SP potentiates vascu-
lar release of norepinephrine and increases heart rate in
human studies, there is currently no firm clinical evidence
that DPP4 inhibition potentiates the cardiovascular activ-
ity of endogenous SP in human subjects. Hence, the bio-
logical importance of SP as a putative endogenous phys-
iological DPP4 substrate requires further scrutiny.
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IV. Discovery of DPP4 as a Drug Target

DPP4 was initially characterized as a modulator of T-cell
activation and proliferation. Observations that DPP4 lev-
els and activity were elevated in T cells of patients with
autoimmune disorders and inflammatory conditions in-
cluding rheumatoid arthritis (134) led to evaluation of
DPP4 inhibitors for treatment of immune disorders in-
volving aberrant T-cell function. However, interpretation
of these studies was complicated by observations that cat-
alytic activity was not required for DPP4 to mediate its
effects on T-cell function (135).

Because DPP4 expression is up-regulated in many can-
cers and associates with extracellular matrix proteins, the
consequences of DPP4 inhibition were evaluated in T-cell
malignancies and solid tumor metastases. A nonselective
inhibitor for DPP4, FAP, DPP8, and DPP9 (Val-Boro-Pro,
PT-100, talabostat) was studied in clinical trials for the
treatment of solid tumor malignancy and advanced stage
nonsmall cell lung cancer; the available evidence did not
reveal a sufficiently robust therapeutic response to merit
further clinical development (136, 137). Furthermore,
treatment of DPP4 null (Dpp4 '~ or Cd26 ') mice with
PT-100 demonstrated stimulation of cytokine and chemo-
kine production and a reduction in tumor incidence, sug-
gesting that inhibition of DPP4 is not the main molecular
target for these actions of PT-100 (138). Many of the first-
generation DPP4 inhibitors exhibited potent actions in the
immune system and modified neoplastic cell growth, yet
were subsequently found to exhibit nonselective activity
independent of their actions to inhibit DPP4.

A. Selective DPP4 inhibitors, glucoregulatory substrates,
and the treatment of type 2 diabetes

Interest in the therapeutic potential of inhibiting DPP4
for the treatment of metabolic disorders followed obser-
vations that GLP-1 [7-37]/GLP-1 [7-36] amide, and not
GLP-1[1-37], were potent glucose-dependent stimulators
of insulin secretion (73), yet native GLP-1 [7-37]/[7-36]
amide exhibited a very short circulating half-life, and con-
tinuous infusion was required to optimally control glyce-
mia (139).1In 1993, Mentlein et al (91) identified DPP4 as
the enzyme responsible for hydrolysis of the incretin hor-
mones GLP-1 [7-36] and GIP [1-42] in vitro, findings
subsequently extended to rats by Kieffer et al (90). Fur-
thermore, the rapid N-terminal cleavage of GLP-1 and
GIP by purified DPP4 or rat serum was substantially re-
duced by coincubation with the DPP4 inhibitor diprotin A
and diminished in the presence of serum from DPP4-de-
ficient Fisher 344 rats. Infusion of "% IGIP [1-42] or
(125 IGLP-1 [7-36]NH, into DPP4 rats resulted in sub-
stantially less N-terminal cleavage of these peptides (90),
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illustrating the critical role of DPP4 for incretin inactiva-
tion in vivo. Simultaneously, Deacon et al (72) demon-
strated cleavage of GLP-1 [7-36] amide to GLP-1 [9-36]
amide in human plasma in vitro, with these actions sen-
sitive to the DPP4 inhibitor diprotin A, findings consistent
with those reported by Pauly et al (140) analyzing the
degradation of GIP and GLP-1 by human serum in vitro.
Furthermore, the circulating levels of both intact and
cleaved GLP-1 isoforms were lower in the fasting state and
rose after meal ingestion in human subjects (72). Subcu-
taneous or iv administration of native GLP-1 in normal
and diabetic human subjects led to rapid degradation of
the intact GLP-1 [7-36] amide and accumulation of the
DPP4-generated metabolite GLP-1 [9-36] amide (141).
Collectively, these findings highlighted the role of DPP4 as
a key determinant of the enzymatic cleavage and inacti-
vation of GLP-1 both in vitro and in vivo; hence, GLP-1 is
a major physiological substrate for DPP4.

Complementary evidence supporting an essential role
of DPP4 in the control of incretin degradation and glucose
homeostasis was derived from studies of Dpp4-deficient
rodents and administration of DPP4 inhibitors to animals
and humans. The DPP4 inhibitor valine pyrrolidide pre-
vented GLP-1 degradation and potentiated the insulino-
tropic and glucoregulatory actions of exogenously infused
GLP-1 in anesthetized pigs (142). Treatment of rats with
Ile-thiazolidide inhibited DPP4 activity, improved oral
glucose tolerance, and enhanced the insulin response to
glucose, findings consistent with the potentiation of en-
dogenous GLP-1 and GIP activity in vivo (143). Notably,
DPP4 inhibition improved glycemia not only in lean in-
sulin-sensitive rats, but also in obese Zucker rats with
marked glucose intolerance, demonstrating that inhibi-
tion of DPP4 activity produced glucoregulatory actions in
experimental models of dysglycemia (143). Similarly,
acute administration of NVP-DPP728, a selective inhibi-
tor of DPP4, to lean and obese insulin-resistant Zucker
rats improved oral glucose tolerance and augmented the
increases in plasma insulin levels, in association with in-
creased plasma levels of intact GLP-1 and no change in
gastric emptying (144). Collectively, these and related
studies provided proof of concept for the glucoregulatory
actions of DPP4 inhibitors.

B. Metabolic phenotypes in animal models of DPP4
deficiency

Insight into the metabolic consequences of reduced or
absent DPP4 activity came from animal models with in-
activating mutations in DPP4. The Fischer rat (F344/Du-
Crj and F344/CRG; Charles River Japan and Germany,
respectively) exhibits loss of DPP4 activity due to a G633R
substitution near the DPP4 active site (145), which results
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in degradation of the immature DPP4 protein in the en-
doplasmic reticulum (146). The Japanese rat exhibits en-
hanced glucose tolerance, increased levels of circulating
GLP-1, and enhanced insulin secretion under basal con-
ditions (75, 147). Both the F344/DuCrj and F344/CRG
rats demonstrate a reduction in body weight, associated
with decreased food and water intake (148). The F344/
DuClrj exhibits favorable metabolic phenotypes including
improved oral glucose tolerance, increased insulin secre-
tion, and higher levels of intact plasma GLP-1. Notably,
the DPP4 inhibitor valine-pyrrolidide did not modify glu-
cose tolerance of F344/DuCrj rats but improved glucose
tolerance in control F344/]cl rats (75). DPP4-deficient rats
also exhibit resistance to high-fat diet-induced obesity,
improved insulin sensitivity (149), and resistance to strep-
tozotocin-induced hyperglycemia (150).

The generation and phenotypic characterization of
Dpp4~'~ mice provided complementary evidence for the
physiological importance of DPP4 in glucose homeostasis.
Dpp4~'~ mice displayed increased circulating levels of
GLP-1 and GIP in response to an oral glucose challenge,
enhanced glucose-stimulated insulin secretion, and im-
proved oral glucose tolerance. Consistent with data from
F344/DuCrj rats, Dpp4 '~ mice also exhibited resistance
to diet-induced obesity and reduced STZ-induced B-cell
destruction (151).

Studies using DPP4 inhibitors in wild-type animals and
characterization of rats and mice with DPP4 mutations
provided important validation of DPP4 as a glucoregula-
tory target; however, several caveats qualify interpreta-
tion of data from these experiments. First, the initial gen-
eration of DPP4 inhibitors was not completely selective for
DPP4, raising the possibility that some of the actions as-
cribed to use of these agents in vivo may reflect off-target
activity (152). Second, DPP4-deficient rats and Dpp4 '~
mice do not represent models of selective inactivation or
deficiency of the catalytic subunit; rather, these animals
exhibit reduced expression (F344 rats) or complete genetic
elimination (Dpp4~'~ mice) of the entire DPP4 protein.
Hence, attribution of mechanisms responsible for favor-
able metabolic phenotypes in these animals is complicated
by potential actions ensuing from loss of DPP4 actions
arising independent of its catalytic activity.

V. Mechanism(s) of Action of DPP4 Inhibitors

Understanding the mechanisms through which DPP4 in-
hibitors exert diverse metabolic actions requires assess-
ment of the selectivity of these agents and rigorous eval-
uation of evidence linking changes in levels or molecular
forms of a candidate DPP4 substrate to actions emanating
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from administration of a DPP4 inhibitor in vivo. As out-
lined in Table 1 and discussed herein, a large number of
peptides are cleaved by DPP4 in vitro, and many of these
peptides are also cleaved by DPP4 in vivo. Furthermore,
DPP4 inhibitors modify the relative levels of intact vs
cleaved substrates (Figure 2), which may exhibit varying
affinities for structurally related receptors (Figure 3), fur-
ther complicating assignment of mechanistic roles for key
peptide substrates in transducing actions arising from
DPP4 inhibition. In the following sections, we describe
experiments supporting the importance of DPP4 inhibitor
selectivity and critically evaluate evidence linking changes
in levels of key substrates and metabolites to metabolic
and glucoregulatory activities ascribed to DPP4 inhibi-
tion. Wherever possible we highlight data generated using
selective antagonists or mouse genetics to link the presence
or absence of peptide action to therapeutic actions as-
cribed to DPP4 inhibitors.

A. Selectivity of DPP4 inhibitors

Discovery that DPP4 is a member of a family of pro-
teases that exhibit postproline cleavages, including DPP4-
like 1, DPP4-like 2, DPP7, DPPS, DPP9, and FAP,
prompted scientists to re-evaluate the selectivity of DPP4
inhibitors (152). The critical importance of DPP4 as the
glucoregulatory target for DPP4 inhibitors is exemplified
by studies in F344/DuCrj rats treated with valine pyrro-
lidide, which demonstrated no improvement in glucose
tolerance compared with reduction in glycemic excursion
in control rats (75). Similarly, valine pyrrolidide improved
glucose tolerance in wild-type mice but failed to lower
glucose in Dpp4~'~ mice (52). Importantly, both mice and
rats with inactivating DPP4 mutations remain relatively
healthy while exhibiting favorable metabolic profiles.
Hence, these rodent models provide key genetic evidence
demonstrating that DPP4 is the glucoregulatory target for
DPP4 inhibitors.

The selectivity of DPP4 inhibitors and the importance
of DPP4 for enzymatic inactivation of key substrates is of
great interest because DPP7, DPP8, DPP9, and FAP also
display DPP4-like activity (DPP4L1 and DPP4L2 do not
because they have a mutation at the active site serine) (152,
153). Many DPP4 substrates, including GLP-1, GLP-2,
NPY, PYY, SDF-18, interferon y-induced protein-10 (IP-
10), and interferon-inducible T-cell a chemoattractant,
are also target substrates for DPP8 and/or DPPY, albeit
with much lower efficiencies compared to DPP4. NPY,
BNP, SP, and PYY as well as GLP-1 and GIP may all be
hydrolyzed by FAP; however, no overlap in the enzymatic
specificity of chemokine truncation was observed (154).
The relative importance of ubiquitously expressed DPP8/
DPP9 as potential mediators of toxicity emanating from
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the use of nonselective DPP4 inhibitors remains a subject
of some uncertainty (152). Lankas et al (155) assessed the
consequences of administering selective inhibitors of
DPP4, DPP8/9, or quiescent cell proline peptidase in rats,
dogs, and wild-type and Dpp4~'~ mice. Selectivity was
assessed in vitro against the respective recombinant hu-
man enzymes. After 4 weeks of treatment with L-threo-
isoleucyl thiazolidine 1, rats demonstrated lung histiocy-
tosis and thrombocytopenia. Dogs given the same
treatment exhibited acute central nervous toxicities after
one or two doses including seizure, tremor, and ataxia
were observed at lower doses (155) with bloody diarrhea
in dogs observed after more prolonged therapy. After 5-6
weeks of treatment in dogs, mortality was significantly
increased, and additional toxicities including anemia,
thrombocytopenia, splenomegaly, and multiorgan pa-
thology were observed. The allo isomer (allo-isoleucyl
thiazolidine) was shown to exhibit 10-fold greater po-
tency for inhibition of DPP8/9, potentially accounting for
some of the observed preclinical toxicities (155). Subse-
quent studies employing DPP8/9 selective inhibitors pro-
duced thrombocytopenia, splenomegaly, lymphadenopa-
thy, lymphocyte necrosis, and mortality in rats and bloody
diarrhea, emesis, and tenesmus in dogs (155). Notably,
splenomegaly, bone marrow myeloid hyperplasia, and ex-
cess mortality were observed in both wild-type and
Dpp4~'~ mice treated with high doses of DPP8/9 selective
inhibitors (155). Furthermore, Val-boro-pro and DPP8/9
selective inhibitors reduced cytokine release and T-cell
proliferation, whereas DPP4-selective inhibitors had no
effect in these assays in vitro.

Contrasting results were obtained in studies examining
the putative importance of DPP8/9 as potential targets for
vildagliptin in some cell types (156). Vildagliptin was a
much more potent inhibitor of DPP4, relative to inhibition
of DPP8 or DPP9 as assessed in studies employing recom-
binant human enzyme in vitro, with K; values of 3, 810,
and 95 nMm, respectively. Vildagliptin was administered to
rodents at concentrations up to 1500 mg/kg/d, doses that
produced plasma concentrations well beyond the Ki val-
ues determined using in vitro enzyme assays to inhibit
DPP4, DPP8, and DPP9. Importantly, tissue concentra-
tions of vildagliptin exceeded plasma levels except for
muscle, adipose tissue, and brain; however, specific details
of drug levels achieved in different tissues were not pro-
vided. No deaths were observed in the vildagliptin-treated
rats or mice, and very few adverse effects were noted, ex-
cept for modest increases in red blood cell counts at the
two highest doses (156).

Even less well understood are observations that some
DPP4 inhibitors (vildagliptin and saxagliptin), but not
others, produce cutaneous necrosis and vasculitis in non-
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human primates (157). It seems likely that these findings
reflect differences in selectivity, intracellular penetration,
or metabolites with unique activities, rather than mecha-
nism-based DPP4-mediated toxicities; however, the mo-
lecular pathophysiology underlying these preclinical find-
ings remains poorly understood.

How can we reconcile differences in preclinical toxicity
and contrasting conclusions arising from the studies of
Lankas et al (155) and Burkey et al (156) regarding the
potential importance of DPP8/9 as mediators of off-target
(non-DPP4-mediated) toxicity with specific enzyme inhib-
itors? First, these studies assessed structurally distinct
compounds profiled in different enzymatic assays in vitro
and separate groups of animals in vivo, and we do not have
external validation of the relative toxicities of the various
compounds studied in independent laboratories. Impor-
tantly, measuring plasma and even tissue levels of various
inhibitors may not reveal whether various inhibitors dif-
ferentially pass across cell membranes and penetrate in-
tracellular compartments. Because many of the enzymes
such as DPP8/9 may not be similarly accessible to all com-
pounds, some of the experimental differences observed
may reflect differences with which various compounds
access and interact with the enzymes residing in key cel-
lular subcompartments (158). None of the studies rou-
tinely assess the extent to which enzyme activities are se-
lectively reduced in tissues and within cells in vivo, a
challenging task given the large number of cellular en-
zymes with related enzymatic profiles and activities. In-
triguingly, Dpp9 '~ mutant mice with a Ser-Ala point
mutation at the catalytic site (§729A) exhibit normal en-
zyme expression, reduced DPP9 enzymatic activity, and
normal embryonic development (159); although Dpp9 =/~
mice are born with the expected Mendelian frequency,
they exhibit neonatal mortality and die shortly after birth.
Hence, selective genetic ablation of murine DPP9 catalytic
activity, a scenario distinct from partial inhibition of DPP9
activity, produces major organ toxicities in vivo (159).
Even less is known about the consequences of selective
genetic or chemical reduction of DPP8 enzyme activity in
vivo, and it seems clear that toxicology data generated in
rodents may not always be readily extrapolated to
primates.

Furthermore, it is important to consider whether selec-
tivity of DPP4 inhibitors and their interaction with the
catalytic site is relevant for understanding nonenzymatic
actions of DPP4. For example, binding to extracellular
matrix proteins including fibronectin (160), collagen I and
III (161) is mediated through residues independent of the
active site. Although these actions would not be predicted
to be impaired by pharmacological inhibition targeting
the protease activity, genetic evidence demonstrates that
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some actions of DPP4 not involving substrate cleavage do
require catalytic DPP4 activity (40, 41). Nevertheless,
there are little data demonstrating that highly selective
DPP4 inhibitors meaningfully perturb actions of DPP4
independent of its ability to cleave peptide substrates.

B. Mechanisms through which DPP4 inhibitors lower
glucose

1. Preclinical studies

Mice with genetic inactivation of one or both incretin
receptors have yielded key insights into glucoregulatory
mechanisms of DPP4 inhibitors. Consistent with the cy-
toprotective actions of both GLP-1 and GIP, sitagliptin
reduces B-cell apoptosis in wild-type mice treated with
streptozotocin but fails to modify B-cell survival in
Glp1r~'":Gipr~'~ mice (162). Acute administration of
four structurally distinct DPP4 inhibitors (valine pyrroli-
dide, SYR-106124, LAF237,and TP8211) improved oral
glucose tolerance and increased levels of plasma insulin in
wild-type mice and in both GIp1+~'~ and Gipr~'~ mice.In
contrast, none of the DPP4 inhibitors lowered glycemia or
increased plasma levels in acute studies with double in-
cretin receptor knockout (DIRKO; Glplr™'":Gipr™'")
mice (163). To assess whether the development of insulin
resistance and glucose intolerance unmasked the impor-
tance of additional DPP4-sensitive glucoregulatory sub-
strates beyond GLP-1 and GIP, Flock et al (164) admin-
istered vildagliptin in the drinking water continuously for
8 weeks to high-fat-fed C57BL/6 wild-type and DIRKO
mice. Vildagliptin improved glucose tolerance and in-
creased levels of plasma insulin in wild-type mice, but no
improvement in glycemia or changes in plasma insulin
levels were detected in vildagliptin-treated DIRKO mice,
demonstrating the requirement for GIP and GLP-1R sig-
naling for transduction of the chronic glucose-lowering
actions of DPP4 inhibitors (164). In contrast, selective
changes in expression of genes regulating hepatic lipid
metabolism were seen in both wild-type and vildagliptin-
treated DIRKO mice.

The exact cellular site(s) that transduce the glucoregu-
latory actions of DPP4 inhibitors remain uncertain. Al-
though GLP-1 and GIP receptors on islet B-cells are logical
candidates, levels of intact circulating GLP-1 and GIP are
low, and a considerable proportion of intact GLP-1 and
GIP is degraded shortly after secretion from gut endocrine
cells (165). Studies in rodents using doses of sitagliptin
sufficient to inhibit intestinal but not systemic DPP4 ac-
tivity implicate local intestinal-neural GLP-1R-dependent
mechanisms for potentiation of glucoregulatory actions of
DPP4 inhibitors (166); however, the existence and poten-
tial importance of similar circuits in humans is difficult to
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determine. Furthermore, selective genetic restoration of
GLP-1R signaling only in Glp1r~'~ B-cells, but not in the
brain or most neurons, is sufficient to normalize glucose
intolerance in Glp17~'~ mice (167). Hence, elucidation of
potential sites, including peripheral and central neuronal
circuits and islet cells contributing to DPP4-dependent
glucoregulation, is challenging. Collectively, the available
data demonstrate that GLP-1 and GIP are necessary and
sufficient to explain the glucoregulatory actions of DPP4
inhibitors in mice; however, additional DPP4 substrates
may be involved in mediating other metabolic nonglyce-
mic actions ascribed to DPP4 inhibition.

C. Proof of concept and mechanisms for DPP4-
dependent glucose control in humans

A crossover, placebo-controlled, clinical trial was un-
dertaken in 93 patients with type 2 diabetes previously
controlled with diet and exercise, baseline glycated hemo-
globin (HbAlc) 7.4%, treated with 100 mg three times
daily or 150 mg twice daily with the DPP4 inhibitor,
1-[[[2-[(5-cyanopyridin-2-yl)amino]eth-ylJamino-
Jacetyl]-2-cyano-(S)-pyrrolidine (NVP DPP728) for 4
weeks. Administration of NVP DPP728 reduced 24-hour
glucose profiles and decreased levels of HbAlc (to 6.9%)
and fasting and postprandial glucose (168). Unexpectedly,
these improvements in glycemic parameters were associ-
ated with reductions in mean 24-hour plasma insulin lev-
els; however, an increase in the postprandial insulin:glu-
cose ratio was noted, consistent with an improvement in
B-cell function (168). Subsequent studies using LAF237
(vildagliptin, 100 mg/d) for 4 weeks in overweight human
subjects with diet-controlled type 2 diabetes revealed that
DPP4 inhibition increased GLP-1 and decreased plasma
glucagon levels, whereas plasma insulin concentrations
remained unchanged (169). Consistent with earlier studies
using NVP DPP728, insulin:glucose ratios were improved
in DPP4 inhibitor-treated subjects. These studies were the
first to highlight the correlation between improvements in
glycemia and reductions in plasma glucagon in diabetic
subjects treated with a DPP4 inhibitor (169).

Further studies demonstrated sustained glucose control
in diabetic subjects treated with metformin and either pla-
cebo or vildagliptin 50 mg twice daily, initially for 12
weeks and followed by an additional 40-week open-label
extension (170). Treatment with vildagliptin reduced
HbAT1c over the initial 12-week treatment period, then
prevented deterioration in glycemic control over 52
weeks; sustained improvements in postprandial glucose
control and fasting glucose were evident in subjects treated
for 52 weeks, with no significant differences in insulin
levels (170).
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Balas et al (171) assessed the mechanisms through
which vildagliptin improved glycemia in obese human
subjects with type 2 diabetes (body mass index [BMI], 34
kg/m?; baseline HbA1c, 9%). Patients were given a single
100-mg dose of vildagliptin or placebo at 5:30 prm, fol-
lowed 30 minutes later by a meal tolerance test. Vilda-
gliptin markedly suppressed plasma glucagon levels, de-
creased endogenous glucose production, and enhanced
insulin secretion rates, despite a fall in glucose (171). The
mechanisms of sitagliptin action were studied in over-
weight human subjects with type 2 diabetes treated with
sitagliptin or placebo for 6 weeks. Study protocols in-
cluded a meal tolerance test and an iv glucose infusion for
assessment of B-cell function. Key findings included sup-
pression of endogenous glucose production and reduced
levels of glucagon levels during a meal in sitagliptin-
treated subjects (172).

The pharmacodynamic effects of chronic sitagliptin
therapy, administered alone or in combination with met-
formin, were assessed in 16 subjects with type 2 diabetes
treated with metformin or sitagliptin, alone or in combi-
nation, for 6 weeks (173). Sitagliptin, either alone or in
combination with metformin, significantly reduced
plasma glucagon levels during a meal tolerance test, asso-
ciated with a drop in endogenous glucose production.

Most studies using DPP4 inhibitors to treat human sub-
jects with type 2 diabetes demonstrate increased levels of
intact GLP-1 and GIP, and often a reduction of total cir-
culating GLP-1 and GIP, consistent with feedback inhibi-
tion of L and K cell secretion, respectively (174). Aulinger
et al (175) assessed the importance of endogenous GLP-1
for the glucose-lowering effects of sitagliptin in human
diabetic subjects (mean HbA1c, 6.2%; BMI, 27.7 kg/m?).
Subjects were studied using oral and iv glucose tolerance
tests and acute administration of sitagliptin or placebo, in
the presence or absence of iv exendin [9-39] (175). Sita-
gliptin increased fasting levels of intact GLP-1 and GIP,
and consistent with tonic feedback inhibition of GLP-1
secretion by active GLP-1, exendin [9-39] further in-
creased fasting levels of active GLP-1 in the presence of
sitagliptin. Exendin [9-39] partially reversed (by about
50%) the glucose reduction observed with sitagliptin
treatment during the oral glucose tolerance test (175).
Sitagliptin alone suppressed levels of plasma glucagon
during the oral glucose tolerance test, whereas coadmin-
istration of exendin [9-39] led to significant increases in
plasma glucagon levels in sitagliptin-treated subjects.
These findings are consistent with an important role for
augmentation of GLP-1R signaling in the DPP4 inhibitor-
mediated suppression of glucagon secretion and oral glu-
cose tolerance (175). The partial, but not complete, rever-
sal of sitagliptin-mediated improvements in glycemic
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control with exendin [9-39] is entirely consistent with
mouse studies implicating a key role for both GLP-1 and
GIP in the glucose-lowering actions of DPP4 inhibitors
(52, 163).

VI. Role of DPP4 in Endocrine Pathophysiology

A. Adipose tissue

1. DPP4 expression in adipose tissue

DPP4 is expressed in both sc and visceral adipose de-
pots isolated from human subjects (39). Increased DPP4
expression is associated with impaired glucose tolerance,
increased BMI, and increased levels of HbAlc. Positive
correlations of circulating DPP4 with the extent of adi-
pocyte hypertrophy, macrophage infiltrations, and insulin
resistance were observed in insulin-resistant morbidly
obese patients (49). Dendritic cells and macrophages res-
ident in visceral adipose depots also express DPP4, and
relative DPP4 expression in these cell types is increased in
obese states and is further induced by experimental in-
flammation (176). Although DPP4 is well positioned to
control local concentrations of key bioactive substrates
within adipose tissue, it remains unclear whether adipose
DPP4 mechanistically contributes to expansion and dys-
function of different adipose depots.

2. DPP4, appetite, energy expenditure, and weight gain

Dpp4~'~ mice exhibit resistance to high-fat feeding-
induced obesity, associated with increased expression of
uncoupling protein-1 and the B3 adrenergic receptor in
brown adipose tissue and increased whole-body energy
expenditure (151). Several DPP4 substrates including
BNP [1-32], GLP-1, and oxyntomodulin have been
shown to stimulate VO, consumption and/or thermogen-
esis in brown adipose tissue (177, 178). However, the
mechanism(s) enabling Dpp4 null mice to exhibit resis-
tance to diet-induced obesity have not been identified.

Multiple DPP4 substrates are pharmacological regula-
tors of food intake, including NPY, PYY, enterostatin,
GLP-1, and GLP-2. Unlike GLP-1R agonists, DPP4 inhib-
itors do not suppress food intake or gastric emptying
(179). The weight-neutral effects of DPP4 inhibitors may
simply reflect the modest elevations in intact GLP-1 to
levels insufficient to control satiety and/or changes in lev-
els and activity of multiple anorectic and orexigenic pep-
tides, with the integrated result reflecting the absence of a
dominant anorectic signal.

B. Cardiovascular system

1. DPP4 in the cardiovascular system
DPP4 is expressed in vascular endothelial cells (180,
181) and venous capillary beds, and DPP4 enzyme activity
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has been detected in human fibroblasts. Because the re-
duction of cardiovascular complications is a major goal
for the treatment of type 2 diabetes, we briefly review data
linking DPP4 inhibition to mechanisms of action in the
cardiovascular system. Readers are directed to more fo-
cused comprehensive cardiovascular reviews of DPP4 ac-
tion for more detail (8, 182).

2. Myocardial infarction and heart failure: preclinical data

Dpp4 null mice demonstrate a cardioprotective gene/
protein profile in the heart, smaller remodeled infarct
scars, and reduced mortality after left anterior descending
artery ligation (183). A similar cardioprotective pheno-
type was observed in wild-type diabetic mice treated with
sitagliptin. Direct intracoronary administration of sita-
gliptin ex vivo did not improve left ventricular developed
pressure in ischemia reperfusion studies of the isolated
heart. In contrast, hearts from Dpp4 '~ mice or wild-type
mice treated with two doses of sitagliptin over 24 hours
exhibited improved recovery of left ventricular developed
pressure (183). Hence, DPP4 inhibition likely mediates
cardioprotection indirectly through one or more sub-
strates in vivo. Despite abundant preclinical evidence link-
ing DPP4 inhibition to cardioprotection in mice or rats
with cardiac ischemia (8), only GLP-1 and SDF-1 have
been clearly identified as likely candidates transducing
DPP4-dependent cardioprotection.

Several studies have employed GLP-1R blockade with
exendin [9-39] to identify a role for GLP-1R signaling in
DPP4-dependent cardioprotection. DPP4-deficient rats
subjected to 45 minutes of ischemia with 2 hours of rep-
erfusion exhibited cardioprotection characterized by re-
duced infarct size, better cardiac performance, and re-
duced levels of BNP compared to control rats, findings
partially reversed by coadministration of exendin [9-39]
(184). Similarly, administration of exendin [9-39] to sita-
gliptin-treated Sprague Dawley rats with transient cardiac
ischemia increased cardiomyocyte apoptosis and reversed
the sitagliptin-induced improvement in ventricular func-
tion (1835).

Male C57BI6 mice subjected to experimental myocar-
dial infarction and treated with the CXCR4 inhibitor
AMD3100 (1.25 mg/kg/d), in combination with diprotin
A (70 mg/kg twice daily) and G-CSF (100 ug/kg/d), dem-
onstrated an increase in infarct size 30 days after myocar-
dial infarction, suggesting that the beneficial effects ob-
served were mediated directly through a SDF-1a/CXCR4
signaling axis (186).

Interestingly, regulation of SDF-1« is maintained by
signaling through another DPP4 substrate, G-CSF. Nor-
mally, within the microenvironment of the bone marrow,
G-CSF induces DPP4 and suppresses intramarrow con-

Metabolic Implications of DPP4 Inhibition

Endocrine Reviews, December 2014, 35(6):992-1019

centrations of SDF-1a. These conditions favor the egress
of cells and increase homing to potential sites of injury.
The importance of DPP4 in maintaining the signals for
egress is demonstrated in Dpp4~’~ mice that exhibited
selectively defective responses to G-CSF with impaired
mobilization of hematopoietic progenitor cells into pe-
ripheral blood (187). Consistent with these findings, dia-
betic DPP4 mutant F344 rats exhibited defective mobili-
zation of Scal+c-kit+ or Scal+CD31+ progenitor cells
in response to a 5-day treatment with G-CSF (188).

3. Myocardial infarction and heart failure: clinical data

The DPP4-regulated induction of circulating stem cells
extends to diabetic human subjects because plasma
SDF-1« levels and levels of CD34+KDR+ endothelial
progenitor cells isolated by flow cytometry were increased
in diabetic subjects after 4 weeks of daily sitagliptin ad-
ministration (189). Although multiple preclinical studies
implicate SDF-1 as a key cardioprotective substrate for
DPP4 inhibitors (128, 186, 190), data affirming the im-
portance of SDF-1 for cardioprotection in humans is lack-
ing. The SITAGRAMI trial randomized patients with
acute myocardial infarction to placebo or lenograstim (G-
CSF, 10 pg/kg/d for 5 d) and sitagliptin (100 mg for 28 d)
(191). No difference in ventricular function was observed,
despite a 7-fold increase in circulating stem cell progeni-
tors (CD34+, CD45—) at day 5.

Assessment of the cardiovascular safety of DPP4 inhib-
itors in two outcome studies revealed no differences in the
rates of myocardial infarction or death from cardiovas-
cular causes. Subjects randomized to receive either saxa-
gliptin in the Saxagliptin Assessment of Vascular Out-
comes Recorded in Patients with Diabetes Mellitus-
Thrombolysis in Myocardial Infarction 53 (SAVOR-
TIMI 53) or alogliptin in the
Cardiovascular Outcomes with Alogliptin vs Standard of
Care (EXAMINE) cardiovascular outcome trials did not
experience a reduction in cardiovascular events (192,
193). Unexpectedly, the SAVOR-TIMIS 3 trial reported a
small but significant increase in the rate of hospitalization
for heart failure in patients treated with saxagliptin. Al-
though the EXAMINE trial reported no statistically sig-
nificant increase in hospitalization for heart failure in pa-
tients randomized to alogliptin, a small numeric excess of
heart failure events was noted in alogliptin-treated sub-
jects. The Vildagliptin in Ventricular Dysfunction Diabe-
tes (VIVIDD) trial (194) was conducted in patients with
type 2 diabetes and functional heart failure (Class I-III,
New York Heart Association). There were no differences
in left ventricular function reported after 1 year in patients
randomized to vildagliptin or placebo, but an increase in
left ventricular end-diastolic volume was reported for pa-

Examination of
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tients randomized to vildagliptin (195). Therefore, the
current clinical trial data in patients with established car-
diovascular disease does not support the data from pre-
clinical studies suggesting that DPP4 inhibitors are
cardioprotective.

4. Blood pressure and endothelial function: preclinical and
clinical studies

DPP4 inhibitors reduce blood pressure in some preclin-
ical studies, although potential mechanisms are poorly un-
derstood. DPP4 inhibitors produce direct vasodilatory ef-
fects in isolated preconstricted aortic rings, actions not
requiring circulating DPP4 substrates, which may be
transduced through nitric oxide and the cGMP signaling
pathway (196). In prospective clinical trials, where flow-
mediated dilatation (FMD) of the brachial artery was mea-
sured in patients with type 2 diabetes treated with sita-
gliptin (50 mg/d) or the a glucosidase inhibitor, voglibose
(0.6 mg/d), endothelial function was significantly im-
proved after 12 weeks of treatment (197). In contrast, data
from other clinical trials assessing changes in vascular
function after treatment with DPP4 inhibitors reveal dif-
ferent outcomes. Men with type 2 diabetes that received
sitagliptin (50 mg/d) for 6 weeks exhibited significantly
attenuated FMD, whereas treatment with voglibose (0.9
mg/d) had no effect on FMD. Furthermore, both sitaglip-
tin (50 mg/d) and alogliptin (25 mg/d) significantly re-
duced FMD in subjects with type 2 diabetes (198). Hence,
it is not possible to make clear conclusions about the ef-
fects of DPP4 inhibitors on endothelial function in diabetic
subjects.

DPP4 inhibition also promotes natriuresis. Whether
enhanced sodium excretion occurs through modulation of
interactions with the renal sodium hydrogen exchange
protein 3 is unclear; however, preclinical studies demon-
strate that alogliptin acutely enhances the urinary flow
rate and sodium secretion in both wild-type and Glp1r '~
mice (199). Hence, although GLP-1R agonists potently
induce natriuresis through mechanisms requiring a func-
tional GLP-1R, the mechanism(s) for increased natriuresis
induced by DPP4 inhibition are not known. Similarly, al-
though DPP4 inhibitors may produce a modest 1-to 2-mm
reduction of systolic blood pressure in some clinical trials,
the underlying mechanisms linking DPP4 inhibition to re-
duction in blood pressure have not been identified.

5. DPP4 and control of intestinal lipoprotein secretion: pre-
clinical and clinical studies

DPP4 is expressed in high levels in the brush border
membranes (enterocytes) and vascular and lymphatic en-
dothelial cells of the small intestine; however, levels of
DPP4 are much lower in the colon. Treatment of mice and

edrv.endojournals.org 1009

hamsters with sitagliptin, either acutely or for several
weeks, reduced production of triglyceride rich lipopro-
teins actions mimicked by the GLP-1R agonist exendin-4.
Conversely, the lipid-lowering actions of sitagliptin were
abrogated in wild-type mice treated with exendin [9-39]
or in sitagliptin-treated GIp17~'~ mice (200).

Multiple studies in normoglycemic, glucose-intolerant,
and diabetic human subjects have demonstrated that
DPP4 inhibitors reduce postprandial levels of apoB48-
containing lipoproteins, plasma triglyceride, and circulat-
ing free fatty acids (201, 202). Furthermore, kinetic stud-
ies in healthy nondiabetic human subjects studied under
pancreatic clamp conditions demonstrated that sitagliptin
reduced the production rate of apoB48 lipoproteins, with
no effect noted on the production or clearance of ApoB100
(203). The mechanisms underlying the effects of DPP4
inhibitors, acting through GLP-1R signaling, to inhibit
intestinal lipoprotein secretion, remain to be determined.

C. Autoimmune disorders and inflammation

Dpp4~"~ mice exhibit subtle but significant differences
in proportions of peripheral lymphocyte subpopulations
in spleen and peripheral blood, and activated Dpp4 =/~
splenocytes exhibit dysregulated stimulation of cytokine
production ex vivo with significant decreases in IL-4 pro-
duction and increases in IL-10 and interferon-v. Further-
more, Ig responses to immunization with pokeweed mi-
togen were lower in Dpp4 ™'~ mice; together, these results
suggest a requirement for Dpp4 in the growth and matu-
ration of CD4+, NK, and NKT cells (204). However,
whether these defects reflect the selective absence of cat-
alytic DPP4 activity or enzyme-independent requirements
for DPP4 signaling was not discerned. Vora et al (205)
compared immune responses in Dpp4 '~ mice with re-
sponses obtained after identical immune challenges in
wild-type mice treated with a highly selective DPP4 inhib-
itor. Antibody responses to T-cell antigen were compara-
ble, and T-cell responses to multiple antigenic stimuli were
identical in Dpp4 '~ mice vs Dpp4 ™" mice vs wild-type
mice treated with a selective DPP inhibitor (205). En-
hanced airway inflammation characterized by increased
cellular infiltration and enhanced cytokine production
was observed in Dpp4 '~ mice challenged with systemic
and aerosolized ovalbumin (206). Whether these findings
reflected global loss of DPP4 or reduction of DPP4 cata-
lytic activity was not determined.

Chemical inhibition of DPP4 activity attenuates fea-
tures of encephalomyelitis; however, most of these studies
use nonselective DPP4 inhibitors, and mechanisms linking
selective DPP4 inhibition to immunomodulation remain
incompletely understood. In contrast, several studies ad-
ministering highly selective DPP4 inhibitors demonstrate
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delay of diabetes onset, decreased insulitis, increased num-
bers of regulatory T cells, and improved survival of trans-
planted islets in nonobese diabetic mice, a widely studied
model of type 1 diabetes (207). Remarkably, ex vivo treat-
ment with sDPP4 increased migration of CD4+ T cells;
hence, the authors envisioned a direct role for DPP4 in-
hibitors in the control of T-cell migration by modulating
DPP4 catalytic activity in vivo (208, 209).
Immunomodulatory actions of sitagliptin have also
been described in human subjects with type 2 diabetes. A
single administration of sitagliptin 100 mg reduced ex-
pression of Toll-like receptor 2, I-kappa-B kinasef, C-C
chemokine receptor type 2, and CD26 and decreased nu-
clear factor-«B binding in isolated peripheral blood mono-
nuclear cells (210). However, van Poppel etal (211) found
no effect of 4-week therapy with vildagliptin vs acarbose
on plasma cytokine levels or cytokine production ex vivo
in mononuclear cells from subjects with type 2 diabetes.
Moreover, no significant differences in plasma levels of
TGF-B, plasma cytokine or chemokine levels, or propor-
tions of major B- and T-cell lymphocyte subsets, including
numbers of regulatory T cells, were observed in healthy
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human subjects treated with placebo or sitagliptin 100 mg
daily for 28 days (212). Despite considerable evidence
linking DPP4 to control of retroviral entry, selective inhi-
bition of DPP4 activity in HIV-positive human subjects
treated with sitagliptin, 100 mg daily, for up to 26 weeks
had no effect on CD4+ T cells, levels of plasma HIV RNA,
or plasma chemokine levels (213). Hence, although mul-
tiple studies report modulation of inflammation and im-
mune parameters after reduction of DPP4 activity, most
studies examining anti-inflammatory actions of DPP4 in-
hibitors do not control for the indirect beneficial conse-
quences of improving metabolic control. Furthermore,
some of the effects of DPP4 in mediating viral entry or
immune function are independent of its catalytic activity.
Hence, it remains unclear whether partial selective reduc-
tion of DPP4 enzymatic activity directly regulates inflam-
mation or the cellular immune response in preclinical and
clinical settings.

D. Miscellaneous metabolic actions of DPP4 inhibitors

1. Liver

Treatment of diabetic rodents with DPP4 inhibitors re-
duces hepatic steatosis and fibrosis
and decreases hepatic inflammation;
however, the underlying mecha-
nisms have not been identified (214).
Similarly, high-fat-fed F344/DuCr;j
DPP4 rats exhibited a reduction in
both plasma and hepatic triglyceride
and lower levels of molecular mark-
ers of proinflammatory and profi-
brotic cytokines including IL-6,
TNFa, plasminogen activator inhib-
itor-1, connective tissue growth fac-
tor and TGFB (215). Although the
authors postulate that these actions
were mediated through potentiation
of direct GLP-1 actions on hepato-
cytes, it seems unlikely that hepato-
cytes express the canonical GLP-1R
(216). DPP4 inhibitors also reduce
liver enzymes in clinical studies;
however, whether these salutary ac-
tions are secondary to or indepen-
dent of improvements in glycemic

: control is unknown.
homing (SDF-1)

2. Kidney

DPP4 has been localized to the
brush border membrane of the prox-
imal tubules (217), the capillary en-
dothelium of glomeruli, and the ep-
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ithelium of Bowman’s capsule. Multiple studies in rats and
mice demonstrate renoprotective actions of DPP4 inhib-
itors in experimental kidney injury, often associated with
a reduction in albumin excretion, reduced expression of
inflammatory markers, and decreased oxidative stress.
Liu et al (218) demonstrated that sitagliptin improved re-
nal blood flow and endothelium-dependent relaxation in
renal arteries and decreased blood pressure in rats with
spontaneous hypertension, findings attenuated by inhibi-
tion of cAMP or GLP-1R signaling. However, in most
studies, the molecular mechanisms through which DPP4
inhibition attenuates renal injury have not been identified.
Similarly, several clinical trials demonstrate reduction of
microalbuminuria in subjects with type 2 diabetes treated
with DPP4 inhibitors (219); however, there are little mech-
anistic data linking reduction of DPP4 activity to improve-
ments in kidney function independent of changes in glu-
cose, inflammation, or blood pressure.

3. Bone

Several DPP4 substrates including GIP, GLP-1, PYY,
NPY, and GLP-2 regulate bone formation or resorption in
rodents (220). Dpp4~'~ mice exhibited normal bone for-
mation (221), and treatment of high-fat-fed mice with sita-
gliptin had no effect on bone quality (221); however, sita-
gliptin increased trabecular bone mineralization and
architecture. Nevertheless, the mechanisms and key sub-
strates through which DPP4 regulates bone turnover in
preclinical studies have not been addressed. Although di-
abetic subjects treated with DPP4 inhibitors exhibited
modest reductions in markers of bone turnover (222), the
available data examining putative changes in bone density
or fracture rates are not sufficient for firm conclusions to
be drawn.

Vil. Summary and Future Directions

Since the regulatory approval of the first DPP4 inhibitor
on October 17, 2006, millions of patients with type 2
diabetes have been treated with DPP4 inhibitors. Surpris-
ing to some, despite the pleiotropic actions of DPP4 and
the large number of potential DPP4 substrates, these drugs
have been very well tolerated, and few major adverse
events have emerged (12). The recent description of in-
creased rates of hospitalization for heart failure in a small
subset of saxagliptin-treated patients mandates additional
investigation to identify potential mechanisms linking
DPP4 inhibition to potential impairment of ventricular
function in some individuals (192).

Despite hundreds of preclinical studies examining
DPP4 action in experimental models of disease, our fun-
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damental understanding of key substrates transducing im-
portant actions of DPP4 inhibitors remains limited (Figure
4). Furthermore, despite the potential importance of DPP4
for cleavage of target substrates, many putative DPP4 sub-
strates are cleaved by multiple enzymes, and their disap-
pearance from plasma is largely regulated by renal and, to
a lesser extent, hepatic clearance. Hence, identification of
a dominant role for DPP4 in controlling peptide bioactiv-
ity is often challenging. New methodologies using liquid
chromatography-mass spectrometry-based technology to
perform global peptide profiling are discovering novel
DPP4 substrates by directly measuring changes in levels of
intact vs cleaved peptides in response to genetic deletion or
catalytic inhibition of DPP4 (223-226). These types of
analyses should expedite identification of multiple new
physiological DPP4 substrates and will generate new hy-
potheses surrounding the mechanisms of action of DPP4
inhibitors. The combination of modern peptide profiling
technology with state of the art biochemistry represents a
powerful promising approach for deciphering the mech-
anisms and key substrates transducing classical and novel
actions of DPP4 inhibitors in animals and humans.
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